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In England of 1935, B. A. Adams and E. L. Holmes found that condensation
products of formalin with phenol, poly-phenol or tannin have the cation
exchange property to absorb alkaline compounds, and the other condensation
products of formalin with aniline or methaphenylenediamine have the
anion exchange property to absorb acid compounds. This is the beginning
of the synthetic ion exchange resins. The synthetic ion exchange resins
were commercialized and utilized on an industrial scale in Germany three
years and in the U.S.A. five years after this finding.
The predecessor of the present Mitsubishi Chemical Corporation had
been investigating ion exchange resins (IERs) since 1938 on the military
request, and started the commercial production of DIAION™ K and
DIAION™ A, a formalin and phenol sulfonic acid polymer and a formalin
and methaphenylenediamine polymer respectively, in 1946, after the
Second World War. Though we have started such commercial production,
it was very difficult to develop new uses of IERs since we had little
knowledge about them and were short of the experimental reagents, such
as regenerating agents. The users have actually recognized the value of
IERs soon after they used IERs for the pre-treatment of the water for the
boilers at power plants and other ordinary factories around 1950. We are
proud to have provided various research laboratories with lots of DIAION™
samples and to have done some contribution to accelerate their basic
researches.
IERs have become utilized in various purposes in accordance with the
growth of industries during the last sixty years. IERs are now used in
foods, pharmaceuticals, catalysts and other industries as well as the
original water-treatment industry. The types of IERs are increasing and
we can also provide amphoteric ion exchange resins, chelating resins,
synthetic adsorbents and protein separating agents. From the point of the
product quality, the purities of IERs have been improving to meet the
demands in the “ultra” age; i.e. “ultra pure water” and “ultra LSI”.
We, at Mitsubishi Chemical, have the R&D, manufacturing, quality
assurance, and customer service systems in North America, Europe and
Taiwan as well as in Japan, and are trying our best efforts to satisfy the
worldwide customers’ demands through continuous launching of new
products and everlasting quality improvement of our products and
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services. We hope we could contribute more to our customers.
Since the first edition of Manual I and II were issued in 1961 and 1963
for our customers’ reference, we have revised them twice as follows:
First edition of the Manual I
First edition of the Manual II
Second edition of the Manual I
Second edition of the Manual II
Third editions of the Manual I & II

:
:
:
:
:

Oct. 25, 1961
Oct. 25, 1963
Feb. 15, 1971
Feb. 10, 1975
Dec. 1, 1989

However, eighteen years have already passed since the last revisions,
thus we have decided to update them as the fourth edition and to provide
with our latest technical information of DIAION™ IERs. Regarding the
contents, we put emphasis on the basic items, i.e. “What is IER?” and
“What can I do with IERs?” Thus, we appreciate if you could refer to the
cited original literature or contact us for more information.
We sincerely hope this manual could be useful for our customers as an
introduction of IERs.
Nov, 2008
Mitsubishi Chemical Corporation
Separation Materials Department
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Properties of Ion Exchange Resins

1. Basic Structures of Ion Exchange Resins
Ion Exchange Resin (IER) is a kind of synthetic resins that is
manufactured by introducing functional groups such as sulfonic acid and
quaternary ammonium into three-dimensionally crosslinked polymer
matrix. The typical polymer matrix is a co-polymer made from two kinds
of monomers, one is styrene and the other is divinylbenzene (DVB) and
the standard industrial products are spherical shaped, the diameters of
which are 300～1,180μm (50～14 mesh). These crosslinked polymers are
synthesized from styrene and DVB that has two vinyl groups at the same
benzene ring through suspension polymerization in water, as shown in
Fig. I-1-1

(styrene)

[Fig.I-1-1] Chemical structure of styrene-divinylbenzene copolymer

IERs are manufactured by introducing ion-exchangeable functional
groups to these crosslinked polymer structures. The ion-exchangeable
functional groups such as sulfonic acid groups, -SO 3 - , or quaternary
ammonium groups,  Ｎ + , are called “fixed ions” because they are
chemically bonded to the polymer structure. On the contrary, the mobile
ions that are electrically neutralized with such fixed ions, H + in the case
of -SO 3 - , are called “counter ions.”
xii
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Fixed cation exchange group: SO 3 - etc
Counter cation: H + , Na + etc.
Polymer chain of styrene
Crosslink of DVB
Hydrated water
[Fig.I-1-2] Structural model of ion exchange resin

Fig.I-1-2 shows a structural model of a typical IER particle. Although
the polymer matrix of IERs looks like some simple planar structure in
Fig.I-1-1, its actual structure is thought to be a complicated
three-dimensional structure of crosslinked elastic polystyrene chains by
DVB in some irregular lengths and irregular intervals.
The density of such crosslinks varies in accordance with the ratio of
2
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DVB versus styrene. That is, when we increase the amount of DVB,
bi-functional monomer, in the copolymerization, the chain branching
increases in the polymer matrix of the IER and thus it has a dense
network. When we decrease the amount of DVB, on the other hand, the
network becomes sparse. In this way, DVB play the connecting knots of
the styrene polymer chains and so they are called “crosslinking agent.”
We can estimate the concentration of the crosslinks in the networks of the
polymer matrix by the DVB’s amount in the copolymerization. Thus, we
call DVB%, DVB versus total monomers in weight/ weight (%),
“crosslinkage.”
There exist “micropores” in the wet IERs and ion exchanges do occur
within such micropores where ions could diffuse. The micropores become
smaller in accordance with the higher crosslinkage, and it becomes more
difficult for ions to diffuse in the micropores. Although ion diffusion
becomes easy in the low crosslinkage IERs, micropores of which are large,
it becomes hard to handle them because of their softness and weakness as
resin-materials when their crosslinkage is too low. The standard
crosslinkage might be, thus, around 8%.
Ion exchange initiates by the diffusion of counter ions as we have
explained, and such diffusion is affected by the network structures of the
IER polymer matrix, so the crosslinkage of IERs is one of the important
factors that decide the properties of IERs. Since other crosslinking
reactions than that by DVB occur as side-reactions in the process of
introducing ion-exchangeable function groups into the polymer matrix, it
is not correct, in the strict meanings, to define the crosslinks in the IERs
only by the crosslinkage. However, there may be no problems to use
DVD% as a measure of the crosslinks in IERs, because the side-reactions
to form the other crosslinks are usually rather little and negligible
compared to the main crosslink reactions by DVB.
The copolymers of styrene and DVB have no water absorbability, and
they gain such strong water absorbability after they are introduced ionexchangeable functional groups. These polymers with ion-exchangeable
functional groups have swelling property when dipped in water. Such
high water absorbability and swelling property are said to be derived
from the hydration reactions of both their fixed ions and counter ions and
from their osmotic pressures. Though the polymer matrix extends its
length and enlarges its volume by such hydration reactions and osmotic
pressures, such levels of hydration or swelling become stable at the
balanced point between the expansion force and the contracting one of the
polymer chains. In other words, the high crosslinkage resins absorb less
water and swell less than the low crosslinkage ones. In any cases, IERs
swell and have micropores within their own polymer matrices when they
3
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are dipped in water.
The simple copolymers that are manufactured from styrene and DVB
have transparent appearance and have gel structures, so they are called
“gel”-type IERs. We can also produce porous IERs by specialized
polymerizations. We have two types of such porous resins; one is
“porous”-type resin and the other is “highly porous”-type one, which we
will explain further in the next section. The basic structures of these two
types are the same as the gel-type, and they have a lot of macropores in
the polymer matrices and much larger specific areas of the active surface
than the gel-type.
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(1) Cation exchange resins (CERs)
CERs can exchange positive ions such as Na + and Ca 2 + and are
classified into two groups, strongly acidic and weakly acidic, in
accordance with their acidities.
1) Strongly acidic cation exchange resins
The resins with sulfonic acids as their functional groups, Fig.I-2-1, are
called strongly acidic cation exchange resins, since their acidity is strong
as hydrochloric acid or sulfuric acid. DIAION™ SK, PK, and HPK Series
belong to this classification.
*Commercial products are in Na-form

[Fig.I-2-1] Chemical structure of Strongly acidic Cation Exchange Resin

[Fig.I-1-3] Photomicrographs of gel-type and porous-type IERs

2. Types and Groupings of Ion Exchange Resins
Ion Exchange Resin (IER) is a kind of synthetic resins that is
manufactured by introducing functional groups of ion exchange into
three-dimensionally crosslinked polymer matrix, as we have already
explained in the previous section. The typical functional groups of ion
exchange are sulfonic acids and quaternary ammoniums, and such IERs
are roughly classified by their functions into the cation exchange resins
(CERs) that can exchange cations and the anion exchange resins (AERs)
that can exchange anions.
There are also the amphoteric IERs that have cation exchange groups
and anion exchange ones in the anion exchange group and the cation
exchange group coexist on the same functional group chain, the chelating
resins that can trap ions through forming chelates, and the specialized
resins such as synthetic adsorbents with no ion exchange functional
groups. We explain the properties of these resins individually in this
section.
4

The sulfonic acid groups (-SO 3 H), active groups in these resins, are
strongly acidic and they dissociate not only in alkaline solutions but also
in acidic solutions to -SO 3 - H + form. We have explained that we call -SO 3 as a fixed ion and H + as a counter ion in the previous section, and the ion
exchange reactions are the exchange reactions of counter ions. SACERs
can exchange their counter ions even with neutral salts as with bases;
Equations I-2-1 ~ I-2-3.
Thus, the strongly acidic cation exchange resins can exchange cations
in the all pH range and they are most widely used.
R-SO 3 H + NaCl  R-SO 3 Na + HCl

(I-2-1)

2R-SO 3 H + CaCl 2  (R-SO 3 ) 2 Ca + 2HCl

(I-2-2)

R-SO 3 H + NaOH → R-SO 3 Na + H 2 O

(I-2-3)

The reactions in Eq. I-2-1 and Eq. I-2-2 are reversible, and thus there
exists equilibrium in the batch operations. However, we can exchange
cations effectively when we pass the objective solution through the resin
tower, the column that is packed with the resins, because the equilibrium
shifts the right direction. We call such procedure with the resin tower as
the dynamic ion exchange method or the column ion exchange method.
5
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On the other hand, we can easily exchange cations even in the batch
operations when we exchange cations with bases as in Eq.I-2-3, since
there is no equilibrium as in Eqs.I-2-1 and I-2-2.
We have to regenerate the cation exchange resins to their original
R-SO 3 H forms after they are used for the exchange with other cations.
Such regeneration is normally performed with hydrochloric acid aqueous
solutions or sulfuric acid aqueous solutions, as shown in Eqs.I-2-4 and
I-2-5, in these cases the counter cation is Na + .
R-SO 3 Na + HCl  R-SO 3 H + NaCl

(I-2-4)

2R-SO 3 Na + H 2 SO 4  2R-SO 3 H + Na 2 SO 4

(I-2-5)

It needs, unfortunately, much more regenerants than the theoretical
amount when we regenerate the strongly acidic cation exchange resin
(SACER), since SACER is strongly acidic. Eq.I-2-2 shows the relation
between the regeneration level and the breakthrough exchange capacity
of DIAION™ SK1B; the regeneration level is the ratio of the regenerant
versus the treated resin and the breakthrough exchange capacity is the
exchange capacity when the ions leakage exceeds the maximum tolerance.
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[Table I-2-1] Comparison of strongly acidic cation exchange resins and weakly acidic cation
exchange resins
Strongly acidic cation exchange resins

Weakly acidic cation exchange resins

Insoluble in water, strongly acidic as mineral Insoluble in water, weakly acidic as organic
acids
acids
Dissociate in aqueous solutions of all pH
range
RSO 3 H → RSO 3 ‐ + H +
(fixed ion) (mobile ion)

Dissociate in neutral ~ alkaline aqueous
solutions
RCOOH → RCOO ‐ + H +
(fixed ion) (mobile ion)

Exchange cations with bases such as NaOH
Exchange cations even with neutral salts
and with basic salts as Ca(HCO 3 ) 2 , but not
RSO 3 H + NaOH → RSO 3 Na + H 2 O
2RSO 3 H + Ca(HCO 3 ) 2 →（ RSO 3 ）2 Ca + H 2 CO 3 with neutral salts in the ordinary conditions
RCOOH + NaOH → RCOONa + H 2 O
RSO 3 H + NaCl  RSO 3 Na + HCl
2RCOOH +Ca(HCO 3 ) 2 (RCOO) 2 Ca + 2H 2 CO 3
Selectivity of cations in solutions at low
concentration
[Ba 2+ > Ca 2+ > Mg 2+ ] [K + > NH 4 + > Na + > H+]

Almost the same as SACER, but the
selectivity of H + is higher than of divalent
cations

Selectivity decreases and sometimes reverses
in solutions at high concentration
The exchanged cation hydrolyzed slightly but The exchanged cation is easy to hydrolyze
we can ordinarily ignore.
RCOONa + H 2 O → RCOOH + NaOH

[Fig.I-2-2] Regeneration level and Breakthrough Exchange Capacity of DIAION™
SK1B; by 15% HCl aq.
6

The exhausted resin can be regenerated by
HCl or H 2 SO 4
(RSO 3 ) 2 Ca + 2HCl  2RSO 3 H + CaCl 2

The exhausted resin can be regenerated by
HCl or H 2 SO 4
(RCOO) 2 Ca + 2HCl → 2RCOOH + CaCl 2

Difficult to be regenerated. Much more
regenerants are necessary than the
theoretical amount.

Easy to be regenerated with a little more
regenerants than the theoretical amount.

Reaction rate is high.

Reaction rate is slower than SACER.

Na-form resins, regenerated with NaCl
solutions, can be used for softening of water.
2RSO 3 Na + CaCl 2  (RSO 3 ) 2 Ca + 2NaCl

Na-form resins can sometimes exchange with
metal cations.
2RCOONa + CaCl 2 → (RCOO) 2 Ca + 2NaCl
Regeneration must be made by mineral acids
and then by NaOH.

The volume of the loaded form is larger than
the regenerated form: H-form.

The volume of the loaded form is very much
larger than the regenerated form: H-form.

7
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This DIAION™ SK1B is relatively stable at high temperatures and it is
actually stable at 100 ~ 120˚C and thus is used widely as acidic catalysts
in various reactions. It is, however, weak against oxidizing agents. Thus,
care must be taken about the oxidizing agents, since the main matrix
chain is fragmented by oxidation and the resin itself swells irreversibly,
which we explain in the latter section.
More attention will be paid in the low crosslinked resins, because such
irreversible swelling is easy to happen in such resins.
The product names of the standard strongly acidic cation exchange
resins of DIAION™ are as follows:
Gel-type (SK Series):

SK104, SK1B, SK110, SK112, SK116

Porous-type (PK Series):

PK208, PK212L, PK216, PK220, PK228

Highly porous-type (RCP Series): RCP160M

2) Weakly acidic cation exchange resins
Weakly acidic cation exchange resins (WACERs) are weakly acidic IERs
that have carboxylic acid groups (-COOH) as ion-exchangeable groups, as
in Figs.I-2-3 and I-2-4. DIAION™ WK10, made from methacrylic acid, and
DIAION ™ WK40, made from acrylic acid, are our products in this
grouping.
Because carboxylic acid groups in WACERs are weakly acidic, WACERs
can neither dissociate nor exchange ions in the acidic solutions they
cannot split neutral salts, such as NaCl and Na 2 SO 4 . However, they can
exchange cations with bases like NaOH and with salt of weakly acids like
NaHCO 3 , as shown in Eqs.I-2-6 and I-2-7.

[Fig.I-2-3] Chemical structure of Acrylic acid type WACERs

8
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[[Fig.I-2-4] Chemical structure of Methacrylic acid type WACERs

R-COOH＋NaOH → R-COONa＋H 2 O
R-COOH＋NaHCO 3  R-COONa＋H 2 O＋CO 2

(Eq. I-2-6)
(Eq. I-2-7)

Though the selectivity of WACERs toward each cation is almost the
same as the one of SACERs, the selectivity to H + ion is one of the
exceptions and is located on the top level among monovalent ions. Thus,
that WACERs are easily regenerated to H-forms is one of their properties.
We have already explained that SACERs can exchange their counter
ions even with neutral salts as with bases and so they are most widely
used in various fields. From the point of regeneration, however, they are
more difficult to be regenerated than WACERs and it needs larger amount
of regenerants than the theoretical one to regenerate WACERs.
WACERs, on the contrary to SACERs, are economical because they are
easy to be regenerated and slightly excess of regenerants are enough for
regeneration, though WACERs have the disadvantage that they can be
used in the limited pH range. WACERs can be regenerated by the spent
regeneration effluents of SACERs. So that, combined operations with
SACERs and WACERs could often reduce regenerants totally. Still,
WACERs have another disadvantage that they tend to be hydrolyzed and
to release the captured cations into the treated water only if they contact
a flow of water.
Fig.I-2-5 shows the quality change of the water treated by DIAION™
WK10, one of methacrylic acid type WACERs, during a 500 mg/L NaOH
aqueous solution passes through it; there are four curved lines at
different regeneration levels. As the regeneration level declines, i.e. the
decrease of the regenerant of HCl, the unregenerated resins increase in
the bottom part of the column, and thus the quality of the treated water
becomes worse, the electrical conductivity of which becomes higher, due to
9
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the elution of the remaining captured ions in the bottom.
Another weak point of WACERs is the drastic volume increase when
they exchange other cations from the original H + ions. Some WACERs
double the volumes, and such volume expansion may increase the head
loss of the columns, small columns particularly, and may destroy the
columns in some cases. One has to be careful in such operations.
We have two types of WACER products; acrylic acid type and
methacrylic acid type in Fig.I-2-3 and Fig.I-2-4 respectively. The acrylic
acid type is more acidic, the pKa of carboxylic acid groups in which is
around 5.3, than the methacrylic acid one, and so it is widely used in the
treatment of the hard water of high bicarbonates concentration. The
methacrylic acid type of WACERs, less acidic and pKa is around 6, is used
in other specialized fields.
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Fig.I-2-6 and Fig.I-2-7 show the resins with quaternary ammonium
groups (  Ｎ + ) as their functional groups, such resins dissociate and show
as strong basicity as inorganic bases like NaOH or KOH. Accordingly,
they are called strong basic anion exchange resins (SBAERs). DIAION™
SA, PA, and HPA Series belong to this classification.

*Commercial products are in Cl-form

[Fig. I-2-6] Chemical structure of Strongly Basic Anion Exchange Resins type I

*Commercial products are in Cl-form

[Fig.I-2-7] Chemical structure of Strongly Basic Anion Exchange Resins type II
[Fig.I-2-5] The quality change of 500 mg/L NaOH water treated by WK10

(2) Anion exchange resins (AERs)
AERs are IERs that can exchange anions such as Cl - and SO 4 2 - and are
classified into two groups; one is the group of strongly basic anion
exchange resins, SBAERs, and the other is of weakly basic anion
exchange resins, WBAERs.
1) Strongly basic anion exchange resins (SBAERs)
10

The quaternary ammonium groups (  Ｎ + ), active groups in these resins,
are strongly basic and they dissociate not only in acidic solutions but also
in alkaline solutions to  Ｎ + OH - form. SBAERs can exchange their
counter ions even with neutral salts as with inorganic acids, as shown in
Equations I-2-8 and I-2-9. They can exchange anions with weak acids
such as silicic acids and carbonic acids. SBAERs are ion-exchangeable in
all pH range.
R-N・OH + NaCl  R-N・Cl + NaOH
R-N・OH + HCl → R-N・Cl＋H 2 O

(I-2-8)
(I-2-9)
11

Chapter I

Properties of Ion Exchange Resins

Chloride removal (%)

SBAERs are usually regenerated with NaOH aqueous solutions.
Eq.I-2-10 shows the regeneration reaction of Cl-form SBAER. The
reactions in Eqs.I-2-8 and I-2-10 are reversible, so we emphasize again
that we can exchange anions effectively when we pass the objective
influent through the resin tower. Fig.I-2-7 and Fig.I-2-8 show the
differences in the regeneration process due to the regenerant of different
basicity. Highly basic NaOH is the most effective, both the regeneration
rate and the exchange capacity decline in the case of Na 2 CO 3 and weakly
basic NH 4 OH can hardly regenerate SBAERs.
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R-N・Cl + NaOH  R-N・OH + NaCl

(I-2-10)

It needs much more regenerants than the theoretical amount to
regenerate SBAERs, since SBAER is strongly basic. This is the same
phenomenon as in the strongly acidic cation exchange resins.
There are two types of SBAERs; type I has trimethylammonium groups,
R-N + (CH 3 ) 3 , as ion exchange groups and type II has dimethylethanolammonium
groups, R-N + (CH 3 ) 2 ・CH 2 CH 2 OH. Both types I and II are strongly basic,
type II is slightly weak in basicity and thus somewhat easy to be
regenerated. Fig.I-2-10 shows the comparison of DIAION™ SA10A and
SA20A, the typical products of type I and type II respectively, on the
relation between the regeneration level and the breakthrough exchange
capacity.

Exchange capacity (gCaCO3 /l-R)

Regeneration level (g/l-R)
[Fig.I-2-8] Regeneration Level and Regeneration Rate of Strong Basic Anion Exchange
Resins (2)
Exhaustant:NaCl， 500mg CaCO 3 /l

Regeneration level (g/l-R)

[Fig.I-2-9] Regeneration Level and Exchange Capacity of Strong Basic Anion Exchange
Resins (2)
Exhaustant:NaCl， 500mg CaCO 3 /l

Eq.I-2-10 shows the regeneration reaction of Cl-form SBAER. The
reactions in Eqs.I-2-8 and I-2-10 are reversible, so we emphasize again
that we can exchange anions effectively when we pass the objective
influent through the resin tower.
12

[Fig.I-2-10] Re g e ne r a t i o n L e v e l a nd B r e a kt hr o ug h Ex c h a ng e Ca p a c i t y o f
D I AI O N ™ S A1 0 A a n d S A2 0 A
[ Ta b l e I - 2 - 2 ] C o m p a r i s o n o f s t r o ng l y b a s i c a n i o n e x c ha ng e r e s i ns a nd w e a k l y b a s i c
a n i o n e x c ha n g e r e s i n
13
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Strongly basic anion exchange resins

Chapter I

Weakly basic anion exchange resins

Insoluble in water, strongly basic as
cautsic alkali

Insoluble in water, weakly basic as
ammonium hydroxide

Dissociate in aqueous solutions of all
pH range
R  ＮOH → R  N + + OH -

Dissociate in neutral ~ acidic
aqueous solutions
R  NH 2 + H 2 O→R  NH 2 ・H + OH -

(fixed ion) (mobile ion)

Exchange anions even with neutral
salts
R  NOH + HCl →R  NCl + H 2 O
R  NOH + H 2 CO 3 →R  NHCO 3 + H 2
R  NOH + NaCl  R  NCl + N a OH

Selectivity of anions in solutions at
low concentration
SO 4 2 - > HSO 4 - > NO 3 - > Cl - > HCO 3 > OH The order of above selectivity
reverses in solutions at high
concentration
The exchanged anion hydrolyzed
slightly but we can ordinarily ignore.

The exhausted resin can be
regenerated by strong bases as NaOH
R  NCl + NaOH  R  NOH + NaCl
Difficult to be regenerated. Much
more regenerants are necessary than
the theoretical amount.
Reaction rate is high.
The volume of the loaded form is
larger than the regenerated form:
OH-form.

(fixed ion) (mobile ion)

Exchange anions with mineral acids
and with acidic salts as NH 4 Cl, but
not with neutral acids in the ordinary
conditions
R  NH 2 ・H + OH - + HCl →
R  NH 2 ・H + Cl - + H 2 O
R  NH 2 ・H + OH - + NH 4 Cl 
R  NH 2・H + Cl - + NH 4 OH
Selectivity of anions are as follows:
OH - > SO 4 2 - > NO 3 - > Cl -

The exchanged anion is easy to
hydrolyze
R  NH 2 ・H + Cl - + H 2 O →
R  NH 2 ・ H + OH - + HCl
The exhausted resin can be
regenerated by NaOH, Na 2 CO 3 and
NH 4 OH
Easy to be regenerated with a little
more regenerants than the
theoretical amount.
Reaction rate is slower than SBAER.
The volume of the loaded form is very
much larger than the regenerated
form: free-base-form.

As you can see from these results, type II SBAERs can be regenerated
effectively but have a disadvantage of some low chemical stability. Table
I-2-3 summarizes the properties of these two types of SVAERs. The
selection between two types of SBAERs depends on the treatment
conditions, required purities and other factors, considering the advantages
and disadvantages of these IERs.
14
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[Table I-2-3] Comparison of Type I and Type II of Strongly Basic Anion Exchange Resins

Type I

Ion-exchangeable
group

DIAION™

trimethylammonium
groups
SA10A , SA11A, SA12A,
PA300 series, HPA25L

Type II

dimethylethanolammonium
groups
SA20A , PA400 series
Strong, but
than Type I

slightly

weaker

Basicity

Strong basic

Regeneration

Difficult to be
regenerated, much more
regenerants needed

Not so difficult as Type I, less
regenerants needed than Type I

Leakage in
exchange with
weak acids: i.e.
silicic acid

Small leakage

More leakage than Type I

Chemical
stability

Stable
Operation temperatures:
Cl form: up to 80 °C
OH form: up to 60 °C

Slightly less stable than Type I
Operation temperatures:
Cl form: up to 60 °C
OH form: up to 40 °C

In case the purpose of IER treatment is only to adsorb mineral acids,
you can use the weakly basic anion exchange resins that will be explained
in the next section. It is very important to remove silica compounds in the
ordinary water treatment. From this point of view, SBAERs are widely
used because they can adsorb ionic silica compounds that weakly basic
anion exchange resins can’t adsorb. Silicic acids are regarded as
monovalent ions, and warm NaOH aqueous solutions are used as
regenerants of these exhaust SBAERs that adsorb silicic acids.
2) Weakly basic anion exchange resins (WBAERs)
The IERs with primary, secondary and tertiary amine groups as active
functional groups show weak basicity, so they are called weakly basic
anion exchange resins (WBAERs). There are several types of WBAERs;
one with only one kind of amine groups and the other with more than two
15
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kinds of amine groups, as shown in Fig.I-2-11. DIAION™ WA10 (acrylic
acid type with tertiary amine groups), WA20, WA21J (mixtures of primary
and secondary amine groups), and WA30 (tertiary amine groups), are our
product names in this category.
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leakage, we have to use more regenerants if the high purity of the treated
water is required.
Fig.I-2-13 and Fig.I-2-14 show the relationship between the
regeneration level and the ion leakage when mineral acid aqueous
solutions pass the column of the WBAERs. The lower is the regeneration
level and the worse is the quality of the treated water with the more
leakage of the captured ions.

[Fig.I-2-11] Chemical structure of the Tertiary amine type Weakly Basic Anion
Exchange Resin

Because amine groups in WBAERs are weakly basic, WBAERs neither
can dissociate nor exchange ions in the alkaline solutions they cannot
split neutral salts, such as NaCl and Na 2 SO 4 . However, they can exchange
anions with mineral acids like HCl and H 2 SO 4 and salts of weakly base
like NH 4 Cl, as shown in Eqs.I-2-11and I-2-12.
R-NH 2 + HCl → R-NH 2 ・HCl

(Eq. I-2-11)

R-NH 2 + NH 4 Cl  R-NH 2 HCl + NH 3

(Eq. I-2-12)

WBAERs have insufficient ability to exchange anions with weak acids,
and thus none are useful for silicic acids though some are used for H 2 CO 3 .
One of the advantages of WBAERs is the easiness to be regenerated
because of their weak basicity, so they can be regenerated by not only
NaOH but also by Na 2 CO 3 and NH 3 of slight excess of the theoretical
amount. That is, WBAERs are rather economical. However, WBAERs
have another disadvantage that they tend to be hydrolyzed and to release
the captured ions, this disadvantage is almost the same as the one of
Weakly Acidic Cation Exchange Resins.
Fig.I-2-12 shows the purity change of the treated water through the
column, the bottom of which is packed with HCl form resins and the upper
part of which is packed DIAION™ WA30. Although the influent is highly
purified water, the effluent purity becomes worse. This means the leakage
of the captured HCl. As this experiment shows, when the regeneration
level declines, the unregenerated resins increase in the bottom part of the
column, and thus the quality of the treated water becomes worse due to
the elution of the remaining captured ions in the bottom. To prevent such
16

[Fig.I-2-12] Leakage of adsorbed ions from WBAER

We can also compare the adsorption of HCl with that of H 2 SO 4 in these
two Figures. In the case of HCl, the purity of the treated water is high
with the small water volume that can be treated. On the other hand, the
volume of water that can be treated is large with the low purity of the
treated water in the case of H 2 SO 4 . The exchange capacity is also affected
by ion concentrations of influents. The more acidic is the influent, the
more the functional groups dissociate and the higher becomes the
exchange capacity.

17
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[Fig. I-2-15] Comparison of Porous and Gel type resins in the Exchange of Et3N in Benzene(3)

[Fig. I-2-13] Ion Exchange of HCl by
Weakly Basic Anion Exchange Resins

[Fig. I-2-14] Ion Exchange of H 2 SO 4 by
Weakly Basic Anion Exchange Resins

(3) Porous ion exchange resins (PIERs)
We can produce porous IERs by particular method in the process of
polymerization of styrene and DVB. The basic structures of these
polymers are the same as the gel type resins, but their polymer matrices
have many pores so their specific surface areas are extremely larger than
the gel type resins that have only micropores. We call the pores in such
porous IERs “macropores” to distinguish them from the micropores in the
gel type resins.
Ion exchange does start when ions diffuse in the micropores in IERs.
However, such micropores contract and disappear at last when IERs are
dried or in nonpolar solvents, ion exchange only happens on the surface of
the resins in these cases. Thus, gel-type IERs lose their practical ion
exchange functions in such conditions, but porous IERs maintain their
macropores and large specific surface areas and they can exchange ions
effectively. Fig.I-2-15 is a typical example: the porous IER captures
triethylamines in benzene, although the gel type IER does very little.
18

These porous IERs have properties of high reaction rate, superior
decolorizing, good resistance to organic contaminants and high strength
against swelling and shrinkage compared to gel type IERs, but their
exchange capacity becomes small due to the inner water in the macro
pores. When we compare porous to gel type resins of the same
crosslinkage, the results are as follows:
A) Solution:
High, because of water in the macropores
B) Exchange capacity per apparent volume:
Low, because of vacant volumes of the macropores
C) Exchange capacity per weight:
Same or slightly high
D) Ion exchange rate:
High, particularly in the high crosslinkage IERs
E) Decolorizing: Superior, due to large active surface areas
F) Resistance to organic contaminants:
Superior, due to large active surface areas
G)Strength against swelling and shrinkage
High, due to the buffer/ shock absorbing effect by the macropores

The porosity of PIERs is ordinarily explained by its specific surface
area, S.A. (m 2 /g-dry IER), or pore volume, P.V. (mL/g-dry IER). These
values are measured in the dry conditions and PIERs show different
19
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[Fig.I-2-16] Moisture content and Pore Distribution of Highly Porous Strongly
Acidic Cation Exchange Resin
Part 1 measured by mercury intrusion method (integral)

[Fig.I-2-18] Schematic Description of Ion Exchange Resin Structure

porosity in the wet conditions, so care must be taken. Fig.I-2-16 and
Fig.I-2-17 show the moisture contents and the pore distributions of PIERs
that are stored in the desiccators of different controlled humidity. The
pores expand as the moisture contents increase.

[Fig.I-2-17] Moisture content and Pore Distribution of Highly Porous Strongly
Acidic Cation Exchange Resin
Part 2 measured by mercury intrusion method (differential)
20
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Various methods to produce PIERs have been reported. There exists the
relationship between the porosity and the crosslinkage in any production
method and the porosity becomes high in accordance with the
crosslinkage, as shown in Fig.I-2-18.
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chain, the chelating resins that can trap ions through forming chelates,
the synthetic adsorbents of large specific surface areas without ionexchangeable functional groups, and the specialized resins such as
protein separating materials developed for the purification of proteins.

1) Porous ion exchange resins (PIERs)
The IERs with moderate crosslinkage and moderate porosity are
suitable for the treatment of polar solvents like aqueous solutions due to
their large radius of the micropores. These have good properties, strength
against swelling and shrinkage, resistance to organic contaminants and
decolorizing, and so are the best when these properties are required.
DIAION™ PK200 series are examples of our product porous strongly
acidic cation exchange resins, while PA300 and PA400 series are ones of
strongly basic anion exchange resins. The numbers at the last two digits
of PK and PA series products show the crosslinkage of such product: the
double of the actual crosslinkage. In other words, the crosslinkage of
PK216 and PA316 is 8% and the one of PA412 is 6%.
2) Highly porous ion exchange resins (HPIERs)
The IERs with high crosslinkage and high porosity are very effective for
the treatment of nonpolar solvents, for the adsorption of large ions that
are likely to be unable to diffuse in the micropores and for other specified
uses that utilize their large specific surface areas and large pore volumes.
However, they have disadvantage that the diffusion of ions into IERs is
rather slow because of their small micropores derived from high
crosslinkage. Thus, HPIERs are not suitable for the ion exchange
treatment of the ordinary aqueous solutions, so PIERs are recommended
for such purpose. HPIERs of high crosslinkage are mainly used in the
specialized fields, such as for the purification of chromic acids the treated
water from that has strong oxidizability.
DIAION™ RCP160M and HPA25L are our products of highly porous
strongly acidic cation exchange resin and highly porous I type strongly
basic anion exchange resin, respectively.
HPK25 is not available and RCP160M is the alternative product.
(4) Specialized ion exchange resins (SIERs)
We can provide with amphoteric ion exchange resins that have cation
exchange groups and anion exchange ones in the same functional group
22

[Fig.I-2-19] Mechanism of for amphoteric
IER to capturing salts

[Fig.I-2-20] The locations of the salt
elute from AMP01

1) Amphoteric ion exchange resins (AIERs)
DIAION™ AMP02 and DSR01 have polymer matrices of polystyrene
and have quaternary ammonium groups and carboxylic acid ones in the
same polymer chain, as shown in Fig.I-2-19. Both functional groups,
which are neutralized in aqueous solutions to form inner-salts, exchange
ions, Na + and Cl - respectively, when they contact rather high
concentrated salt solutions, i.e. NaCl. Because this ion exchange is rather
weak, the captured ions elute reversibly with desalted water.
The selectivity order is chlorate > chlorides > sulfate, and AIERs are
practically used to remove sulfate and chlorate from the brine in the
chlor-alkali electrolysis factories; details are described in the Sections 2
& 3 of Chapter VII.
2) Chelating resins (CRs)
The resins that have the functional groups that can form chelates with
metal ions, instead of ion-exchangeable functional groups, capture metal
23
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ions in the raw solutions. Such resins are called chelating resins, and
DIAION™ CR11, CR20, CRB03 and CRB05 are in this category.
The typical chelating functional groups consist of more than two
electron-donating elements such N, S, O and P, and chelating resins act as
ordinary chelating agents. There are various kinds types of chelating
resins, N-O type, S-N type, N-N type, O-O type and P-N type for examples,
and the iminodiacetate type, -N(CH2 COO) 2 , and polyamine type,
-NH(CH 2 CH 2 NH) n H, are well known. DIAION™ CRB03 and CRB05 are
specially developed ones to adsorb boric acid selectively.
Chelating resins have much higher selectivity toward metal ions than
normal IERs, so DIAION™ CR11 can remove several mg/L of Ca 2+ , Mg 2+ or
Sr 2+ from saturated NaCl aqueous solutions, for an example. Although the
conventional IERs also have high selectivity of such cations against Na + ,
the differences are not so great as of the chelating resins. Thus, such
conventional IERs cannot adsorb such metal ions when there are
extremely large concentration differences; Na + concentration is 100,000
times as high as that of Ca2+ , Mg 2+ or Sr 2+ .
Mineral acids, such as hydrochloric acid or sulfuric acid, are used to
detach the metal ions. This is because such metal chelates are unstable in
low pH conditions. Some metal ions form complex salts in hydrochloric
acid solution and it may cause the difficulty in the regeneration by HCl.
Sulfuric acid is recommended in such cases.
(i) Iminodiacetate type chelating resins (DIAION™ CR11 in Fig.I-2-21)
(CR10 is not available.)
It is very important to control pH of the influent to use DIAION™ CR11
effectively, since the chelate-formation reaction, the adsorbing reaction of
metal ions, depends on such pH as shown in Fig.I-2-22.

Chapter I

Properties of Ion Exchange Resins

to Na-form, DIAION ™ CR11 can be used again and again as in the
following Eqs.I-2-13, I-2-14 and I-2-15.

(I-2-13)

(I-2-14)

(I-2-15)

The selectivity of DIAION™ CR11 toward metal ions is almost the same
as the stability of the metal chelates of EDTA as written below and it has
high selectivity toward trivalent metal ions:
Cr 3+ > In 3+ > Fe 3+ > Ce 3+ > Al 3+ > La 3+ > Hg 2+ > UO 2+ > Cu 2+ > VO 2+ >
Pb 2+ > Ni 2+ > Cd 2+ > Zn 2+ > Co 2+ > Fe 2+ > Mn 2+ > Be 2+ > Ca 2+ > Mg 2+ > Sr 2+
Regarding regenerations of metal ion chelates, those chelated with
trivalent metal ions are most difficult, unable in some cases, to be
regenerated and so need large amount of regenerants. Chelates with Hg 2+
are also difficult to be regenerated, and the other method is more effective
than ordinary regeneration by mineral acids; refer to Chapter IV Section
6: “Treatment of Mercury Waste Water”. On the other hand, the chelates
with other metals, the selectivity of which is lower than Hg 2+ , can be
easily regenerated.

[Fig.I-2-21] Chemical Structure of DIAION™ CR11

After desorbing metal ions by mineral acids and regenerating by NaOH
24
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No.
Raw solution concentrarion
(mg-Cd/l)
Raw solution pH
Flow rate SV

1

2

3

100

30
4.5

40

20

[Fig.I-2-23] Adsorption of Cd 2+ by DIAION™ CR10

[Fig.I-2-22] pH dependence of adsorbent ratio of metal ions by DIAION™ CR10

No.
Raw solution concentrarion
(mg-Ca/l)
Raw solution pH
Flow rate SV

1

2

3

100

30

4.5
40

20

When one treats water that contains metals by DIAION™ CR11, metal
hydroxides are sometimes generated and deposited at last within the
resin layer by the reaction of metal ions with NaOH, Na + of which is
eluted from resins in accordance with the chelate formation. In order to
prevent such deposit, one had better keep the regeneration ratio by NaOH,
in Eq.I-2-15, at a low level; 75% of the theoretical exchange capacity for
example. Mixing of such resins before use is recommended to distribute
Na-form and H-form resins uniformly.

[Fig.I-2-24] Adsorption of Ca 2+ by DIAION™ CR10
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Figs.I-2-23 through I-2-27 show the typical examples of the removal of
metal ions by CR10; CR10 itself is not available and CR11 is the
alternative product. Fig.I-2-24, in particular, shows the effect of NaCl
concentration of the influents, and you may understand that the metal
ions in 10% NaCl aqueous solution can be removed. Though the amount of
treated water decreases as the NaCl concentration becomes high, it is
clear that the chelating resins are superior to SACERs or WACERs
(Fig.I-2-26). That WACERs have some potential to eliminate metal ions
can be explained by the chelating function of the carboxylic acid groups,
-COO - , within WACERs. Fig.I-2-27 is the result of the regeneration of the
resins chelated with Zn 2+ or Cd 2+ by 1N-HCl or 2N-H 2 SO 4 aqueous
solution.
Care must be taken when one regenerates CR11 from H-form into
Na-form, since its volume becomes large as is the case in WACERs. One of
the recommendations is the upflow injection of NaOH, the regenerant, in
the fluidized bed columns.

[ Fig.I-2-25] Effect by NaCl in the influent on the adsorption of Cu 2+ and Cd2+ by
DIAION™ CR10

[Fig.I-2-27] Regeneration of DIAION™ CR10

[Fig.I-2-26] Adsorption of Cu 2+ of influent with NaCl by DIAION™ CR10
28

(ii) Polyamine type chelating resins (CR20)
DIAION™ CR20 is one of the chelating resins with the polystyrene
matrix and polyamine functional groups and it captures metal ions as in
Eq.I-2-16.
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(I-2-16)
Fig.
I-2-29
shows the pH
dependency of metal chelating by DIAION™ CR20, and its selectivity
toward metal ions is as follows:
Hg 2+ > Fe 3+ > Cu 2+ > Zn 2+ > Cd 2+ > Ni 2+ > Co 2+ > Ag + > Mn 2+
Hg 2+ , the highest one, is difficult to be regenerated, so regeneration
should be done by the specialized method as in DIAION™ CR11.
DIAION™ CR20 is unable to capture metal ions of K, Na, Li, Rb, Cs, Ca,
Mg, Sr, Sn, Zr, Th, Al, and Fe(II). The big difference from CR11 is that
CR20 can capture neither Ca ion nor Mg ion, and it is reasonable to use
CR20 to treat the influents with much Ca and/or Mg.
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contains Ca 2+ by DIAION™ CR20 are shown in Fig.I-2-30 and Fig.I-2-31.
It is noteworthy that CR20 can remove heavy metal ions effectively from
the influents that contain not only Na + but Ca 2+ . Fig.I-2-32 is an example
of the regeneration of CR20 by mineral acids; HCl and H2 SO 4 .
As in the case of DIAION™ CR11, metal hydroxides are sometimes
generated and deposited within the resin layer at the early stage, in
particular, of treatment of the water that contains metals, by the reaction
of metal ions with NaOH, Na + of which is eluted from resins in accordance
with the chelate formation. In order to prevent such deposit, the
regeneration ratio by NaOH should be kept at a low level; 75% of the
theoretical exchange capacity for example. Mixing of such resins before
use is recommended to distribute Na-form and H-form resins uniformly.

[Fig.I-2-28]
Chemical structure of DIAION™ CRB03
and CRB05

[Fig.I-2-30] Zn 2+ adsorption by DIAION™ CR20 from the influent with Ca 2+

[Fig.I-2-29] pH dependency of metal adsorption by DIAION™ CR20

The examples to eliminate Zn 2+ , Cu 2+ ions from the influent that
30

[Fig.I-2-31] Cu 2+ adsorption by DIAION™ CR20 from the influent with Ca 2+
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[Fig.I-2-32] Regeneration of DIAION™ CR20 that adsorbs Cu 2+

(iii) Boric acid selective adsorption resin (CRB03, CRB05):
DIAION ™ CRB03 and CRB05, polystyrene as polymer matrix with
N-methylglucamine groups as functional groups, have a strong affinity
with boric acid anions and they can adsorb them selectively among other
kinds of anions.

－
○

[Fig.I-2-34] Mechanism for CRBs to
capture boric acid anion

OH

3) Synthetic Adsorbents
Synthetic adsorbents, DIAION™ HP series and SP series, water insoluble
three-dimensional crosslinked polymers, have no ion-exchangeable functional
groups but have large specific surface areas and so are able to adsorb
various organic compounds by means of van der Waals force. These
synthetic adsorbents are classified into several types based on their
chemical compositions and physical properties of their pores, such as pore
volumes, specific surface areas. At first, they are classified based on the
chemical compositions into two types, the aromatic type, DVB-Styrene
copolymers, and the acrylic type (methacrylic type). The former aromatic
type is then classified into the unsubstituted type with no functional
groups and the chemically modified SP series with high hydrophobic
adsorbing property. The unsubstitued type can be further classified on the
specific surface areas into normal HP series and SP800 series that have
rapidly increased specific surface areas and high adsorbing property.
Each type, series, is divided into several grades in accordance with pore
distributions (pore radius), and they are widely used in various fields
depending on their strong points. The details and the selection guides of
such grades are explained in Chapter II. Fig... I-2-35 summarizes the
classifications of the synthetic adsorbents mentioned above.
Synthetic

Adsorbents
Acrylic type

Aromatic type

[Fig.I-2-23] Chemical structure of DIAION™ CRB03 and CRB05

The mechanism for CRB03 and CRB05 to capture boric acid anions is
interpreted as the formation of the inner salt between the cationic amine
group and the borate anion that is derived from esterification of boric acid
and hydroxyl group in the sugar-chain. The adsorption capacity decreases
drastically when CRB03 and CRB05 are used as 100% H 2 SO 4 -form. This
is because the cationic amine group, weak electrolyte and on the acidic
side, has no potential to adsorb, neutralize with, the borate anion and to
keep it on the inside of the resin matrix.
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Unsubstituted
Specially treated
High specific
surface

Substituted
by hydrophobic
groups

Aromatic type
HP Series

Aromatic type
SP Series

Aromatic chemically
modified type

Methacrylic type

HP20
HP21

SP70
SP700
SP825L
SP850

SP207

HP2MG

[Fig. I-2-35] Types and Classifications of Synthetic Adsorbents
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(i) DIAION™ HP20
DIAION ™ HP20, with pores of large radius, is suitable for the
adsorption and purification of peptides, proteins and polyphenols of over
1000 in M.W. It also has high separation efficiency as packing material in
the separation chromatographic columns due to very large pores, the
radius of which is 260 Å.

(iii) SEPABEADS™ SP70
SEPABEADS™ SP70, an aromatic type synthetic adsorbent produced
from high purified DVB is approved by US FDA. It has middle-sized pores
and superior efficiency in the adsorption of bitter compounds in citrus
fruit juices; e.g. naringin.
(iv) SEPABEADS™ SP700
SEPABEADS ™ SP700, an aromatic type synthetic adsorbent with
middle-sized pores and large specific surface areas (1200 m 2 /g-dry), is
efficient in extractions, concentrations and purifications of pharmaceutical
and organic valuables; recovery of antibiotics from mother liquors of
fermentation. It is well-balanced product between adsorption and elution
properties.
(v) SEPABEADS™ SP207
SEPABEADS ™ SP207, an aromatic type synthetic adsorbent with
bromines in its aromatic rings, has excellent adsorption property toward
high hydrophilic organic compounds because of its strong hydrophobic
property on the surface of its pores. Its high specific gravity makes it
possible to be used in batch operations and for upflow loadings.

[Table I-2-4] Synthetic Adsorbents: DIAION™ and SEPABEADS™

(ii) SEPABEADS™ SP825, SP850
SEPABEADS™ SP825 and SP850, with large specific surface areas
of ca. 930 m 2 /g-dry, are efficient in the adsorption and purification of
compounds of below 1000 in M.W. They are usually used in the adsorption
and purification of cephalosporin C manufactured by the fermentation
method due to their large specific surface areas.

(vi) DIAION™ HP2MG
DIAION™ HP2MG, a methacrylic synthetic adsorbent with high hydrophilic
property, is efficient in extractions, concentrations and purifications of
hydrophobic organic compounds and proteins. It is good as a packing
material in columns for chromatographic separations of natural
compounds.
34
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cephalosporin C concentration (g/l)
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[Fig. I-2-36] Pore Distribution of Synthetic Resins
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Pore radius (Å)
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[Fig.I-2-37] Elution property of cephalosporin C from SEPABEADS™ SP800 series

[Fig.I-2-38] Swelling ratio of DIAION™ HP20
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[Fig.I-2-39] Swelling ratio of DIAION™ HP20
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e.g. methanol.

[Fig.I-2-40] Swelling ratio of
SEPABEADS™ HP850

[Fig.I-2-41] Swelling ratio of
SEPABEADS™ HP207

Adsorbed organic compounds can
be eluted from resins by organic
solvents, acids or alkalis. Fig.I-2-37
show s the elution property of
cephalosporin C from SEPABEADS™
SP800 series by isopropyl alcohol
(IPA) as an eluent.
The swelling ratios of synthetic
resin products versus eluent solvent
are shown in Figs.I-2-38 thru I-2-41.
Since the adsorption of organic
compounds by synthetic resins is
hydrophobic, the pH in the adsorption
process must be controlled not to release
such organic compounds. Elution, on
the contrary, can be done when the
pH is set in the range where such
organic compounds are eluted. This
[Fig.I-2-42] Pressure drop in Synthetic
is the reason why acids or alkalis are
adsorbents
sometimes used as eluents.
Synthetic resins are easy to be dried because of their hydrophobicity,
and it is difficult to bring back the dry ones into wet by simply dipping
them in water. It is recommended that such dipping in water should be
done after the dipping in polar organic solvents for several ten minutes;
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4) Proteins separating materials
Because of recent development of biotechnology, the technique of
separation and purification of biological compounds, such as proteins and
enzymes, have become very important not only as analytical methods in
laboratories but also in the industrial production of such compounds.
Proteins are polymers naturally formulated from amino acids by the
peptide linkages, M.W. of those are from 10,000 through several million.
When normal IERs or synthetic resins are used for extractions,
concentrations or purifications of such proteins, some troubles occur due
to very strong adsorption properties; the troubles are that the adsorbed
proteins can never be eluted or that the adsorbed proteins tend to be
denatured, for example.
The natural type soft gels such as dextran or ararose are currently used
instead. However, such gels have the following disadvantages in the
industrial scales: 1) not suitable for high and mass throughput treatment
due to their softness, 2) chemically unstable in acidic or alkaline solutions,
3) large is the volume change in accordance with the pH and salt
concentration changes, 4) biodegradable, 5) high price. Though silica-type
and polystyrene-type are known to be the alternatives, both are not
suitable because of the less chemical stability and the not-specific
adsorption property, respectively.
SEPABEADS™ FP series, spherical separation materials, differently
from such materials for proteins, can be used in the industrial scales due
to their sufficient hardness and chemical stabilities derived from their
synthetic resin matrix. SEPABEADS™ FP series, with less irreversible
adsorption property, are polymers with various kinds of functional groups
that suit most conditions in chromatography.
Table I-2-5 is the product list. We would like you to contact us if you are
interested in other types.
[Table I-2-5] SEPABEADS™ FP series: Proteins separation materials
TYPE
Functional Group
Pore size (µm)
Exchange Capacity
Sulfopropyl group
O
min. 0.1 meq/mL
90～250
FP-SP200
O
SO3N a
OH
Diethylamino group
FP-DA200

O

O

N(C2H5) 2

90～250

min. 0.25 meq/mL

OH
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5) Resins for catalyst use
Please cite Chapter X, Clause 1.
6) Enzyme immobilizing materials
Please cite Chapter X, Clause 5.
3. Crosslinkage and characters of IERs
The exchange capacity and the rate and/or the selectivity of ion
exchanging, important characters to understand the performance of the
IERs, are related closely with the crosslinkage of the IERs. Thus, we will
show the relations between the crosslinkage and the other characters and
provide with information to choose the IER of the suitable crosslinkage in
this section.
(1) Exchange capacity of IERs
The exchange capacity is a representative character of IERs, and it
shows the total quantity of the ion-exchangeable groups in IERs. It is
expressed in the unit as meq/mL-wet sesin or meq/g-dry resin.
1) Total capacity of strongly acidic or basic ion exchange resins
The total capacity of these resins is the total quantity of the ionexchangeable groups. Thus, the following equation exists as for the
brand-new resins of these types of resins.
Total Capacity = Neutral Salt Splitting Capacity

(I-3-1)

2) Total capacity of weakly acidic or basic ion exchange resins
Weakly acidic cation exchange resins (WACERs) and weakly basic anion
exchange resins (WBAERs) are unable to split the neutral salts, though
some type resins have very slight capacity to split. The total capacity is
derived from the adsorption of alkalis, e.g. caustic soda, or acids, e.g.
hydrochloric acid.
The product IERs are specified by such values of the total capacity.
3) Neutral salt splitting capacity
Strongly acidic cation exchange resins (SACERs) and strongly basic
anion exchange resins (SBAERs) are able to split neutral salts like NaCl
and exchange ions, and the quantity of such exchange is called “salt
splitting capacity”. Salt splitting capacity is measured by the amount of
HCl or NaOH that are separated when the such resins are treated with
large excess of salt water after the complete regeneration.
40

Properties of Ion Exchange Resins

4) Weakly acidic group exchange capacity or weakly basic group exchange
capacity of SACERs and SBAERs
The neutral salt splitting capacity of new SACERs or SBAERs is equal
to its total capacity. Some resins, after the long-time use, may include
weak functional groups; weak acidic exchange groups in SACERs and
weak basic exchange groups in SBAERs. In these cases, such weakly
acidic group exchange capacity or weakly basic group exchange capacity
is measured by the adsorption of alkalis or acids, as in the total capacity
of weakly acidic or basic ion exchange resins.
The total exchange capacity of such resins is defined as follows:
Total exchange capacity = Neutral salt splitting capacity + weakly
acidic group exchange capacity or weakly basic group exchange capacity
(I-3-2)
5) Break through capacity: BTC
BTC is the exchange capacity of practical use. BTP, Break through
point, is the point where the targeted ions begin to leak out suddenly, and
BTC is the total quantity of ions already exchanged by the BTP and is one
of the fundamental properties for the design of the ion exchange columns.
BTC varies according to its level of regeneration, the concentration of the
regenerant, the composition of the influent, the flow rate, the flow
temperature etc. Fig.I-3-1 shows such an example.

Quality of treated flow
(mg CaCO 3 /L)

Chapter I

BTP, partially
regenerated
BTP, completely
regenerated
Treatment volume（ BV or volume or time）
[Fig.I-3-1] BTPs and BTCs
Total exchange capacity when perfectly regenerated :

＋

Total exchange capacity when partially regenerated :

＋

BTC partially regenerated

＋

:

(2) Moisture content of IERs
Dry IERs swell and absorb some quantity of water when they are
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immersed in water. Such swollen resins contract if they are dipped in
aqueous solutions of strong electrolytes, and then they become swollen
again when they are returned into water. Such phenomenon we often
encounter during the processes such as the contact between resins and
regenerants and the displacement of regenerant and the rinse after the
regeneration. We also observe the small volume changes in the exchange
procedures of cations. The before-mentioned volume change of resins is
derived from variances of the moisture contents of resins in accordance
with the environments and the kinds of ions.
Ions exist as hydrated forms, combined with water molecules, in
aqueous solutions. The number of water molecules combined depends on
the kind of ions. The smaller is the ion radius, the larger is, in general,
the radius of hydrated compound. Both the functional groups in IERs and
their counter ions exist as hydrated forms. Such hydrated water in IERs
is called “bound water”.
On the contrary, the water absorbed into IERs by the osmotic pressure
is called “free water”, since IERs are themselves comparatively high
concentrated electrolytes and they tend to absorb water by their osmotic
pressure.
The water absorption by the
osmotic pressure becomes large in
accordance with the osmotic pressure
difference between the outer solution
and the IER.
The phenomenon, swollen resins
contract if they are dipped in
aqueous solutions of strong
electrolytes and then they become
swollen again when they are
returned into water, is explained
[Fig.I-3-2] Crosslinkage and Swelling
Pressure of SACERs (4)
by the variance of the moisture
content du e to the osmotic
pressure differences. That is to say, the moisture content of IERs in the
strong electrolytes is less than that in the water, because of less osmotic
pressure difference.
IERs become swollen caused by two forces as we explain before. When
they are swollen and the polymer chains are expanded, there arises the
shrinkage force. IERs become stable and steady and contain some
constant amount of water when the swelling force and the shrinkage force
are balanced.
The water in the polymer matrix is bound by the shrinkage force of
polymer chain and such contraction force is called “swelling pressure”.
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Gregor et al. reported the swelling pressures of SACERs as in Fig.I-3-2. (4)
The Figure shows that the higher is the crosslinkage of IERs, the stronger
is the swelling pressure, the shrinkage force. In other words, the moisture
content of IERs with high crosslinkage and strong shrinkage force is low
and the one of IERs with low crosslinkage and weak shrinkage force is
high. In this way, there is a close relation between the crosslinkage and
the moisture content.
Porous type resins absorb water by not only the before-mentioned two
forces but also the capillarity force, thus the moisture content of porous
type resins are generally higher than gel type resins.
Fig.I-3-3 shows the image model by that Buser explains the states of
swelling of SACERs as an example of IERs. In this Figure, the symbols of
springs mean elasticity of polymer chains and such springs bind or
contract resins. The left side is Li-form and the right one is K-form.
Hydrated ion exchange groups, hydrated counter ions and free water do
exist in both forms. Because Li cations, smaller than K cations in the
native forms, become larger than K cations after they are both hydrated,
the swollen volume of Li is larger than that of K.
The IERs volumes decrease when they are immersed in electrolytes
solutions. The higher is the concentration of the electrolytes, the more
such volumes decrease. The volume decrease also becomes large in
accordance with the crosslinkage. Such tendency is similar in Anion
Exchange Resins.
Table I-3-1 shows the moisture contents of various cation forms of
gel-type SACER.
I hope the readers understand in this section that the moisture content
is an important character to distinguish the crosslinkage and the
performance variances.

[Fig.I-3-3] Image of swelling of SACERs (5)
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[Table I-3-1] Moisture contents of gel-type SACER, crosslinkage: 8%

Ionic form

Na

K

Cs

Mg

Ca

Ba

Moisture
content (wt %)

46.2

40.9

34.9

45.0

43.4

32.9
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conventional IERs; the crosslinkage of 8% is sometimes called “standard
crosslinkage”.
The correlations of the crosslinkage with the exchange capacity, the
moisture content and the degree of swelling are shown in Figs.I-3-4
through I-3-9.

(3) Apparent volume and shipping density of IERs
It is convenient to measure IERs by their volumes since IERs are
usually used as the packing materials in the IER towers. However, it is
rather difficult to measure the apparent volumes precisely.
The details in the measurement of the apparent volumes of IERs are
described later in Chapter III, Section 3. There are two methods: one is
“tap method”, to measure the volume in the water within a measuring
cylinder after enough tapping of its bottom, and the other is “backwash
and drain method”, to measure the height within a column after some
proper backwashing and drainage at some certain flow rate. The shipping
density is calculated as the apparent volume divided by the wet weight.
apparent volume.
The relations among the total exchange capacity, moisture content,
degree of swelling and shipping density are as follows:
Moisture content ％＝

g - wet R－g - dry R
× 100
g - wet R

Degree of swelling (mL - wet R/g - dry R) ＝

1000
100
×
Shipping density 100－Moisture content

(I-3-3)
[Fig.I-3-4] Crosslinkage and other
characters of SACER SK –series
(I-3-4)

[Fig.I-3-5] Crosslinkage and other
characters of SACER PK-series

Exchange capacity per weight =Exchange capacity per volume×Degree of swelling (I-3-5)

Exchange capacity per volume (meq/mL-wet R)
Exchange capacity per weight (meq/g-dry R)
Moisture content (%)
Degree of swelling (mL-wet R/g-dry R)
Shipping density (g-wet R/L-wet R)

(4) Relations of the crosslinkage of IERs with the Exchange capacity,
Moisture content and Degree of swelling
The exchange capacity per dry weight (meq/g-dry R) is almost constant,
except for the IERs with very high crosslinkage. Exchange capacity per
volume (meq/mL-wet R) decreases as the crosslinkage decreases; the
moisture content and the degree of swelling increase. The crosslinkage is
very important because the exchange capacity per volume is rather
important for the column design. Though the exchange capacity increases
as the crosslinkage becomes large, the exchange rate decreases. Thus,
SACERs and SBAERs with the crosslinkage of 8 % are the most
44

[Fig.I-3-6] Crosslinkage and other
characters of SBAER SA10-series

[Fig.I-3-7] Crosslinkage and other
characters of SACER PK-series
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[Fig.I-3-8] Crosslinkage and other
characters of SBAER PA300-series
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[Fig.I-3-9] Crosslinkage and other
characters of SBAER PA400-series

(5) Volume change ratio of IERs
We have already mentioned, in (2) Moisture content of IERs, that there
are volume changes caused by different of ionic form and by immerse in
electrolytes solutions and that such volume change becomes large as the
crosslinkage decreases. Fig... I-3-10 shows the volume change ratios of
SACERs of different crosslinkages, simmered in NaCl solutions. Fig...
I-3-11 is the correlation between the regeneration ratio and the volume
change and it shows that the volume change becomes large as the
crosslinkage decreases.
The large volume change sometimes causes some troubles in the actual
operations. In the case of IERs with low crosslinkage, for example, the
blocking of resins derived from rapid expansion of resins stops the flow,
and brings the insufficient washing and unsatisfactory treatment. The
volume change of the low crosslinkage IERs sometimes causes poor
separation in the chromatographic separation columns.
The volume change are due to the essential properties of resins, thus
special cares must be taken about the equipment designs.
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[Fig.I-3-10] Volume change in NaCl
aqueous solution of SACERs of different
crosslinkages

[Fig.I-3-11] Regeneration ratio and Volume
change of polystyrene type SACERs

(6) Selectivity and selectivity coefficient of IERs
When one adds the IER that has ions “B”, an ionic valence of which is
z A , as its fixed ions into the solutions of ions “A”, an ionic valence of
which is z A , the exchange between ions “A” and ions “B” occurs. This
exchange reaction is an equilibrium reaction written in Eq. I-3-6.

zA BzB + zB AzA 
 zB AzA + zABzB

(I-3-6)

The separation factor, the selectivity coefficient and the distribution
coefficient are expressed in the following equations; Eqs.I-3-7 ~ I-3-9.
Separation factor

Selectivity coefficient

Distribution coefficient
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α BA

[A]
[ B]
=
[A]
[B]

K BA =

[A]z B・[B]z A
[B]z A・[A]z B

α=

[A]
[A]

(I-3-7)

(I-3-8)

(I-3-9)
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The selectivity coefficient among these three is usually used as a key
factor of IERs and the representative selectivity coefficients are
summarized in Tables I-3-2 and I-3-3. The general selectivity trends
toward ions are as follows:
i) The SACERs at low concentrations and normal temperatures are more
selective toward high valence ions: e.g. Na + < Ca 2+ < Al 3+ < Th 4+
ii) The IERs are more selective toward ions with higher atomic number
among ions of the same ionic valence: Li + < Na + < Rb + < Cs + ; Mg 2+ <
Ca 2+ < Sr 2+ < Ba 2+ , though such selectivity differences are smaller than
those among different ionic valences.
iii) The selectivity differences become smaller when the concentrations of
ions become higher, and in some cases the order reverses.
iv) The selectivity order of Anion exchange resins is as follows:
Citrate > SO 4 2 － > Oxalate > I － > NO 3 － > CrO 4 2 － > Br － > SCN － >
Cl － > Formate > Acetate > F －
Since the selectivity order of SACERs is as Ca 2+ > Mg 2+ > Na + > H + ,
when Na + , Ca 2+ or Mg 2+ is added into such IERs of H-form, such cation is
easy to be adsorbed. Ca 2+ or Mg 2+ similarly is adsorbed easily by the
SACERs of Na-form. We call the former exchange reaction deionization
and the latter one softening.
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[Table I-3-3] RELATIVE AFFINITIES OF VARIOUS MONOVALENT ANIONS
FOR DUOLITE A-101D AND DUOLITE A-102D (7)
RELATIIE
RELATIVE
ION

Hydride(Reference)
"Lignosulfonate"
Benzenesulfonate
Salicylate
Citrate
Iodide
Phenate
Bisulfate
Chlorate
Nitrate
Bromide

AFFINITY
A-101D
1.0
800
500
450
220
175
110
85
74
66
50

A-102D
1.0
120
75
65
23
17
27
15
12
8
6

ION
Cyanide
Bisulfite
Bromate
Nitrite
Chloride
Bicarbonate
Iodate
Formate
Acetate
Propionate
Fluoride

AFFINITY
A-101D
28
27
27
24
22
6.0
5.5
4.6
3.2
2.6
1.6

A-102D
3
3
3
3
2.3
1.2
0.5
0.5
0.5
0.3
0.3

In general, the higher is the crosslinkage of IERs and then the larger is
the selectivity coefficient. Such trends are shown in Fig.I-3-12 of SACERs
and Fig.I-3-13 of SBAERs.

[Table I-3-2]
[Fig. I-3-12]
Selectivity coefficients of SACERs,
DIAION™ SK series of different
crosslinkages

a) The values of Mn, Be, Cr, Ce and La are from another reference.
O.D. Bonner, C.F. Jumper and O.C. Rogers, J. Phys. Chem., 62, 250, (1958)
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[Fig. I-3-13]
Selectivity coefficients of SBAERs,
DIAION™ SA20 series of different
crosslinkages
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When the following symbols are defined in the following equations,
Equation I-3-8 will be expressed as Equation I-3-10.

K BA ：Selectivity coefficient of ion “A” toward ion “B”

z A ：Valence of ion “A” in aqueous solution

z B ：Valence of counter ion "B" in IERs

Q

：Exchange capacity of IERs［kmol m － 3 ］

C0
x
y

：Initial concentration of the solution［kmol m － 3 ］

C

：Solution phase concentration［kmol m － 3 ］in equilibrium with

：Mole fraction of the solution phase(= C

C0 )

：Mole fraction of the resin phase(= q Q )
resin phase concentration
[Fig. I-3-14] Equilibrium Chart of SACER of DVB 8%

⎛ Q
K ' = K BA ⎜⎜
⎝ z B C0

⎞
⎟⎟
⎠

z A − zB

=

(1 − x A ) y
x z A (1 − y A )z B
zA

zB

RSO 3 -H + NaCl  RSO 3 -Na + HCl
(Ⅰ-3-10)

The ion exchange equilibrium chart is very convenient to analyze the
equilibrium situations. The equilibrium charts of DIAION™ SK1B, one of
SACERs, in the H-Na H-Ca exchange reactions are shown in Fig..s. I-3-14
and I-3-15. In equivalent reactions, such as RSO 3 H + NaCl  RSO 3 Na +
HCl, the value of the parenthesis in the left side is one and hence there is
no effect due to the concentrations. However, in non-equivalent reactions,
such as 2RSO 3 H + CaCl 2 (RSO 3 ) 2 Ca + 2NaCl, there is some effects due
to the concentration; C 0 .
When one applies a NaCl solution into the column packed with H-form
SACERs, the ion exchange of H + and Na + starts from the top part of the
column and goes downward. Fig... I-3-16 shows the image of the status of
the IER column, and the zone between the top and the line A is saturated
with Na + . NaCl solution flows through this zone with no exchange
reaction and the exchange reaction occurs in the zone between lines A and
B.
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[Fig. I-3-15] Equilibrium Chart of SACER of DVB 8%

RSO 3 -H + CaCl 2 (RSO 3 ) 2 -Ca + 2HCl
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The zone between A and B where the exchange reactions occur is called
Ion exchange band. The concentrations both in solution and resin phases
are on the equilibrium curve in Fig... I-3-14, when the flow rate is slow
enough to keep the exchange reactions in equilibrium.

[Fig.I-3-17] Image of Ion exchange Reaction

[Fig. I-3-16] Ion exchange Band

(7) Exchange rate of IERs
When one adds the SACER of ion “B” form into the solution of the
electrolyte, “A + X - “, the exchange reaction occurs between “A + ” and “B + ”
ions. This reaction is simplified as follows:
i) Ions “A + ” pass through the interface of the solution and the resin, ii)
diffuse in the micropores in the resins, iii) reach the exchange points and
the exchange reactions occur, iv) ions “B + ” released by the exchange
reactions move in the micropores in the resins, through the interface and
finally diffuse into the solutions. There exists theoretically the solution,
the diffusion layer of concentration gradient at the interface of the
solution and the resin. Such process is illustrated in Fig.I-3-17.
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[Fig.I-3-18] Reaction rates of Phenol-type SACERs (8

The ion exchange rate is limited by the diffusion rates of ions in the
diffusion layer and in the resins. Whether it is controlled by the former
diffusion rate or the latter diffusion rate depends on the conditions of the
ion exchange and the properties of IERs. The crosslinkage and the kind of
ions affect the exchange rate when the diffusion rate in the resins is
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rate-limiting.
Fig.I-3-18 shows the exchange reaction rates of SACERs of phenol
sulfonic acid type (8) , and one can easily find that large ions are difficult
to be exchanged.
Regarding DIAION™ of H-form, the time to be neutralized are observed
by monitoring its pH when the resin are poured into the solution that
contains NaOH corresponding to 80 % of the total exchange capacity of
IERs with a little NaCl. Fig.I-3-19 is the correlation curve of the exchange
rate with the particle size, and it shows that the rate is high according as
the particle size becomes small. Fig.I-3-20 is the similar curve with the
reaction temperature, and it shows that the rate is high according as the
temperature becomes high.

[Fig.I-3-20] Crosslinkage vs. Exchange rate of SACERs

DIAION™ PK208
PK210
PK212

[Fig.I-3-19] Particle size vs. Exchange rate of DIAION™ SK1B (30 °C)

The exchange rate of IERs is related to the flow rate in the column
systems, and moreover, the IERs of the rapid diffusion rate in the
particles, in general, have good regeneration efficiency.
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[Fig.I-3-21] Exchange rate of Porous-type SACERs
(RSO 3 H + NaOH → RSO 3 Na + H 2 O) (Particle size: 590 µm)

Regarding the crosslinkages and the exchange reaction rates of IERs,
the rate of IERs of the low crosslinkage is high since ion diffusion is easy
in the resin particles due to their large micropores. Fig.I -3-20 illustrates
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the times to be neutralized, by monitoring its pH, when the resins are
poured into the solution that contains NaOH corresponding to 75 % of the
total exchange capacity of IERs, and it shows that the rate is high
according as the crosslinkage becomes low. Fig.I-3-21 shows the similar
curves as with the porous SACERs. Anion exchange resins also show the
similar tendencies.
(8) Dissociation of IERs
The ion exchangeable groups of IERs become exchangeable after they
dissociate in the solutions. The weakly acidic cationic or basic anionic
exchange resins can dissociate and so can exchange ions in the limited pH
range, whereas the strongly acidic cationic or basic anionic ones can
dissociate in all the pH range. The dissociation of IERs is, thus, one of the
important properties of IERs. The pK-value (pK = -log K, K: dissociation
constant) is a measure of such dissociation. The acidic functional group
dissociates in the higher pH range than its pK-value, and the basic
functional group dissociates in the lower pH range than its pK-value.
Though the absolute pK-values of IERs cannot be observed, the apparent
ones are calculated in the following ways:
R-H, for example, dissociates in R- and H + as in Eq. I-3-11.

R－＋H +

R-H 

(I-3-11)

The dissociation constant, K, and the degree of the dissociation, α, are
defined as in the following equations, I-3-12 and I-3-13.
Dissociation Constant ：K =

[R－ ][H + ]
[R - H]

Degree of Dissociation of Functional group

= －log[H ] + log

： α=

[R － ]
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The pH in the IER phase, abbreviated as pH , is generally the same as
the pH in the solution. If we assume the ratio of H + :Na + is the same both
in the IER and solution phases, that is;
[H+ ]
[Na + ]

=

[H + ]
[Na + ]

(I-3-16)

pH is given by Eq. I -3-17 as follows:
pH = －log[H+ ] = －log

[H+ ] + [Na + ]
[Na + ]

(I-3-17)

The concentration of the functional groups in the IER is expressed as
[x ] , and [ Na + ] = [ x ] 2 in caseα= 0.5. Combining Eq. I -3-15 with Eq. I
-3-17, the pK-value is expressed in Eq. I -3-18.

pK = pH = －log

[H + ][ Na + ]
[Na + ]

(I-3-13)

[R ] + [R - H]
－

= pH + log[Na + ]－log

+

(I-3-14)

[x ]
2

(I-3-18)

The pK-value of basic anion exchange resins is expressed in Eq. I -3-19
similarly.
pK = pH－log[Cl－ ] + log

[R - H]

[ R－ ]
1－α
= pH + log
α

(I-3-15)

pK = pH

= －log[H+ ] + log[Na+ ]－log[Na + ]

[R ][H ]
pK ≡ －logK = －log
=
[R - H]
+

When the half of the functional groups in the IER dissociates, i.e. α=
0.5, the pK-value of the IER becomes equal to the pH in the IER phase.

(I-3-12)

If the pH in the IER phase is defined as pH , pK-value is thus expressed
in Eq. I -3-14.
－
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[x ]
2

(I-3-19)

The apparent pK-values are calculated by the Eq.I -3-18 and Eq.I -3-19
based on the pH titration curves of IERs. Such representative pK-values
are tabulated in Table I-3-4.
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[Table I-3-4] Apparent pKs of Ion exchange groups in IERs (4)

Cation exchange resins
Ion exchange
group

Anion exchange resins
Ion exchange
group

(9) Regeneration efficiency of IERs
SACERs and SBAERs are both
difficult to be regenerated and much
more regenerants are needed than the
theoretical amount. The remaining
ions that are not regenerated at the
column bottom affect the effluent
quality. The regeneration efficiency
is also a very important property
of IERs, since it has strong impact
on the ions leakage.
Fig.I-3-22 and I-3-23 show such
relations of the regeneration level [Fig.I-3-22] Regeneration level vs.
with the regenerated rate of a Regenerated rate
SACER and a SBAER respectively, : Na-form SBAER of different crosslinkages
and we can understand that IERs of low crosslinkage are easy to be
regenerated.
We show the effluent quality in Fig.I-3-24, when the tap water passes,
at a flow rate of SV60, through the column of 30 mL Na-form SACER as
the bottom layer and 70 mL Ca-form SACER as the top layer that has
been regenerated at the rate of 90g-HCl/L-R with 2.5% HCl. The cations
leakage was calculated on the measurement of the electrical resistivity
after the full removal of anions by the attached OH-form SBAER column.
Fig.I-3-24 shows not only the correlation between the electrical resistivity,
the ions leakage, and the moisture content in the IER, high moisture content
means low crosslinkage, after 15 L of the influent was treated but it also
shows that the low crosslinkage IERs are easy to be regenerated with
little ions leakage.
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[Fig.I-3-23]
Regeneration level
vs. Regenerated rate:
Regenerated rate: Cl-form

[Fig.I-3-24]
Moisture content vs.
Ion leakage of SACER
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(10) Ion exchanges in the partial regeneration
We have already explained that the SACERs and the SBAERs are able
to split neutral salts and to exchange ions but they are difficult to be
regenerated due to their strong acidity or basicity and a large excess
amount of regenerants are necessary to accomplish their regeneration.

[Fig.I-3-25] Regeneration level vs.
Regenerated rate: DIAION™ SK1B

When IERs are regenerated in columns with insufficient regenerants,
there remain at the bottom of the columns un-regenerated resins. We can
measure the regenerated rate, the ratio of the regenerated part to the
total capacity, by observing the acidic or alkaline materials that come out
of the columns with the flow of brine solution.
Fig.I-3-25 shows the correlation between such regeneration levels, the
ratio of the regenerant to the targeted IER, and such measured
regenerated rates in the case of DIAION™ SK1B, one of the SACERs.
Although the regenerated rate increases in accordance with the
regeneration level, the increasing rate gradually declines and thus the
regeneration efficiency decreases. The regeneration efficiency, on the
contrary, can be kept high if you keep the regenerated rate not so high.
Consequently, the partial regeneration, keeping the regenerated rate low
and the efficiency high, is usually adopted in the actual operations from
the economical point of view.
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[Fig.I-3-26] Conc. of Regenerants vs. Regenerated rate:
DIAION™ SK1B of Na-form and Ca-form

The behaviors or responses in the regeneration process differ due to the
ion-forms of IERs. We have already explained that the selectivity toward
ions of IERs depends on the kinds of ions, ion-forms with high selectivity
are difficult to be regenerated and their regenerated rates are low.
Fig.I-3-26 shows the correlation between the regeneration level and the
regenerated rate of DIAION™ SK1B; both in Na-form and Ca-form. It also
shows the effect by the regenerant concentration, 1N, 2N and 3N HCl aq.,
to Ca-form. It shows us that the high selective Ca-form is difficult to be
regenerated and that the high concentrated regenerants is effective if
divalent Ca is regenerated by monovalent H. The regeneration level is
usually expressed by the unit of the regenerant weight divided by the IER
volume, g-regenerant/L-IER, as in Fig.I-3-26. When you use the 10 grams
of HCl or NaOH as a regenerant for an IER of 50 mL, the regeneration
level is expressed as 200g-HCl/L-R or 200g-NaOH/L-R by this unit.
The regenerated rate is also affected by the regeneration conditions, i.e.
the contact time between the regenerant and the IER. Fig.I-3-27 is the
results of the regenerated rates of different contact times, DIAION ™
SK110 at the regeneration level of 110g-HCl/L-R, and it shows us that the
longer contact time would make the regeneration efficiency higher.
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[Fig.I-3-28] Transfer of Adsorption band

[Fig.I-3-27] Regeneration contact time vs. Regenerated rate: DIAION™ SK110

The regenerated rates mentioned so far are such average values of the
whole IERs in the columns and there is some variance in the inside of the
columns. The rate at the top IERs, almost completely regenerated, is
higher than that of the bottom ones when they are regenerated by
downflow regenerations. Such declination of the regenerated rates within
the IER columns correlates closely with the ion leakages in the actual ion
exchanging operations.
We let us consider, as an example, the process where NaCl aqueous
solution is treated by a SACER column and the IER is regenerated by HCl
solution as a regenerant. Six Illustrations of the column in Fig.I-3-28
show the images of the Na + ion distributions in the column at each step.
The illustration, No.1 at the left side, shows the Na + distribution at the
break through point, at the ending step of the ion exchanging. Although
the majority of the IERs have already ion-exchanged and captured Na +
ions under the equilibrium, there is some area at the bottom where the
concentration of Na + ions gradually declines: the areas in black show the
Na-form IERs and it is called “the adsorption band” .
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At the next regeneration step by a downflow HCl solution, the inner
IERs are regenerated in the H-form from the top part from No.2
illustration, through No.3, until No.4 situation. The regeneration is
finished with the remaining Na-form IERs at the bottom in the
partial-generation operations. Washing the regeneration wastes by
desalted water, then starts the next treatment of NaCl solution. At the
front area of this new NaCl solution, it contacts H-form IERs and has
them release H + ions; HCl is formed. Such HCl, then, contacts and
ion-exchanges with the bottom Na-form IERs and releases Na + ions into
the effluent, as in No.5 and No.6 illustrations. By the further treatment of
NaCl solution, the column returns to the No.1 situation.
You will understand that it is necessary to consider the shift of the
adsorption band in designing the IER columns. The recommended height
of IER columns is 60 cm and over. The diameter, moreover, should be
somewhat wide in order to prevent channeling flows that sometimes occur
in long and narrow columns.
Fig.I-3-29 shows the effect of the regeneration level on the ion leakage
in the case of DIAION™ RK212, a porous type SACER. The leakage of Na +
ion was measured by the loading of NaCl solution that contains 200mg
CaCO 3 /L after regeneration and washing by demineralized water in three
cases; where the regeneration levels are 50g-HCl/L-R, 100g-HCl/L-R, and
150g-HCl/L-R respectively. This Figure lets us know that the initial
leakage of Na + ion increases in accordance with the decrease of the
regeneration level and such trend is in good agreement with the process
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from No.4 through No.5 and 6 to No.1 illustration in Fig.I-3-28.
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lets us know that Ca-form IER at the bottom have less effect on the ion
leakage than Na-form.
The Na-form IER at the bottom, in the practical water treatment, makes
the effluent in poor quality. Lest the ion leakage increases, the
regeneration level should be kept high.
[Fig.I-3-30] Resin layer vs. Effluent
quality by DIAION™ SK1B

[Fig.I-3-29] Regeneration level vs. Ion leakage: DIAION™ PK212(H cycle)

The phenomena or the trend in the treatment of CaCl 2 solutions are
basically the same as of NaCl. Ca 2+ is, in comparison with Na + , difficult
to be regenerated due to its high selectivity and the low concentration
HCl that releases from the upper layer of the IER column, and so the
remaining Ca-form IER at the bottom of the column does not increase the
initial ion-leakage so much as Na-from IER. The comparison of such ion
leakages, in the treatment of NaCl solution, between Na-form and
Ca-form IERs packed at the bottom of DIAION™ SK1B column is shown in
Fig.I-3-30. To measure the electrical resistivity of the effluent is a
convenient method to observe the ion leakage from the IER column. The
electrical resistivity of the effluent from the SK1B column, in Fig.I-3-30,
was measured after the treatment by OH-form SBAER column. Fig.I-3-30
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When one changes the conditions of regeneration or deionization in the
partial regeneration process, the ion distribution in IER columns
transforms and derives the change of the ion leakage from such columns.
One, moreover, should repeat the treatment process cycles several times
to have the ion distribution in IER columns stable and to keep the ion
leakage at a constant level. Fig.I-3-31 illustrates the results of such
recycling in the partial regeneration process with DIAION™ SK1B, where
the treatment results have become stable from the second cycle.
Such ion leakage as with SACERs does occur in the partial
regeneration process with OH-form SBAERs.
In multi IER column systems, a SBAER column is rarely used at the
first one. With an H-form SACER column at the first one, neutral salts in
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the influent is changed into mineral acid form and then ion-exchanged by
an OH-form SBAER column. Since the reaction caused by the SBAER is a
neutralization one, the leakage of the un-regenerated ions is different
from the one with a SACER column.
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[Fig.I-3-32] Effect by Ions in the
column-bottom in the process of HCl
Removal by DIAION™ SA10A

DIAION™ SK1B 100ml

[Fig.I-3-31] Cycle time vs. Ion leakage in partial regeneration

Figure I-3-32 illustrates the treatment results, the effluent quality, of
HCl solution with the two types of IER columns; one is packed with
OH-form SBAER, DIAION™ SA10A, at the top and with Cl-form SACER
at the bottom and the other is packed with DIAION™ SA10A at the top
and with SO 4 -form SACER at the bottom. Figure I-3-33 summarizes the
effluent qualities of the HCl solutions treated with DIAION™ SA10A of
different regeneration levels. Though the salt-form un-regenerated resin
brings the poor effluent quality, the quality is not so bad as in the case
where neutral salt solutions are directly treated. This ion leakage is
caused by the hydrolysis reaction of the salt-form resin at the bottom;
the exchange reaction between OH － formed by water dissociation and
salt-form resin.
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[Fig.I-3-33]
Regeneration level vs.
Effluent quality in the
process of HCl Removal by
DIAION™ SA10A

(11) Ion-exchange of Bulky counter ions
For IERs to capture ions, such ions must be able to diffuse within the
micropores of such IERs at a sufficient speed. If the targeted ions are
bulky, the micropores should be at the same time large enough. Figure
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[Fig.I-3-34] Crosslinkage vs.
Average Pore Diameter of H-form
SACER

I-3-34 shows the correlation curve between the crosslinkage and the
size of the micropores of an H + -form SACER in water. The size of the
micropores of an IER is determined by its crosslinkage: the lower is the
crosslinkage and the larger are the micropores.
The more bulky are the sizes of the targeted ions the more care must be
taken of the crosslinkage of IERs and IERs with low crosslinkage should
be used. Listed in Table I-3-5 are the exchange capacities of SACERs of
several crosslinkages toward bulky organic ions of different sizes. We can
easily understand that small crosslinkage ones are efficient to capture
bulky ions.
[Table I-3-5] Exchange capacity toward Bulky organic ions of SACERs with
different crosslinkages (9)

Counter ion

2%

DVB%
10%

15%

90
87

69
63

63
48

100

94

80

58

100

100

71

38

100

94

43

15

74

48

10

Tetramethylammonium
Tetraethylammonium

100
100

Benzyl-trimethylammonium
Trimethyl-n-octylammonium
Dibenzyldimethylammonium
Cetyltrimethylammonium

5%

The micropore size varies in accordance with the practical conditions;
in highly concentrated solutions, for example, it becomes small caused by
the shrinkage of IERs. Furthermore, it differs depending on ion-forms.
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Thus, when you are planning to ion-exchange with bulky ions, you should
select some low crosslinkage IERs and operate them under suitable
conditions that keep the pore sizes large.
(12) Hydraulic properties and Particle-sizes of IERs
The hydraulic properties of IERs, the pressure drops under normal
operation and the bed expansion during backwashing, is closely related
with the particle sizes.
The standard size of the industrial-use IERs is between 300 ~ 1180 µm
(50 ~ 14 mesh). Though the observed values by sieving analyses are
sometimes used to show the particle sizes, the effective particle sizes and
the uniformity coefficients are more conventionally used. The effective
particle size is expressed as the opening of the sieve that lets 10% of the
total IER particles pass through the sieve and retains 90% on it.
Assuming the particle size distribution is a normal distribution, the
effective particle size is obtained by plotting the results by sieving
analysis on a log normal probability paper (ref. Chapter III Clause 7:
Particle Size Measurement)
The uniformity coefficient is an index that shows the sharpness of
particle size distribution; the ratio of the effective particle size to the
opening of the sieve that lets 60% of the total IER particles pass through
the sieve and retains 40% on it. The smaller is the uniformity coefficient
and the sharper is the particle size distribution.
To show the mean size, we usually use the opening of the sieve that lets
50 volume % of the total IER particles pass through the sieve and retains
50% on it, not in weight or in particle numbers.
The pressure drop and the bed expansion are expressed by the particle
size, specific gravity, and the temperature, the viscosity changes in
accordance with the temperature, as in the following equations.
Pressure Drop ＝

Flow Rate × Viscosity
Particle Diameter

Bed Expansion rate ＝

Flow Rate × Viscosity

( Specific Gravity - Water Density )×( Particle Diameter)2

(I-3-20)

(I-3-21)

Figures I-3-35 though I-3-40 show the pressure drops and the bed
expansion of a SACER, DIAION ™ SK1B, a type I SBAER, DIAION ™
SK10A, a type II SBAER, DIAION ™ SA20A. The bed expansion
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sometimes changes at the different load situation, since the specific
gravity and the particle size deviate due to its ion-form. The hydraulic
properties also vary depending on the temperatures.

[Fig.I-3-37] Pressure drop of DIAION™ SA10A

[Fig.I-3-35] Pressure drop of DIAION™ SK1B

[Fig.I-3-38] Bed expansion rate of DIAION™ SA10A

[Fig.I-3-36] Bed expansion of DIAION™ SK1B

70

71

Chapter I

Properties of Ion Exchange Resins

Chapter I

Properties of Ion Exchange Resins

[Table I-4-1] Performance Degradation and Functional Troubles of IERs

Breaking down:
⇒ IERs loss by flowing out during backwashing, Increase pressure loss,
channeling
→ Poor effluent quality, Declined treatment capacity
Deposition of foreign materials:
Cation exchange resins: Fe deposition, CaSO 4 precipitation in regeneration by H 2 SO 4
Anion exchange resins: Polyvalent metal hydroxides , SiO 2 gellation

[Fig.I-3-39] Pressure drop of DIAION™ SA20A

[Fig.I-3-40] Bed expansion of DIAION™ SA20A

4. Performance Degradation of IERs
Long-term use of IERs occasionally causes some operation troubles;
declined treatment capacity or poor effluent quality. We must consider
that such troubles might be caused the performance degradations of IERs
themselves in these cases. Table I-4-1 summarizes such performance
degradations and functional troubles.
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Oxidation of SACERs:
⇒ Irreverisible swelling with lower crosslinkage → Increase of moisture
content and swelling
→ Decline of exchange capacity per volume
(Better effluent quality due to less Na leakage in deionization)
⇒ elution of resins and PSA in lowering crosslinkage
→ Irreversible contamination of AERs
→ Worse effluent quality by leakage once fully contaminated
Oxidation of SBAERs:
⇒ Lowering functional groups, lowering basicity
→ decrease the moisture content, the degree of swelling, the total exchange
capacity and the neutral salt splitting capacity and increase the
exchange capacity of weakly basic groups → difficulty in rinse
Lowering basicity decreases the exchange capacity toward weakly acidic
components as SiO 2 and HCO 3 －
⇒ Dropping-outs of the exchange groups decrease the reaction rates and
increase ion leakages
Organic contamination of AERs:
⇒ Ion exchange reaction rate declines
→ Total exchange capacity and Neutral salt splitting capacity decrease and
weakly basic groups generate
→Poorer rinse efficiency, worse effluent quality

(1) Physical Durability of IERs
IERs are apt to break into small particles to bring pressure drops in the
columns and to increase the outflow during backwashing after having
been recycled many times. Once IERs are broken in the mixed beds where
CERs and AERs are packed in the same column, other problems than
pressure drops sometimes occur: e.g., it becomes difficult to separate such
two kinds of IERs in the prior process to the regeneration, or the broken
CERs move up to the upper part of the columns and then contact with
NaOH, a regenerant, to become in the Na-form and derive the increase of
73

Chapter I

Properties of Ion Exchange Resins

Na-ion-leakage.
Such crushes are caused mainly by the distortion due to the volume
changes accompanied swelling and/or contraction of IERs. We have
already explained that the volumes of IERs usually vary in accordance
with the increase/decrease of the moisture contents in IERs, sudden
volume changes trigger off the distortion in the resin phase and bring the
cracks or crushes at last. The cracks or crushes are accelerated when
IERs receive physical impacts such as backwashing or mixing. The IERs
with cracks inside are easy to be broken down, and the large particles
tend to be broken down more easily than small ones.
The strength is one of the important properties of industrial-use IERs
since they are used repetitiously. It is not, however, to examine their
physical durability. There are some indirect methods for this purpose
and they are useful to grasp the approximate trend of the IERs strength:
1) to observe the crushes with the impacts by a ball-mill or a shaker, 2) to
measure the resistance load of the IER beads toward crushing, 3) to
observe the lab-scale breakdowns after some repetition model operations.
Care must be taken to use these methods because such observed results
do not always agree with the trouble frequencies in the actual operations.
The physical durability of IERs is affected not only by the
manufacturing technology of IERs but also by the design of the IER
columns: i.e. the defects of column equipments sometimes accelerate such
crushes. If the ratios of the height to the diameter of IER columns are too
large, the IER volumes are inclined to increase suddenly and to have the
resin beads at the bottom be pressed more heavily. These pressures may
accelerate the breakdowns of IERs. Thus, the column design should be
taken care of, in particular, when the concentration of regenerants is high
and the low crosslinkage IERs are used.
The high crosslinkage IERs seem, by intuition, physically stronger than
the low ones, but they are not always so strong. The high crosslinkage
IERs have less elasticity instead of sufficient hardness, and the low
crosslinkage ones, on the other hand, have less hardness instead of
sufficient elasticity. As a result, the moderate crosslinkage IERs with
well-balanced property are empirically preferable.
The physical strength of IERs decline by other reasons: chemical
changes and foreign materials caused by organic contamination,
sedimentation of metal hydroxides or freezing. SACERs often swell
irreversibly, which we will explain later, and they become easy to be
broken down by excess oxidation.
SBAERs are apt to adsorb some organic compounds irreversibly and to
accumulate them inside or on the surface of the resin particles. Such
accumulation that is called “organic contamination” makes SBAERs
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vulnerable to breakdowns. CERs can be, in some particular cases,
contaminated by organic compounds and be accelerated to be broken
down as a consequence.
Porous-type IERs are superior to gel-type ones in physical durability,
and the reason of this phenomenon is considered to be that the
macropores inside of them play a role of shock adsorbers toward sudden
volume changes.
(2) Interfere of ion-exchange by accumulated foreign materials
1) SACERs
When one passes influents with suspended matters through IER
columns, the suspended matters accumulate in the resin layers.
Backwashing, in these situations, must be done elaborately lest the
accumulated matters may cause ion-exchangeability poor. As an example:
in the long-term operations of the softening plants with CERs the
accumulated Fe compounds usually increase the leakage of hard ions and
decrease the ion-exchange capacity. NaCl solutions are preferably used as
regenerants in the softening plants, Fe compounds gradually accumulate
due to such NaCl solutions have poor potential to desorb Fe compounds.
Thus, the Fe compounds in the influents must be removed preliminarily.
If such accumulation happens unfortunately, one could wash the degraded
IERs with HCl aqueous solutions to recover their performances. We call it
“rejuvenation” to have the degraded IERs recover their original functions.
We use the so-called iron-removal resurrection agents that are NaCl
solutions with some organic acids or chelating agents as additives in case
the equipment materials are not bearable against HCl solutions.
Other than suspended matters in influents, care must be taken of the
precipitates in the resin layers. HCl solutions are generally used as
regenerants to regenerate CERs to H-form. H 2 SO 4 solutions could be used
instead of HCl ones with no problems if the targeted CERs adsorb small
amount of Ca 2+ and Ba 2+ ions. In ordinary water treatment plants,
however, the CERs adsorb considerable amount of Ca 2+ ions. If one uses
H 2 SO 4 solutions as regenerants in these cases, poorly soluble CaSO 4 are
formed and precipitated to fill up the gaps in the resin layers and finally
to shut down the flow in the worst cases. Thus, one should obey the
so-called stepwise regeneration method in these cases. That is, one should
use sufficiently diluted H2 SO 4 solutions at a high flow rate and then
gradually increases the H 2 SO 4 concentration at a decreased flow rate in
accordance with the decline of Ca 2+ ions in the resins. Figures I-4-1 and
I-4-2 show the relevant data.
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that soft - water or H-water treated with H-form CERs. Must be used as
washing water in order to avoid the precipitates of Mg(OH) 2 that often
appear if one uses hard-water as washing waters.
In the cases where the content of SiO 2 in the influents is rather high,
the SiO 2 captured inside of AERs might become too much to be dissolved
and then might become in gel-form. Lest becoming into such gel-from, one
must be careful in such gelation when the regeneration level is low
particularly. Data regarding gelation of SiO2 is illustrated in Fig.I-4-3.
In 4-bed 5-tower systems which include a WBAER column, special care
is needed due to the fact that the spent regenerant from the SBAER
downline is used to egenerate the WBAER. However, if this regenerant
has a high concentration of SiO 2 , gelation of SiO 2 occurs in the resin layer
and may even make it impossible to pass the fluid through the system.
Thus, in this type of systems, any effluent fraction with a high
concentration of SiO 2 should be discharged, and the WBAER regenerated
by the spent regenerant with a low SiO 2 content.

[Fig.I-4-1] Ca contents in influent vs.
H 2 SO 4 concentration

[Fig.I-4-2] H 2 SO 4 concentration vs.
Flow rates

The IERs with CaSO 4 precipitates inside could be rejuvenationed by
washing with HCl solutions. Another rejuvenation method consists of two
steps: 1) be treated with NaCl solutions to exchange such metal ions with
Na ions, 2) be regenerated with H 2 SO 4 solutions. As for metal salts
precipitates, one can remove them from IER columns in these ways, one
must be careful in practical operations never to form such precipitates.
2) AERs
Since similar debris accumulation does sometimes occur in AERs
columns and interfere ion-exchange operation, careful backwashing is
also needed in AERs column. Furthermore, silica compounds, e.g. SiO 2 ,
often precipitate and decline AERs' removal function when such water
treatments are done with SBAERs. Early and elaborate regenerations
with relatively warm/hot NaOH solutions as regenerants are
recommended in these cases.
Another notice in the washing process of AERs after regeneration is
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[Fig.I-4-3] SiO 2 level vs. Time needed to gelation (10)
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3) Mixed bed IERs
In the mixed bed IER systems, each CERs and AERs in the same
columns are regenerate, as they are inside the columns, with their own
regenerants respectively. In these cases, two kinds of regenerants contact
at the layer that separates CERs from AERs and sometimes form some
precipitates. One example of such precipitates is gel-form SiO 2 generated
by contact of SiO 2 in AERs or in regeneration effluents with mineral acids
or H-form IERs, and another example is metal hydroxides of Ca or Mg in
CERs or regeneration effluents with NaOH or OH-form IERs.
(3) Oxidation and irreversible swelling of SACERs

Oxidation of IERs is caused by oxidizing agents such as free chlorine,
nitric acid or dissolved oxygen and accelerated by the co-existence of
catalysts; Fe , Cu and other metals. Oxidation decreases the crosslinkage
and the ion-exchange capacity per volume of IERs but increases the
moisture content and degree of swelling. The decline in the crosslinkage
brings the better regeneration efficiency and the decrease of Na leakage
during deionization.
Polystyrenesulfonic acid (PSA) that elutes from IERs’ main structures
during such oxidation contaminates AERs irreversibly, and makes the
effluent quality worse by its own leakage into it.
Styrene-type SACERs are chemically stable and resistant to high
temperatures, 100 ~ 120 °C, but are somewhat oxidizable.
In oxidation of SACERs, the crosslinked resin matrix is mainly oxidized
and the chain links in its network structure are broken. These breaks
decrease the crosslinkage and cause the irreversible swelling as a result.
Low crosslinkage IERs are easy to be oxidized and to swell irreversibly.
Regarding ion-exchange capacity of the oxidized IERs, the whole capacity
does not decline since there are no changes in the functional groups,
unless the resin matrix is broken down by vigorous oxidation, though the
ion-exchange capacity per volume declines by the irreversible swelling
due to oxidation. On the contrary, the actual decline of the crosslinkage
sometimes causes better regeneration efficiency, that is, less leakage of
Na, better effluent quality and larger flow capacity.
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In water treatment, free chlorine of low level in the influent is one of
the causes of irreversible swelling because it contacts IERs much for long
terms though it is at a very low level. Furthermore, metal ions, e.g. Fe or
Cu, work as catalysts in spite of their low levels, and accelerate the
oxidation of IERs. Further oxidation breaks IERs and dissolves them
within columns, and sometimes transforms the IER particles and makes
it impossible to let influents flow as a result. Thus, one should remove
such oxidative compounds from effluent as much as possible before the
IER treatment.
Table I-4-2 summarize the results of the oxidation of CERs of three
crosslinkages, 4%, 8% and 15%, by the electric current, 1A at 4V, in an
electrolysis cell which 20% NaCl solution was included in. It shows the
increasing moisture content and irreversible swelling in accordance with
the oxidation process. Low crosslinkage IERs are easy to be oxidized and
to swell irreversibly, as we have already explained.
[Table I-4-2] Oxidation of Cation Exchange Resins (11)
CER of DVB 4%
CER of DVB 8%
CER of DVB 15%
Oxidation Exchange
Time
Capacity

h

meq/g

Neutral Moisture Exchange
salt
content Capacity
Splitting
Capacity
meq/g
%
meq/g

Neutral Moisture Exchange
salt
content Capacity
Splitting
Capacity
meq/g
%
meq/g

Neutral Moisture
salt
content
Splitting
Capacity
meq/g
%

0

5.35

4.65

63.0

4.80

4.40

42.2

2.69

2.53

23.5

6

5.64

4.60

64.0

4.79

4.30

42.5

2.92

2.80

24.2

13

6.11

4.55

65.5

4.85

4.45

43.3

－

－

－

60

8.25

4.50

78.5

5.40

4.30

47.5

3.24

2.85

25.5

109

8.12

－

89.0

6.16

4.25

62.5

4.06

3.10

31.0

Figure I-4-4 demonstrates the moisture content changes of SACERs of
different crosslinkages, DIAION™ SK-series, in oxidation by long-time
dipping in H 2 O 2 solution; the moisture content are indicated in moles per
the neutral salt splitting capacity. This Figure shows that low
crosslinkage IERs tend to increase the moisture content and to swell
irreversibly.
Long-term use of SACERs makes them swell gradually and irreversibly.
It is necessary to choose high crosslinkage IERs when they are used in the
conditions where some oxidation occurs or when the used IERs have
already swollen irreversibly much.
We have already explained that polystyrenesulfonic acid (PSA) solve
from SACERs’ structures through oxidation process. PSA is captured by
AERs as organic contaminants. However, the capacity to capture PSA is
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limited to a very little level, thus PSA usually leaks into the effluent soon
after AERs lose such capacity and makes the effluent quality worse.
To observe the increase of moisture content of IERs helps us to decide
whether they are oxidized much or not.
[Fig.I-4-4] Oxidation of SACERs of
different crosslinkages with 30% H 2 O 2

Properties of Ion Exchange Resins

We will explain again that low crosslinkage IERs tend to be oxidized
and to swell irreversibly, refer to Fig.I-4-5, and that further swelling due
to oxidation brings large pressure drops and the dissolution of PSA, the
component of IER matrix. PSA is too large in its molecular size to diffuse
in the inside of IERs and to be captured enough by the AER column next
to the CER column, and it leaks into the effluent.
In the two-bed with two-column or two-bed with three column systems,
Na + that leaks from CERs neutralizes PSA and thus pH drops rarely occur.
In the mixed bed system, on the contrary, pH drops sometimes occur.
Figure I-4-6 exemplifies the effluents qualities with and without the
addition of the eluting compounds from SACERs through oxidation. High
crosslinkage IERs are recommended to treat the influents with oxidizing
contaminants.
High crosslinked IERs are, of course, oxidized similarly as crosslinkage
ones, but it takes long to swell. This is one advantages of high crosslinked
IERs, refer to Figure I-4-5.
Water treatment by mixed bed of DIAION™ SK1B and SA10A

In order to protect IERs from such oxidation when the influents
contains oxidizing compounds such as free chlorine, they should be
removed by the pre-treatment with active carbons or by addition of
reducing agents, e.g. Na 2 SO 3 . The oxidation is affected not only by such
oxidizing compounds contents but also by temperatures, pH and heavy
metal contents. Thus, though it is difficult to control the oxidation by the
oxidizing contents only, some control criteria are set as in Table I-4-3.
[Table I-4-3] Tolerance of DIAION™
SK1B against Cl 2

[Fig.I-4-5] Crosslinkage vs.
Oxidative degradation (12)
[Crosslinkage order: A > B > C,
whereas IER C is of the standard crosslinkage]
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Temperature

Cl 2 Tolerance

(°C)

(mg/l)

5～10

0.6

10～15

0.4

15～20

0.2

20～25

0.1

[Fig.I-4-6] Effects on effluent quality by Polystyrenesulfonic acid

(4) Thermal decomposition of SACERs
SACERs are relatively thermally-stable due to their chemical
structures, crosslinked copolymers of styrene and divinylbenzene with
sulfonic acid groups. However with long terms over some temperature,
the decomposition slowly commences with the dropping-outs of the
ion-exchange groups and then with the breaking-ups of the matrices.
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Figure I-4-7 illustrates such mechanism of the thermal decomposition.
The decline of the ion-exchange capacity of SACERs by their thermal
decomposition is summarized in Fig.I-4-8 (H-form IER at 120 °C), in
Fig.I-4-9 (H-form, 150 °C) and in Fig.I-4-10 (Na-for, 150 °C). The effect of
crosslinkages on thermal decompositions and the formation of phenol
groups through thermal decomposition are shown in Fig.I-4-11 and in
Fig.I-4-12.
These Figures let us know that low crosslinkage and H-form IERs are
thermally superior to high and salt-form ones respectively. The thermal
stability of gel-type IERs are almost the same as porous-type ones of a
similar crosslinkage.

[Fig.I-4-9] Decline of Exchange Capacity caused by Thermal Decomposition of SACERs
(150 °C)

[Fig.I-4-7]

Thermal decomposition mechanism of SACERs

[Fig.I-4-8] Decline of Exchange Capacity caused by Thermal
Decomposition of SACERs (120 °C)
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[Fig.I-4-10] Decline of Exchange Capacity caused by Thermal Decomposition of
SACERs (150 °C)
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To sum up is as follows:
1. The IERs in H-form, regenerated form, of the standard crosslinkage, e.g.
SK1B and PK216, are thermally stable and can be in use for
considerably long hours at over 120°C. Both high and low crosslinkage
IERs are, at 150°C, unstable with large efficiency declines.
2. The IERs in Na-form, loaded form, are stable at 120°C and can be in use
for considerably long hours at 150°C, but unstable with large efficiency
declines at 180°C.

The results mentioned above are based on the rather short-period
experiments shorter than the practical operations. Thus, thorough and
longer period examinations are recommended for the actual use at high
temperatures.

(5) Oxidation of SBAERs
[Fig.I-4-11] Effect on Efficiency Declines caused by Thermal Decomposition of SACERs

[Fig.I-4-12] Formation of Phenol groups by Thermal Decomposition of SACERs (180°C)
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In accordance with lowering functional groups, with lowering
basicity, decrease the moisture content, the degree of swelling, the
total exchange capacity and the neutral salt splitting capacity and
increase the exchange capacity of weakly basic groups.
Dropping-outs of the exchange groups decrease the reaction rates
and increase ion-leakages.
Lowering basicity decreases the exchange capacity toward weakly
acidic components as SiO2 and HCO 3 － .
Besides oxidized SBAERs lose their ion-exchange capacities through
the basicity decrease and the dropping-outs of the functional groups, their
own polymer matrices are oxidized at the same time.
Low crosslinkage IERs are easily oxidized in this way. Tables I-4-4 and
I-4-5 summarize the results of both types, I and II, of SBAERs of different
crosslinkages oxidized in severe conditions. The results are the exchange
capacities and moisture contents before and after the dipping for 75 days
in NaClO solutions and the oxidation. Though this experimental
condition is very severe in comparison with the practical fields, but these
results suggest that low crosslinkage SBAERs tend to lose the neutral
salt splitting capacity and to be oxidized easily and that the type I is
easier to be oxidized than type II.
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[Table I-4-4] Oxidation by NaClO of SBAERs (type I) of different crosslinkages

Before Oxidation
DVB
Moisture Neutral salt Moisture
%
content
Splitting
content
Capacity
(ca.10 ml)
meq
%
%

After Oxidation
Neutral salt
Exchange
Total
Splitting
Capacity of Exchange
Capacity
Weakly basic Capacity
groups
meq

meq

meq

2

70.87

6.8

89.12

0.05

1.64

1.69

4

59.46

10.6

73.52

1.05

2.96

4.01

6

48.08

12.6

52.76

1.65

3.20

4.85

7

47.78

13.4

49.04

2.33

4.10

6.43

8

44.44

13.4

45.20

2.45

4.14

6.59
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(6) Decomposition of the functional groups of AERs
Most of the ion-exchange functional groups of AERs are quaternary
ammonium groups or amine groups and are easy to be decomposed
chemically. These chemical decompositions are classified into thermal
decomposition and oxidative one.
1) Thermal decomposition
SBAERs have quaternary ammonium groups as ion-exchange groups
and thus they easily decompose thermally.

[Table I-4-5] Oxidation by NaClO of SBAERs (type II) of different crosslinkages

Before Oxidation
DVB
Moisture Neutral salt Moisture
%
content
Splitting
content
Capacity
(ca.10 ml)
meq
%
%

After Oxidation
Neutral salt
Exchange
Total
Splitting
Capacity of Exchange
Capacity
Weakly basic Capacity
groups
meq

meq

meq

2

70.52

7.4

37.75

0.01

3.60

3.61

4

55.31

10.6

36.89

0.03

5.16

5.19

6

45.69

12.7

33.84

0.15

6.04

6.19

7

43.12

13.5

33.40

0.38

5.88

6.26

8

39.82

13.3

30.03

0.36

5.88

6.24

When one use SBAERs in some oxidative conditions, one should choose
the high crosslinkage SBAERs. Such SBAERs should be used when there
are possibilities that the neutral salt splitting capacities decline to a
large extent due to oxidations. However, since the decomposition of the
ion-exchange groups and the organic contaminants cause the decline of
the neutral salt splitting capacity, it is not decided that the SBAERs are
really oxidized based on the decline of the neutral salt splitting capacity
only. The moisture contents generally tend to decrease due to the
lowering basicity of the strong basic exchange groups, and Table I-4-4
shows that the moisture content increase after the oxidation of SBAERs.
One should conclude that the SBAERs are oxidized when both the
lowering basicity of the exchange groups and the moisture content
increase are both observed.
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[Fig.I-4-13] Schemes of thermal decomposition of SBAERs

As is illustrated in Figure I-4-13 the
scheme of the thermal decomposition of
SBAERs, this decomposition is initiated
by its own self-decomposition. When such
SBAERs are in OH-form, in particular,
the decomposition is accelerated due to
the attack to the C-N bonds in quaternary
ammonium groups by highly nucleophilic
OH ions. Such decompositions decrease
IERs’ exchange capacity and basicity. The
typical by-products of this decomposition
are methanol and trimethylamine from
type I IERs and methanol, ethylene
glycol, dioxane and diethanolamine from
type II IERs.
Figures I-4-14 through I-4-16 illustrate
[Fig.I-4-14]
the declines of the exchange capacities of Decline of Exchange Capacity caused
two kinds of IERs, type I and II, when by thermal decomposition:
they are heated for a long time. The Strong basic Anion Exchange Resin
neutral salt splitting capacities of both type I (SA11A)
types of IERs decline with prolonged
heating times. Type II is less thermally stable than type I. Figure I-4-17
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shows such declines of the exchange capacities of three different forms of
type II IERs; Cl-form, HCO 3 -form and OH-form. It explains that
OH-form decompose its exchange capacity drops very rapidly.

[Fig.I-4-17]
Decline of Exchange Capacity
of Dowex™ 2(corresponding to
DIAION™ SA20A) (13)

Figure I-4-18 illustrates the trends of generation of weakly basic
groups caused by the thermal decomposition of SCAERs.

[Fig.I-4-15] Decline of Exchange Capacity caused by thermal decomposition:
Strong basic Anion Exchange Resin type I (120°C )

[Fig.I-4-18] Weakly basic groups generated by thermal decomposition of SBAERs (120°C)

[Fig.I-4-16] Decline of Exchange Capacity caused by thermal decomposition:
Strong basic Anion Exchange Resin type II
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Since SBAERs in OH-form, a regenerated form, are easily decomposed
thermally, as we have explained above, treating hot influents accelerate
the deterioration of SBAERs. The maximum operating temperatures of
SBAERs listed in the IERs catalogue are the practical limit temperatures
and they do not mean there never occurs thermal decomposition below
these temperatures: e.g. OH-form of type I is 60°C, Cl-form of type I is
80°C, OH-form of type II is 4 0 °C, Cl-form of type I is 60°C. Furthermore,
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OH-form SBAERs tend to be decomposed even at normal temperatures so
one should not hold SBAERs in OH-form for a long period.
2) Oxidative decomposition
The ion-exchange groups of AERs (Anion Exchange Resins) are
quaternary ammonium groups or amine ones, and such groups are easily
decomposed oxidatively by dissolved oxygen in influents. The resin
matrices of AERs are also oxidized in the same way we previously
explained about SACERs. Because of such oxidation, the basicity of
functional groups become weak and some functional groups drop out from
the resin matrix. The resin matrices sometimes break and the
crosslinkage as IERs declines as a result.

Non-basic compounds
Type II SBAERs tend to degrade in their own performance thermally or
by oxidation, and the neutral salt splitting capacity sometimes decreases
by around 40% in a year. Hence, operations at high temperatures should
be avoided. Fig.I-4-19 expresses such performance degradation of Type I
and Type II IERs.
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(7) Organic contamination of AERs
Organic contaminants are from humus, synthetic detergents, such
ABS and LBS, in sewerages, and lignin sulfonic acids and high
molecular coagulants in wastewaters from pulp industries.
Ion exchange reaction rate, total exchange capacity and neutral
salt splitting capacity decrease.
Efficiency of flow and washing declines and worse effluent quality
caused by formation of weakly acidic groups.
Organic contaminants in water treatments are from humus, synthetic
detergents, such ABS and LBS, in sewerages, and lignin sulfonic acids
and high molecular coagulants in wastewaters from pulp industries. Due
to the organic contamination, the ion exchange reaction rate, the total
exchange capacity and the neutral salt splitting capacity decrease. The
efficiency of flow and washing declines and the effluent quality become
worse caused by the formation of weakly acidic groups.

[Fig.I-4-20] Neutral salt splitting
reaction percentage of SBAERs

[Fig.I-4-21] Deterioration of SBAERs by
Organic contamination
A: Mixed Bed Demineralizer with
Amb.IR120 & Amb.IRA400
B： Mixed Bed Demineralizer with
Amb.IR120 & Amb.IRA410
C： Mixed Bed Demineralizer with
Amb.IR120 & Amb.IRA401
D： Amb.IRA401(Cl-form) + System A

[Fig.I-4-19] Deterioration of IERs type I & II for long-time use (14)
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In water treatments with SBAERs, the effluent quality sometimes
deteriorates suddenly after lots of treatment-cycles. Or, sudden black
discoloration of IERs and extremely drop in reaction rates are
encountered in the treatments of starch sugar or sucrose. Figure I-4-20
illustrates such reaction rate drop and compares the Type II low
crosslinkage resin used in starch sugar treatments and the new one. Both
resins were subjected to complete regeneration and rinsed and then
1/2N-Na 2 SO 4 solution passed through them at the same flow rate. The
neutral salt splitting capacity was observed by the titration of NaOH in
the both effluents. Whereas the new IERs are fully exchanged with only
200 mL of NaOH solution, the IERs used in starch sugar treatments are
not exchanged fully even with 1200 ml of NaOH solution.
Such phenomena are the results of the organic contaminations: that is,
SBAERs adsorb organic compounds irreversibly and the micropores are
blockaded. The organic contaminants sometimes polymerize after a long
time depending on the pH, thus their rejuvenation is difficult.
Similar organic contamination is encountered in water treatments and
humus is one of the contaminants in these cases. Fig...I-4-21 exemplifies
one example. The curves A and B in this Figure display the decline of
effluent quality in accordance with the treatment-cycle increase in the
mixed bed demineralization system with Type I or II IERs; compatible to
DIAION ™ SA10A or SA20A, respectively. The curve C is with a low
crosslinkage Type I AER of Cl form, compatible to DIAION™ SA11A, and
the curve D is with Type I IER and a low crosslinkage Type I AER of Cl
form, compatible to DIAION™ SA10A, as the upper column. The effluent
quality of C and D are better than of A and B. This means that the low
crosslinkage IERs are resistant to organic contamination .
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Organic contaminated IERs recover their performance to some extent
by rinsing them with hot NaCl or HCl solutions, but such recovery is
ordinarily unsatisfactory. Another method to recover is dissolution of
such contaminants by oxidation with NaClO for example. Care should be
taken since the resin matrix is naturally oxidized.
The organic compounds in natural waters, humic acid, fulvic acid and
hymatomelanic acid, are derived from rotten plants and called humin or
humus. All of the chemical structures are not clear yet; one example is
illustrated in Fig.I-4-22 (15) . These organic compounds are too large in size
to diffuse into the inside of AERs, but many existing carboxylic groups per
molecule of humin ion-exchange with the functional groups at the IERs
surface and are captured by IERs. Since those captured by IERs in this
way are difficult to be desorbed from IERs by regenerants, the IERs are
contaminated consequently.
Once IERs are contaminated enough, the contaminant organic
compounds begin to leak without adsorption. This phenomenon is similar
to the generation of polystyrenesulfonic acid caused by oxidation of
SACERs. Thus, the pretreatment of influents with organic contaminants
by activated carbon is recommended to keep the lifetime of IERs long
enough. Porous type IERs are superior to gel type in this case, but they
are, of course, contaminated. The pretreatment of influents are
recommended when porous type IERs are used.

[Fig. I-4-23] Schema of adsorption of humic substances by AERs

[Fig.I-4-22] Estimated structures of the organic compounds in the effluents (15)
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Once IERs are contaminated with organic compounds, free carboxylic
groups of organic compounds play the roles of weakly acidic functional
groups. That is to say, they are ion-exchanged by NaOH, a regenerant,
and cause Na leakage during the rinse or loading .
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1. Grade Selection from its Properties and Merits
(1) Ion Exchange Resins
It is essential to select the proper grade of IERs in order to obtain
satisfactory separation or purification. The physical and chemical
properties of IERs are different among the following types already
generally mentioned in Chapter I: gel-type or porous-type, low or high
type of its crosslinkage, strong or weak electrolyte type and Type I or II of
SBAERs.
Highly crosslinked IERs, in general, have large exchange capacity per
volume as a merit, but are difficult to be regenerated to cause ion leakage
due to the much un-regenerated portion. In the two-bed systems of water
purification, thus, the IERs with middle range crosslinkages are mostly
selected. The combination of a Type II AER that is easily regenerated and
has large break through capacity and a porous-type IER, e.g. DIAION™
SK1B ‐ SA20A, is one of the standard combinations in such two-bed
systems. In the situations where special care must be taken of oxidation,
crushing or organic contamination of IERs, other grades of IERs with
adequate pretreatment are often selected: DIAION™ SK110 or SK112 of
higher degree of crosslinkage than SK1B is selected for the raw solutions
that contain oxidative impurities to bring irreversible swelling by the
break ups of the crosslinkages of IERs.
1) Cation Exchange Resins
Strongly acidic cation exchange resins, CERs with sulfonic acid groups,
can dissociate and be ion-exchangeable in the whole pH range, but on the
other side they are difficult to be regenerated and it takes an excess
amount of regenerants. Weakly acidic CERs, those with carboxylic groups
or so, can dissociate only in alkali conditions so that they can exchange
ions only with alkalis, such as NaOH or NaHCO 3 , not with neutral salts.
They are easy to be regenerated and can be regenerated with a little
excess amount of regenerants. When they are kept in alkali conditions as
in Na-form, they can ion-exchange with cations with high selectivity.
The acidity of acrylic acid type resins is slightly higher than
methacrylic acid type ones, as illustrated as titration curves in Fig.II-1-1:
the pK-value of the ion-exchange functional groups is around 6 in the case
of DIAION™ WK10 or 11. The pK-value of acrylic acid type WK40L is a
little lower than it and so the acidity of WK40L is higher. Thus, WK40L is
ordinarily used in the treatment of to remove temporary hardness.
DIAION™ WK10 and 11 with a little low acidity, methacrylic acid type
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ones, are used not for water treatments but for special purposes. When we
compare such WK10 and WK11, WK10 is lower in exchange capacity per
volume and is higher at reaction rate than WK11.
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molecular ions. Highly porous-type IERs, with macro pores but only with
small micro-pores, can capture large molecular ions just on the surfaces of
the macro-pores.
The physical and chemical properties of IERs vary due to (1) porosity,
i.e. gel or porous; the size of micro pores in gel-type IERs depends on the
crosslinkage, (2) crosslinkage, and (3) acidity or basicity, i.e. weakly or
strongly acidic/basic, Type I and Type II of strongly basic AERs. Tables
II-1-1 through II-1-3 show such comparisons.
Highly crosslinked IERs, in general, have large exchange capacity as
one of their advantages but are difficult to be regenerated and the ion
leakage from them is rather much. Thus, normally crosslinked IERs are
ordinarily used in the water purification two-bed systems. As for AERs,
Type II of large break through capacity (BTC) is used for this purpose:
DIAION™ SK1B with SA20A is one of the standard setting. In the cases
where oxidation, crushing or organic contamination must be taken care of,
however, the sufficient pretreatment and other grades of IERs are
recommended: The selection of IERs should be done referring to Tables
II-1-1 through II-1-3.
[Table II-1-1] Comparison of Gel-type and Porous-type Resins of the same crosslinkage

[Fig.II-1-1] Titration curve of WACERs

2) Anion Exchange Resins
Strongly basic anion exchange resins, AERs with quaternary
ammonium groups can dissociate and be ion-exchangeable in the whole
pH range like SACERs. They can capture and ion-exchange even with
weak acids, e.g. carbonic acid or silica, due to their high basicity, but they
are difficult o be regenerated. Regarding weakly basic AERs, Type I with
trimethylammonium groups as ion exchangeable ones has the highest
basicity and so is efficient in exchanging with weak acids but is difficult
to be regenerated. Type II with dimethylethanolammonium groups is less
effective in exchanging with weak acids but is easier to be regenerated
than Type I. Weakly basic AERs with primary through tertiary amines
can dissociate acidic conditions and so they are used for the ion-exchange
with mineral acids, e.g. HCl or H 2 SO 4 , and weakly acidic salts like NH 4 Cl.
These resins are easily regenerated with a little excess of regenerants.
The porosity of both CERs and AERs is different between gel-type IERs
and porous-type ones and the size of micro-pores in gel-type ones changes
depending on the crosslinkage. Gel-type or porous-type IERs of low
crosslinkage, with large micro pores, are utilized in treating large
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Grades
Porosity

Gel-type Resin
SK1B
SA10A, SA20A
Low (micro pores only)

Exchange capacity per
volume
Break-through exchange
capacity
Difficulty of regeneration
Exchange capacity toward
small molecule ions
Exchange capacity toward
large molecular ions
Strength
Chemical stability
Resistance against
organic contamination

Porous-type Resin
PK216
PA316, PA416
High
(with macro pores)

Nearly the same
Nearly the same
Nearly the same
Nearly the same
Small

Large

Less than porous-type

More than gel-type

Nearly the same
Less than porous-type

More than gel-type
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[Table II-1-2] Comparison by Crosslinkages

Low crosslinkage
SK104, PK208
SA11A, PA308
PA408

High crosslinkage
PK228
PA320
PA418

Large

Small

Small

Large

Difficulty of regeneration

Easy

Difficult

Reaction rate
Ion leakage in
deionization
Resistance to oxidation of
SACERs
Resistance to organic
contamination of SBAERs

High

Low

Little

Much

Low

High

High

Low

Grades
Size of micro-pores
Exchange capacity per
volume

[Table II-1-3] Comparison of SBAERs Type I and Type II of the same crosslinkage

Type I

Type II

Grades

SA10A, PA316

Basicity

Strongest

SA20A
Slightly weaker than
Type I

Exchange capacity per
volume
Break-through exchange
capacity

Nearly the same
Small

Large

Difficulty of regeneration
SiO 2 leakage in
deionization

Difficult

Easy

Little

Much

Chemical stability

Superior

Inferior to Type I

DIAION™ SA12A, Type I with slightly lower crosslinkage than SA10A,
is widely used in water treatments as well as SA10A. SA11A, Type I with
low crosslinkage, is used as a polisher in water treatments and also used
for special purposes utilizing its large micro-pores, e.g. decoloring of
sugar solutions and treatment of nucleic acids.
DIAION™ SA20A, Type II with normal crosslinkage, is used in water
treatments more widely than SA10A and SA12A due to its high
regeneration efficiency. SA21A, Type II with low crosslinkage, is mainly
used for special purposes.
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[Fig.II-1-2] Exchange capacity of
DIAION™ PK200 series

[Fig.II-1-3] Exchange capacity of DIAION™
PA300 series

The major use of DIAION™ NSA100 is iodine manufacturing.
Porous type IERs are recommended in the cases where high resistance
to swelling and shrinking is needed, because they are resistant to
swelling or swelling though they have slightly more moisture contents
and less exchange capacity than gel type IERs. They also suit the
treatments that need purifications highly, e.g. removal of silica until the
low concentration, due to their large active surface areas. PA series, with
large active surface areas and with high organic adsorption, are
recommended for the cases IERs tend to be contaminated by organics
when the raw solutions contain natural organic compounds of large
molecules like lignin and humin.

[Fig.II-1-4] Exchange capacity of
DIAION™ PA400 series
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Fig.II-1-2 illustrates the exchange capacity of DIAION ™ PK series;
PK212 or PK216 is used for ordinary water treatments, and PK228 is also
used for condensate demineralizations.
DIAION™ PA312, Type I, and PA418, Type II, are typical anion
exchange resins used in water treatments.
Figures II-1-3 and II-1-4 show the correlation between the regenerated
level and break through capacity (BTC) of PA300 and PA400 series.
DIAION™ PA308, Type I of low crosslinkage, and PA408, Type II of low
crosslinkage, are widely used for decoloring of beet sugar and sugar cane
sugar and for decoloring and desalination of starch sugar respectively.
Fig.II-1-5 demonstrates the results of the decoloring and desalination of
starch sugar with PA400 series.
Highly porous IERs are more porous than normal porous ones, and
their crosslinkage is rather higher than gel-type or porous-type IERs to
be highly porous. Because of their large porosity, the exchange capacity
on the resin surfaces is large but the ions diffusion within the resins is
rather slow due to their highly crosslinked matrices; the adsorption on
the surface plays the main role. Thus, highly porous SBAERs are used for
the treatment of large molecules in special fields. They are used when the
raw solution has strong oxidizability, e.g. purification of chromic acid, too.

[Fig.II-1-5] Decoloring and demineralization
of Starch sugar with Porous type SBAER,
Type II
Raw solution: Syrup with crude dextrose
added for colorization
－logT： 1.2
Brix： 45
pH： 1.5
Electrical resistivity： 4800Ω cm
IER volume： 100mL
Regenerate level：100g NaOH/L-R
Flow rate： SV10
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DIAION ™ HPA25, highly porous SBAER, is efficient in enzyme
purification, enzyme immobilization, and treatments of physiological
active substances; decoloring of sugar solutions of high chromatic valence
particularly.
DIAION™ WA10 of acrylic acid type, WA20 series of poly amine type
(porous WA20 and highly porous WA21J), and WA30 of tertiary amine
type are weakly basic AERs, functional groups of those are primary,
secondary and tertiary amines. WA30 causes no problem to form Shiff ’s
bases by reactions with aldehydes, since its functional groups are tertiary
amines and have no active hydrogen like primary or secondary amines.
DIAION™ WA30, a highly porous IER, has good decoloring capacity and
physical resistance and, then, is the most widely used among WBAERs,
not only in water treatments but also in treatments of starch sugar and
beet sugar.
3) Amphoteric Ion Exchange Resins
Amphoteric ion exchange resins, DIAION™ AMP01, AMP02 and DSR01
as representative grades, are used for ion retardation chromatography.
These IERs have quaternary ammonium groups and carboxylic acid
groups in the same aromatic rings of the crosslinked polymer matrices,
and such cationic and anionic exchange groups are neutralized by forming
together their own inner salts. When some electrolytes, e.g. NaCl, flow in
these IERs, the inner salts dissociate and then adsorb both Na + ions and
Cl - ions weakly and reversibly. The adsorbed NaCl could be removed by
elution with water.
4) Chelate Resins
Chelate Resins, the crosslinked polymer matrices with chelating
groups that contain donor atoms such as nitrogen, oxygen or sulfur, can
adsorb metal ions selectively from highly concentrated salt solutions. The
suitable grade should be chosen carefully since the selectivity toward
metals depends on the kinds of chelating groups. DIAION ™ CR11 of
iminodiacetic acid type is a weakly acidic CER, CR20 of polyamine type
and CRB03 and CRB05 of boric acid selective adsorption resin are weakly
basic AERs, and they are unable to capture metal ions from acidic
solutions pH of which is 4 or below, because they tend to be affected very
much by pH. Strongly acidic CERs are sometimes suit for such purposes.
The selectivity order of iminodiacetic acid type CR11 toward metal ions is
as follows:
Cr 3+ > In 3+ > Fe 3+ > Ce 3+ > Al 3+ > La 3+ > Hg 2+ > UO 2+ > Cu 2+ > VO 2+ > Pb 2+
> Ni 2+ > Cd 2+ > Zn 2+ > Co 2+ > Fe 2+ > Mn 2+ > Be 2+ > Ca 2+ > Mg 2+ > Sr 2+
The selectivity of CR20 of polyamine type is written below, and it
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cannot capture K, Na, Li, Rb, Cs, Ca, Mg, Ba, Sr, Sn, Zr, Th, Al, and Fe
(II).
Hg 2+ > Fe 3+ > Cu 2+ > Zn 2+ > Cd 2+ > Ni 2+ > Co 2+ > Ag + > Mn 2+
Boric acid selective adsorption resins, CRB03 and CRB05, with
N-methylglucamine groups as exchange ones have strong affinity for boric
acids to capture them selectively from solutions with other anions. They
are reported to adsorb arsenic, germanium, selenium and antimony.
(2) Synthetic adsorbents
Synthetic adsorbents, porous crosslinked polymers with hydrophobic
surfaces of their micro-pores synthesized from styrene or methacrylates,
can adsorb hydrophobic and large organic molecules with the van der
Waals force. They are suitable for adsorption of nonpolar organic
compounds from polar solvents. They could be used to adsorb polar
organic compounds providing the solution pH should be controlled for
such organic compounds not to dissociate. There are many grades with
various properties in DIAION™ HP series that may suit many molecular
sizes of organic compounds of and then one should perform the
preliminary testing in advance of the actual grade selection. They are
used, for example, to extract active ingredients from fermented liquors
and valuable compounds from natural materials. Though most grades of
HP series have low specific gravity, one of the disadvantages, SP207 with
high specific gravity, one of the exceptions, can be used to extract active
ingredients from fermented liquors without separation of the biomass.
The adsorbed organic compounds can be easily eluted from the synthetic
resins with polar solvents, acids or alkalis.
In the adsorptions by synthetic adsorbents, the micro-pores must be
large enough for the targeted organic compounds to diffuse within them
in the adsorbents and reach the active surfaces. One should refer to
Chapter I and select probable synthetic adsorbents before the preliminary
testing.
i) Adsorption strength
The order of the adsorption strength, the adsorption capacity, is as
follows:.
SP207 > HP and SP800, 70 700 series > HP-MG series
SP207 has efficient adsorption, and thus we recommend to try it for the
adsorption of the hard-to-be-adsorbed compounds such as water-soluble
low molecular weight ones and light yellow colorants that could not be
removed by activated carbon. We also recommend to try HP-MG series to
adsorb very hydrophobic polymers that could not be eluted from synthetic
adsorbents. Though SP207 has good adsorption, it is difficult to be eluted.
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The kind and concentration of eluents, thus, should be taken care of.
ii) True specific gravity
The order is SP207 > HP-MG series > HP and SP800 series. Synthetic
resins with high true specific gravity have advantages such as easiness of
back-washing and fastness of deposition, and thus they suit for
treatments of raw solutions with high specific gravity and with many
suspensions.
iii) Swelling
The order is HP-MG series < SP207 < HP and SP series other than
SP207. Comparing that the volume change between the adsorption and
the elution steps of conventional synthetic adsorbents is 20 to 30 %, such
volume changes of HP-MG series and SP207 are less or equal 10 % and
less or equal 20% respectively.
iv) Sharpness of micro-pore distribution
The order is SP800 series > HP series and HP-MG series. SP800 series
with the highest sharpness is good enough for the high separation
treatments. Micro-pore sizes of the representative grade are roughly in
the following order:
SP850 & SP825 < SP70 < HP21 & SP207 < HP20
The recommended procedures of the preliminary testing are as follows:
a) Remove suspended solid and bubbles or foams from raw solutions
b) Try and confirm whether HP20, the standard synthetic adsorbent
grade with wide range distribution of micro-pores, can adsorb the
objective compounds or not
c) If HP20 can adsorb the objective compound, perform the testing to fix
the exact grade and the working conditions from the points of views;
elution, chromatography and others. The adsorption is stronger as
the hydrophobicity is larger, and thus understanding of the chemical
properties of the objective substance is very important.
(3) IERs as catalysts

Please see Chapter X, Clause 1

(4) Proteins separating materials

Please see Chapter I, Clause 2 (4)-4)

(5) Enzyme immobilizing agents

Please see Chapter X, Clause 4
103

Chapter II

How to select the Grade of Ion Exchange Resins or Synthetic Adsorbents

2. Separation Method Selection from IERs’ functions
(1) Utilization of Ion exchangeability
IERs exchange their own mobile ions for ions with more affinity than
them in solutions and the ions that are captured by IERs can be
eliminated by proper regenerants. IERs are used for de-ionizations and
recovery of such adsorbed ions with such ion-exchangeability.
i) Separation of Non-electrolytes and Electrolytes
- separation of non-electrolytic organic compounds and metal ions,
purification of colloids The removal of salts, acids and/or alkalis from solutions which contain
non-electrolytic organic and/or inorganic compounds with metal salts
and/or acids and alkalis is accomplished with the combination of CERs
with AERs in two-bed or mixed-bed system. Typical examples are the
demineralization and purification system of starch sugar, beet sugar,
liquid sugar, sorbitol, glycerin and gelatin.

Chapter II

iv) Separation of amphoteric electrolytes
Amphoteric compounds such as nucleotides, amino acids and some
antibiotics can dissociate as cations or anions in proper pH conditions and
become ion-exchangeable. They can be adsorbed by synthetic adsorbents
since they are treated as non-electrolytes at pH of their isoelectric points.
The selectivity of amphoteric IERs to amphoteric electrolytes with both
anions and cations within the same molecule is thought to be higher than
to inorganic acids and amphoteric IERs, thus, may be applied for the
chromatographic separation in demineralization of amino acids.
v) Separation of Ions with different valences
The change of adsorption derived from concentration change, i.e.
multivalent ions are apt to be adsorbed by IERs than monovalent ions in
diluted solutions, is used. In other explanation, in the following equation,
used is the fact K’ becomes greater as C 0 becomes smaller although K BA
is constant.
⎛ Q

ii) Separation of Cations/Anions and demineralization
Separation of cations and anions is one of the most fundamental and
common use of IERs. Mineral acids or alkalis are produced when salt
solutions are treated with CERs or AERs separately, and demineralized
solutions are produced with both CERs and AERs simultaneously. The
cations in solutions are removed by passing through CERs and then the
anions remain as acids in the solutions. The remaining acids can be
eliminated by the treatment with AERs.
Demineralization of water is the largest field where IERs are used.
Such demineralization is generally done by CERs at the first and by AERs
at the second step, but in some cases where the intermediate treated
solutions tend to deteriorate in acidic conditions it is accomplished by the
reverse steps: Strongly basic AERs and strongly acidic CERs are usually
used as the first and the second step. The examples of such cases are:
Gelation of paints in the purification of electrodeposition paint liquids
Decomposition or change of sucrose in the demineralization of sucrose
solutions
iii) Separation of Substances with different degrees of dissociation
- separation of weak and strong acids Strong acids are selectively anion-exchanged since weak acids with low
degree of dissociation, i.e. with high affinity with protons, remain
un-dissociated under low pH range.
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⎞
⎟⎟
z
C
⎝ B 0⎠

K AB ⎜⎜

z B −z A

= K’

K BA : the selectivity coefficient of A ion to B ion
zA
zB
Q
C0

: the valence of A ion in the solution
: the valence of B ion in fixed groups of the resin
: the exchange capacity of the resin ［kmol m － 3 ］
: the initial concentration of the solution ［kmol m － 3 ］

Typical examples are water softening and metal removal from acidic
solutions with CERs.
vi) Separation of Ions with the same valences
This separation is accomplished by using the differences of equilibrium
constants of exchange reactions, K .
In some cases, the selectivity of IERs to the objective substances may
increase and thus the separation becomes efficient if the third substance
with high affinity for the objective substances is charged to IERs in
advance. The examples of such case are:
• Separation of glucose and fructose with Ca-form CERs; manufacturing
of high fructose isomerized sugar: please see “Ligand exchange
chromatography”
• Separation of aldehydes or ketones with hydrogen sulfite form AERs
• Separation of heavy metals with EDTA form AERs
• Separation of phosphoric acids with Fe-form CERs
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vii) Separation through complex ion formation
Mineral acids such as HCl, HNO 3 , and HF and organic acids such as
citric acid and tartaric acid are used as complexing agents. Some metal
ions form with such complexing agents complex ions and they are
separated from other cations by such complex ion formation. One example
is the mixture of Al 3+ and Fe 2+ : when ammonium rhodanide is added to it,
Fe 2+ forms the complex anion while Al 3+ still remains as Al 3+ and two
metal ions can be separated with AERs or CERs.
Such separation can be done by the treatment with ammonium
rhodanide solutions after the adsorption of both metal ions by AERs,
because only Fe 2+ can form the complex ion and can be desorbed. There
are comparatively many kinds of metal ions that can form complex ions,
and Dr. Kraus reported that Fe (II), Fe (III), Co (II), Cu (I), Cu (II) and Zn
(II) can be adsorbed easily by AERs in hydrochloric acid solutions. These
results are attached at the end of this book with the results in
hydrofluoric acid and nitric acid solutions. In those figures, the axis of
abscissas shows acid concentrations whereas the axis of ordinates shows
the logarithms of distribution coefficients, such results show us that the
ions with larger distribution coefficients can easily form complex ions and
can be adsorbed by AERs than with smaller ones. One of the
industrialized examples is the purification process of concentrated
hydrochloric acid. Concentrated hydrochloric acids normally contain iron
ions and the color becomes yellow. Such iron ions exist as complex ions
and thus they can be removed with Cl-form strongly basic AERs. Iron
complex ions adsorbed by AERs change into normal iron cations and then
elute from AERs when the AER that adsorb complex ions is washed by
water, diluted by water.
viii) Others
The functions such as molecular sieves, exclusion of ions and mineral
acids are used in chromatograph. Please refer to next section, 3.

Chromatographic Separation with IERs of this Chapter.

(2) Adsorption of solvents and/or non-electrolytes
Dehydration of nonpolar solvents:
Deionization of polar solvents:
Deionization of nonpolar solvents:

Gel type Resins
Gel type and Porous type Resins
Highly porous Resins

IERs can adsorb polar substances even they are not electrolytes. IERs
contract and then lose most of their micro-pores when dried. If such dried
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IERs are soaked in solvents, the IERs adsorb solvent molecules and swell
in polar solvents but there is no such adsorption in nonpolar solvents.
This adsorption is thought to be caused by the solvation of both ion
exchange groups and counter ions. IERs, when adsorb such solvent
molecules, have inner micro-pores as in the case of aqueous solution. Ions
can diffuse within such micro-pores and then be exchanged. Since the
micro-pores within IERs have good affinity for polar solvents, the removal
of water from nonpolar solvents can be executed by this property. It is also
possible to de-ionize polar solvents by using this property, and highly
porous IERs with macro-pores are recommended for these purposes.
[Fig. II-2-1]
Molality ratios for the absorption of
ethyl, n-propyl, and n-butyl alcohol by
the H-form of a 5% DVB resin. (16)

Molality of solute in outside solution

Figure II-2-1 illustrates the correlation the alcohol concentration with
the alcohol concentration ratio of the inside and the outside of IERs, the
distribution coefficient of alcohols when H-form strongly acidic CERs are
soaked in nonelectrolyte solutions, e.g. n-butyl alcohol, n-propyl alcohol
and ethyl alcohol aqueous solutions. Long-chain alcohols tend to be
adsorbed easily and it is affected by the van der Waals force between the
hydrocarbon chains of IERs and ones of alcohols.
Though organic carbonic acids such as acetic acid are electrolytes, they
become nonelectrolytes within H-form strongly acidic CERs due to the
restriction of dissociation within such IERs. Figures II-2-2 and II-2-3
show the adsorptions of acetic acid and n-lactic acid by strongly acidic
CERs of various crosslinkages. They show us the lower crosslinked IERs
can adsorb the more nonelectrolytes.
Ion exchange reactions can occur not only in water solutions but also in
organic solvents. Dr. Kunin et al. reported the exchange capacities of
strongly acidic CERs and strongly basic AERs in various solvents as in
Table II-2-1 and Table II-2-2.
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3. Chromatographic Separation with IERs
IERs are used for chromatographic separations of solutes by some other
separation principles than their basic ion-exchange function. The complex
chromatographic separation methods, e.g. the simulated moving bed
system, has become easily performed because of the recent rapid
development of the process control, and thus IERs are commonly used as
separation materials for chromatographic separations. The ion-exchange
function is not used in most of such cases and one of the largest
advantages of such systems is that the separation and purification can be
finished without regenerants. The IERs of small and uniform particle
sizes are ordinarily used for chromatographic separations.

Molality of AcOH in outside solution
Molality of Pr-OOH in outside solution
[Fig. II-2-3]
Molality ratios for the absorption of
n-butyric acid by the H-forms of SACERs
with different crosslinkages (16)

[Fig. II-2-2]
Molality ratios for the absorption of acetic
acid by the H-forms of SACERs
with different crosslinkages (16)

[Table II-2-1] Exchange capacity of strongly acidic CERs (H-form) in solvents (*1
Targeted triethyl
pyridine
Sr
Ca
Pb
Co
Mg
Fe
amine
ions
Solvents
meq/g-R
meq/g-R
meq/g-R
meq/g-R
meq/g-R
meq/g-R
meq/g-R
meq/g-R
Water
Ethanol
Acetone
Dioxane
Benzene
Gulf oil 361

4.21
3.39
3.52
3.80
3.80
2.80

3.90
3.97
3.62
3.80
3.87
2.20

1.60
0.53
1.26
1.49
3.68
4.00
0.39
2.64
2.92
*1) Excerpts from the original reference (17)

1.78
0.31

Targeted ions

0.57

meq/g-R

meq/g-R

meq/g-R

2.60

Acetone

3.01

Benzene

5.30**

0.84

Dioxane

2.12

0.46

Gulf oil 361

6.07

Total exchange capacity

0.27

2.8

**Physical adsorption may exist
*1): Excerpts from the original reference
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1.13

(17)

0.83

Raw
solution&
Eluent

LC

(*1

stearic acid

Ethanol

Raw
solution

Fraction

acetic acid

2.70

Eluent

0.19

octadecanic
acid

Water

(1)Outline of Chromatographic Separation Facilities
The chromatographic separation is the separation technique, with
separation materials in the stationary phase, the packing materials, and
with the inlet of raw solutions and proper eluents and with the outlet of
effluent fractions, that separates solutes by using different affinities of
solutes to separation materials. Typical facility examples are illustrated
in Fig. II-3-1.

Raw
solution&
Eluent

[Table II-2-2] Exchange capacity of strongly acidic AERs (OH-form) in solvents
Solvents
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Fraction
Packed Column
System

Fraction
Filling Top Space
System

Liquid Level Control
System

[Fig. II-3-1] Outline of Chromatographic Separation Columns

The operation of the packed column system at the left is as follows:
1) The column is packed with separation materials
2) The raw solution is charged from the inlet at the top of the column
3) Then, the eluent flows through the same inlet
4) The fractions of the effluent is recovered from the outlet of the
bottom of the column
The packed column system is widely industrialized mainly for
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separations of sugars, e.g. the separation of glucose and fructose. The
simulated moving bed system is the serial combination system of several
packed column systems. Suspended materials in the raw solutions must
be eliminated in this system, because backwashing cannot be done.
The filling top space system in the middle is only for the cases the
solvents of raw solutions and eluents are the same. The column is
equipped with free boards for backwashing. The separation is done by the
flow of eluents from the top of the column after the charge of raw
solutions from the distribution tube equipped near the upper surface of
the packing layer, while the free board is filled with eluents.
The industrialized examples are for the separation of sulfuric acid and
aluminium sulfate, the removal of sulfates from brine and the chloride
elimination from EP ash solutions.
The liquid level control system is for the cases where the eluent solvent
is different from raw solution and backwashing is needed. The separation
is accomplished controlling the liquid level with no liquid in the free
board. This is utilized as ion-exchange chromatography and adsorption
chromatography and industrialized for the purifications of pharmaceuticals.
(2) Modes of chromatographic separations
1) Ion exchange chromatography
The separation is done by
utilizing the selectivity
differences of ions to IERs.
When aqueous solutions with
several kinds of ions pass
through IER columns, the
ions of large selectivity tend
to ion-exchange and form
the ion-exchange band at
the upper part of the column
whereas the ones of small
selectivity tend to at the
lower part. Each ion is
recovered in turn from the
smallest selectivity ion by
the flow of eluents.
The examples of this
[Fig. II-3-2]
chromatography are the
Separation of citric acid and hydrochloric acid with
AERs
separation of organic acids
and mineral acids (refer to
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Fig. II-3-2) and the purification of tocopherol.
2) Ion exclusion chromatography
IERs gain the property, the Donnan exclusion, to exclude electrolytes
that include counter ions when they are soaked in electrolytes solutions,
and then the concentration of electrolytes within resin particles become
lower than that of solution phase. In other words, when the M + -form CER
is soaked in the solution of the electrolyte M + X － , the non-electrolytes are
not excluded though the electrolyte M + X － is excluded by the Donnan
exclusion. Thus the electrolytes and non-electrolytes can be separated
chromatographically.
Figure II-3-3 shows an example of the observation of the concentrations
of hydrochloric acid in the outside and the inside of the strongly acidic
CER soaked in HCl solutions of various concentrations. K d (=(HCl conc.
inside)/ (HCl conc. outside)) is about 0.1 due to the Donnan exclusion.
Nonelectolytes that have high polarity can, as electrolytes, diffuse
within IER particles and become in the equilibrium. Figure II-3-4 is the
case the IER is soaked in glycerin of various concentrations. The
concentration difference between the outside and inside of the IER is very
small without the Donnan exclusion. After IERs are mixed with
electrolytes and nonelectrolytes, electrolytes with small K d elute first and
nonelectrolytes with large K d elute next during elution with water.
Electrolytes and nonelectrolytes can be separated in this way.

10.0

[Fig. II-3-3]
HCl conc., outside and inside of IER
Strongly acidic CER (DVB8%) is soaked in
HCl solution (18)

[Fig. II-3-4]
Glycerin conc. vs. Kd
Strongly acidic CER (Na form) is
soaked in Glycerin solution (19)
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The separation of an electrolyte A with K d =0 and a nonelectrolyte B
with K d =1, as an example, is explained as follows:
Assuming the volume of the spaces among the IER particles is V 1 , the
volume of the water in the IER particles is V 2 , and the solution of mixed
with A and B is V 3 , the electrolyte A begins to elute when the eluent
volume reaches V 1 and it ends to elute when the eluent volume reaches
V l +V 3 , as illustrated in Fig. II-3-5. The nonelectrolyte B begins to elute at
the point of V 1 +V 2 and ends at the point of V 1 +V 2 +V 3 . Fig. II-3-6 shows an
actual pattern of the separation of HCl and acetic acid.
Examples are:
・Chromatographic separation of salts and glycerin
・Chromatographic separation of salts and glycerin
・Chromatographic separation of organic acids and ethylene glycol
・Chromatographic separation of salts and alcohols
・ Separation of salts and sugar; recovery of sucrose from wasted molasses
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3) Acid retardation chromatography
AERs of salt-form tend to adsorb acids comparable to their counter
ions; AERs of SO 4 -form tend to adsorb H 2 SO 4 . This property is utilized for
separations of acids and salts of such acids. Acids are easily adsorbed by
AERs but difficult to elute during the elution step and thus acids elute
later than salts. This property is called “acid retardation”, because acids
elute later.
The reason why the free acids of the counter ions are easily adsorbed
into IERs is thought to be based on the fact that the adsorption affinity of
IERs to high concentrated acids is larger than to low concentrated acids.
This method is used for the separation of sulfuric acid and aluminium
sulfate as the purification process of the oxidized cathode bath liquors of
aluminium. This method is used for the separations of sulfuric acid and
iron sulfate and of hydrochloric acid and iron chloride. Fig. II-3-7
demonstrates an example of a strongly basic AER of Type I, SO 4 form, and
small particles.

[Fig. II-3-5] Separation of electrolyte A and nonelectrolyte B with Ion exclusion

[Fig. II-3-7] Separation of H 2 SO 4 and Al 2 (SO 4 ) 3 with Acid retardation
Resin: Strongly basic AER, Type I, SO 4 form, small particles
Raw solution: H 2 SO 4 , Al 2 (SO 4 ) 3 mixed aqueous solution
(H 2 SO 4 : 4.0N、 Al 2 (SO 4 ) 3 : 1.5N)
Load of raw solution: 0.4mL/mL-R
Flow rate of eluent: 4BV/h

[Fig. II-3-6] Separation of HCl and acetic acid with Ion exclusion (20)
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4) Ion retardation chromatography
Amphoteric IERs, DIAION™ AMP01, AMP02 and DSR01, are used.
These IERs have quaternary ammonium groups and carboxylic acid
groups in the same aromatic rings of the crosslinked polymer matrices,
and such cationic and anionic exchange groups are neutralized by forming
together their own inner salts. When some electrolytes, e.g. NaCl, flow in
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these IERs, the inner salts dissociate and then adsorb both Na + ions and
Cl - ions weakly and reversibly. The adsorbed NaCl could be removed by
elution with water.
On the contrary to ion exclusion chromatography, these IERs have the
property to adsorb electrolytes rather than nonelectrolytes. The
separation of electrolytes and nonelectrolytes can be done by utilizing
this property, e.g. salt and sugar. Electrolytes elute later than
nonelectrolytes due to their own adsorption to IERs during the elution
step with water. This property is called “ion retardation”, because
electrolytes, i.e. ionic compounds, elute later.
Examples of actual separations are:
・ Removal of sulfates from brine
・ Recovery of EP ashes; Removal of chlorides in the recovery of EP ashes
5) Ligand exchange chromatography
This method utilizes the affinity differences of metal counter ions of
CERs and is similar to the already mentioned “complex ion formation”.
Regarding the separation of sugars, it is based on the stability of the
formulation of the complex ion between the hydroxide groups in sugar
and metal ions and the different stability due to numbers of hydroxide
groups in sugar molecules and the bonding positions is utilized for
separation. When Ca is the counter ion, sugar alcohols with more
hydroxide groups become more stable.
The representative example is the separation of glucose and fructose
that is industrialized in large scales. Ca is used as the metal counter ion
in this process. After the mixed solutions of glucose and fructose are
treated with Ca-form CERs, begins the elution process with water.
Fructose elutes later than glucose and is separated from glucose, because
its affinity to Ca-form CERs is greater than glucose’s.
6) Size exclusion chromatography
Size exclusion chromatography with IERs is also called as gel filtration
chromatography, since the separation itself occurs in the aqueous mobile
phase not in the hydrophilic stationary phase. This method utilizes the
micro-pores in IERs and the separation is based on the size differences of
the targeted substances in raw solutions. This is widely used, e.g. the
separation of sugar and inorganic salts and the separation of
oligosaccharides. The process is usually operated at more than 60 °C in
order to increase the separation efficiency and to prevent the bacteria
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breeding, and thus gel-type strongly acidic CERs with good heat stability
are used.
Micro-pores exist in wet IERs and ion molecules diffuse and permeate in
such micro-pores and then ion-exchange does occur. It is possible at the
same time for non-electrolytic molecules to diffuse and permeate into
micro-pores.
Smaller sized molecules than micro-pores can diffuse and permeate
smoothly and larger ones cannot do. In the conditions where the solute
concentration in the micro-pores is in an equilibrium with the
concentration of the outside of IERs, in the elution step with water of the
IERs that treats the raw solution that contains several solutes of
different molecular sizes, solutes come with larger sizes than the
micro-pores come out first at the elute volume comparable to the void
volume among the IER particles and solutes come out later due to the
shift of the equilibrium toward the mobile phase. The solutes are divided
depending on their molecular sizes in this way.
Actual examples are:
・ Separation of glucose and oligosaccharide
・ Separation of glucose, starch sugar of differently polymerized
sugars, and oligosaccharide or starch syrup both of which are
made from hydrolysis of starch
7) Adsorption chromatography
Organic solvents and adsorbents are used as mobile phase and
stationary phase respectively. Non-ionic organic compounds are separated
using the difference of the van der Waals force to the adsorbents.
References:
(16) D. Reichenberg and W. F. Wall, The absorption of uncharged molecules
by ion-exchange resins, J. Chem. Soc., 3364－, 1956
(17) R. Kunin, Ion exchange resins, John Wiley and Sons Inc., N. Y.,
(1958), p307－315
(18) W. C. Bauman and J. Eichhorn, Fundamental properties of a synthetic
cation exchange resin, J. Am. Chem. Soc., 69, 2830－2836, 1947
(19) J. Sheldon and L. H. Thomas, J. Appl. Phys., 24, 235, 1953
(20) R. M. Wheraton and W. C. Bauman, Ion exclusion－A unit operation
utilizing ion exchange materials, Ind. Eng. Chem., 45, 228－, 1953
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Chapter III Performance Testing Method of Ion Exchange Resins
The performance testing methods of IERs are not standardized. We,
however, introduce some fundamental methods in this chapter just for
references.

Note: The following testing methods in this chapter are for the IERs in
use that include the deteriorated ones after long periods, and thus
different from the product inspection methods .
1. The entire flow of testing
The performance testing is not only for new product resins but mainly
for IERs in use to investigate the deterioration. Though the sample IERs
should be in the standard ion-form prior to such observation, those in use
are not in the standard form. Furthermore, new product IERs are
sometimes dried and are not in the standard ion-form. Thus, adjusting
the sample IERs in the standard ion-from, “conditioning”, is necessary
before measuring the volumes
Conditioning is, however, some kind of rejuvenation and then it brings
some recovery of the IER performance due to elution of contaminants.
That is to say, conditioning to adjust the ion-from may derive some
variance from the actual situation. Consequently, conditions are often
neglected. When conditioning is neglected, because the operations from
the regeneration to the loading of NaCl for the measurement of neutral
salt splitting capacity actually corresponds to the conditioning, the IER
volume is measured just after such operations. In Figures III-1-1 through
III-1-3 summarized are the flows of performance testing.
2. Sampling methods of IERs
IERs are “particles” as product form and almost all of them have
particle size distribution except for the uniform particle size IERs, and
thus collecting the representative proper sample is not easy. The ordinary
colleting method from packing bags/drums or IER columns are as follows:

116

117

Chapter III

IER samples
Collecting
Rinse & Filling in columns
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New IERs = standard form, Used IERs = in various ion forms

Rinse stains out by decantation, Fill IERs avoiding bubbles
Control to be in the standard form, Can be neglected in some cases

Volume measurement Measure with Tap method precisely

Volume measurement

Moisture content
measurement

Regeneration & Rinse

IER samples
Collecting

Approximately 20 mL

Conditioning
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Rinse & Filling in columns

Conditioning
Volume measurement

Exchange capacity

Performance Testing Method of Ion Exchange Resins

New IERs = standard form, Used IERs = in various ion forms
Approximately 20 mL

Rinse stains out by decantation, Fill IERs avoiding bubbles
Control to be in the standard form

Volume measurement

Measure with Tap method precisely

Moisture content
measurement

Neutral salt splitting
capacity Measurement
Exchange capacity, Moisture content, Degree of swelling, Apparent density
Calculations
[Fig.Ⅲ -1-3] Flow of Performance Testing of Weakly electrolytic IERs with Conditioning

Exchange capacity
Measurement
Weakly acidic or basic groups

Calculations

Exchange capacity, Moisture content, Degree of swelling, Apparent density

[Fig.Ⅲ -1-1] Flow of Performance Testing of Strongly electrolytic IERs with Conditioning
IER samples
Collecting
Rinse & Filling in columns

New IERs = standard form, Used IERs = in various ion forms
Approximately 10 mL as in the standard form

(1) Collecting samples from Product packages (Cloth bags, small bottles)
Sampling packages are randomly selected among the ones of the same
production lot, and sampling IER particles are collected almost uniformly
from various packages and points with proper sampling spoons, e.g.
shown in Fig.III-2-1. The collected IERs would be the representative
samples after being mixed. In the case of small bottles, please do not rinse
IERs or such matters before collecting the samples. The proper uniform
sample cannot be collected by classification in water.

Rinse stains out by decantation, Fill IERs avoiding bubbles

Regeneration & Rinse

[Fig.Ⅲ-2-1] Example of sampling spoon

Neutral salt splitting
capacity Measurement

Rinse
Volume measurement

Volume measurement

Exchange capacity
Measurement
Weakly acidic or basic groups

Moisture content
measurement

Calculations

Measure with Tap method precisely

Exchange capacity, Moisture content, Degree of swelling, Apparent density

[Fig.Ⅲ -1-2] Flow of Performance Testing of Strongly electrolytic IERs without Conditioning
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(2) Collecting samples from IER columns
Please follow the method mentioned below, since the particle size and
the deterioration is different among the top, middle and bottom layer.
Please do not collect the sample IER particles to be measured directly
from the collected liquor and use filter cloth to avoid classification in
water.
i) Single-bed system
Testing samples of nearly the same amount are collected from the top,
the middle and the bottom layers of the IER column that was backwashed,
settled and drained in advance. The collected samples are tested
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respectively or altogether after mixed well. If the compressed air is
available, it can be used for mixing of the resins inside by its blowing
from the bottom of the column after draining of the excess water. The
uniform testing sample can be then collected.
ii) Mixed-bed system
The testing sample mixed well by blowing air is collected from the
middle layer of the column, and then is separated to the CER and the
AER samples by backwashing in a small column.
3. Preparation of Testing Samples
Used IERs usually contain soluble organic compounds, inorganic
compounds such as iron and calcium and suspended matters. In order to
obtain proper testing results, such impurities should be removed as many
as possible before performance testing. Such preparation is called
“conditioning”. The testing sample of IERs should be converted to its
proper standard ion-form in accordance with its type, written below, after
the conditioning of it, since the following testing methods are all based on
the standard ion-forms.

IER Type

Standard form

Strongly acidic CERs
Weakly acidic CERs
Strongly basic AERs
Weakly basic AERs

Na-form
H-form
Cl-form
Free base form (normally OH-form)

The conversion method to the standard ion-form is almost the same as
the preparation in the measurement of exchange capacity and the
preparation, the conditioning, method is as follows:
i) New product IERs and IERs in Single-bed system
IERs in packages should be washed by decantation with pure water to
remove unreacted impurities within resins from new product IERs and
contaminants from used IERs.
ii) Mixed IERs
Mixed IERs should be separated to CERs and AERs by the difference of
their specific gravities through backwashing with pure water in a column
the length and the diameter of that are ~ 50 cm and 2 ~ 5 cm respectively.
The testing samples are collected separately from the top and bottom
layer with siphon tubes. If CERs and AERs are tangled and difficult to be
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separated, backwashing with electrolytes solutions, e.g. NaCl or NaOH
aqueous solution, is recommended. In the worst case, you can wash such
tangled IERs with concentrated NaCl or NaOH aqueous solution in a
beaker and make them float. You must take notes about such operation on
the observation results, because these operations sometimes bring the
better performance results than the actual situation due to the
elimination of organic contaminants from AERs.
4. Volume measurement of IERs
IERs are generally weighed by their volumes. There are two methods to
measure apparent volumes of IERs: one is “backwash, settle and drain”
method and the other is “Tap” method with a measuring cylinder. The
business transactions of IERs are ordinarily based on the values from the
former, “backwash, settle and drain”, method. The latter, Tap, method is
usually used to study IERs at laboratories, because the former one needs
more resins and more complicated operation than the latter. There is
some deviation between the observed volumes with these two methods.
It is not easy to measure large volumes. Thus, for such cases, weights of
IERs are measured instead of volumes and volumes are calculated with
the apparent density the unit of which is g/L-R. The apparent density is
calculated in advance by the weight and the volume of the drained IERs
that are centrifuged to remove excess water.
(1) “Backwash, Settle and Drain” method
• Fill in the instrument in Fig.III-3-1 with the
testing IERs at the height of nearly 60 cm
• Backwash with pure water from the bottom
until the resin layer becomes stable, at the
proper flow rate to keep the bed expansion
between 50 and 60 %
• Settle for two minutes
• Drain the inner water from the bottom at LV of
12 ~ 24 m/h until the water surface reaches 10
mm higher than the top layer of the IERs
• After one- minute-settlement, measure the
volume or the height of the IERs
Repeat the same procedure three times and the
measured value should be the average of three.

[Fig.III-3-1] Volume measuring instrument
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Please note that the observed value is affected by the temperatures and
thus the temperature should be kept constant at between 20 ~ 30 °C as
possible. ( Please see Fig.III-3-4)
Another note is that the observed value is different depending on the
diameter of the column of the instrument. ( Please see Fig.III-3-3)
(2) “Tap” method with a measuring cylinder
• Pour the testing IERs in a measuring cylinder filled with pure water
• Tap the bottom of the cylinder lightly until the liquid volume, the
height of IERs suspension, is constant: the top layer of the IERs stops
to drop down.
• Measure the volume or the height of the IERs
Please select the size of the measuring cylinder following the reference
table, since improper cylinders cause some errors.( Please see Fig.III-3-2)
Resin volume

~ 10mL
10 ~ 25mL
25 ~ 50mL
50 ~ 100mL
100 ~ 250mL
250 ~ 500mL
500 ~ 1000mL

Cylinder size

10mL
25mL
50mL
100mL
250mL
500mL
1000mL
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5. Measurement of Apparent Density and Moisture Content
• Pour the testing sample of 5 ~ 10 ml in the standard-ion form into a
10-ml measuring cylinder and measure its volume accurately: V (ml)
• Wrap the sample in a cloth or a vinyl acetate sponge and then remove
the excess water by centrifuging
• Pour the sample in a weighing bottle and seal it tightly and weigh
precisely: W w (g)
• Dry the sample for 4 hours in a constant-temperature oven at 105 ±
2 °C
• Measure the dried weight after half an hour cooling in a desiccator: W d (g)
• The apparent density and moisture content are calculated by the
following equations:

Apparent Density (wet - g/L - R) =

Moisture Content (%) =

Ww ×1000
V

(W w－ Wd )
× 100
Ww

Note 1: Below is the proper centrifuging condition since observed
moisture contents may depend centrifuging conditions:
Diameter of the basket of a centrifuge: 15 cm, Rotation speed:
3, 000 rpm, Time: 5 ~ 10 min.
Note 2: It is possible to measure the moisture content with a moisture
measuring instrument with a heater and a balance.

6．Measurement of Total Exchange Capacity and Neutral salt splitting capacity
[Fig.III-3-3] Diameter of Measuring tube vs.
Apparent density: Strongly basic AER

[Fig.III-3-2] Diameter of measuring
cylinder vs. Apparent volume
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[Fig.III-3-4] Diameter of Measuring tube vs.
Apparent density: Strongly acidic CER

There are many kinds of columns used for the column method.
Fig.III-6-1 shows typical ones. The glass filters at the bottom sometimes
stuffed with broken resins and thus vinyl acetate sponges that can be
changeable are recommended. Once glass filters are blocked with broken
resins, they sometimes can be removed after the contraction of the resins
through drying in an oven.
The column (d) in Fig.III-6-1 is attached to the top of the measuring
column and used for pouring of reagents. Please make sure that the
column should be set perpendicularly, the sample IERs should be filled
into the column uniformly and one should avoid bubbling while flowing.
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vinyl acetate sponge
or glass filter

glass filter or vinyl
acetate sponge

↓
(c)

(d)

[Fig.III-6-1] Examples of columns to measure Exchange capacity

(1) Strongly acidic CERs
The neutral salt splitting capacity of a new product strongly acidic CER
is equal to its total exchange capacity, since it has no other functional
groups than -SO 3 - . Thus, regarding new products, it is enough to measure
only neutral salt splitting capacity. Regarding used CERs, on the contrary,
such CERs sometimes are oxidized and have -COO - groups and the
exchange capacity of weakly acidic groups should be measured not only
the neutral salt splitting capacity.
i) Conditioning: Preparation of IERs of the standard-ion form
• Remove the contaminants from the testing sample by decantation and
other methods
• Pour approximately 20 ml of such sample into a testing column
• Flow 800 ml of HCl solution of 2 mol/l through the column at SV 40 for
an hour
• Rinse with 500 ml of pure water at SV 50 for half an hour
• Flow 500 ml of 4% NaCl solution at SV ~16.7 for 1.5 hours
• Rinse the IERs with pure water at SV 50 until Cl - ions are not
detected in the effluent
ii) Measurement of Neutral Salt Splitting Capacity
• Pour nearly 10 ml of the conditioned sample into a 10 ml measuring
cylinder and measure the volume accurately: V s

Note: It is needless to measure the volume accurately when the sample
is from new products

• Fill the sample in a column, and flow 600 ml of HCl solution of 2 mol/l
through the column at SV 40 for 1.5 hours
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• Rinse the sample with pure water at SV 50 until pH of the effluent
becomes neutral, indicated by a methyl red and methylene blue mixed
indicator or a pH test paper
• Flow 250 ml of 4% NaCl solution at SV ~16.7 for 1.5 hours and collect
the whole effluent in a 500 ml Erlenmeyer flask
• Titrate the whole effluent by 1 mol/l-NaOH ( factor : f NaOH ) standard
solution with a methyl red and methylene blue mixed indicator: A (ml)

グラスウール
酢ビスポンジまたは

↓
(b)

または酢ビスポンジ
グラスフィルター

↓

(a)
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グラスウール

glass wool
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When the sample is from new product IERs:
• Fill nearly 10 ml of the sample in a column and rinse it with pure
water at SV 50 until Cl ions are not detected in the effluent
• Divide the sample two portions and weigh both: V 1 and V 2 , V 1 + V 2 =V s
• One is for the measurement of weakly acidic group exchange capacity
and the other is for moisture content
iii) Measurement of Weakly acidic group exchange capacity
• Flow 50 ml of 0.1 mol/l NaOH solution at SV 10 into the sample IER of
V s or V 1 (ml), the neutral salt splitting capacity of which was already
measured, and collect the whole effluent in a 250 ml Erlenmeyer flask
• Rinse the sample IER with 30 ml of acetone, and displace the
remaining liquid with a double bulb insufflator. The rinse solution and
the displaced solution are collected in the same flask.
• Titrate the whole effluent by 0.1 mol/l-HCl standard solution ( factor :
f HCl ) with a methyl red and methylene blue mixed indicator: B (ml)

Note: The reason why acetone is used for rinse is that Na + form IERs
are easy to be hydrolyzed and to form NaOH.
iv) Measurement of Moisture Content
• Remove excess water with a centrifuge from the testing sample, the
conditioned sample, V m (ml), or the sample the neutral salt splitting
capacity of which was already measured, V 2 (ml)
• Measure the weight precisely: W1 (g)
• Dry the sample IER and weigh it: W2 (g)
v) Calculations

Ww
× 1000
Vm OR V2
W － Wd
× 100
Moisture Content (%) = w
Wd
1000
100
Degree of Swelling (mL/g - R) =
×
Apparent Density 100－Moisture Content

Apparent Density (g/L - R) =
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Neutral Salt Splitting Capacity (meq/mL - R) =

A × f NaOH
, VS = V1＋V2
VS

Neutral Salt Splitting Capacity (meq/mL - R) =

A × f NaOH
W2

Weakly Acidic group Exchange Capacity (meq/mL - R) =

[50 × 0.1 × f NaOH－B × 0.1 × f HCl ]
V1

Weakly Acidic group Exchange Capacity (meq/g - R) =

[ 50 × 0.1 × f NaOH－ B × 0.1 × f HCl ]
W2

(2) Strongly basic AERs
The neutral salt splitting capacity of a new product weakly acidic CER
is equal to its total exchange capacity, since the functional groups are
quaternary ammonium groups. However, some new products have other
weakly basic groups and used IERs sometimes become weakly basic, and
thus not only neutral salt splitting capacity but weakly basic exchange
capacity also should be measured.
i) Conditioning: Preparation of IERs of the standard-ion form
• Remove the contaminants from the testing sample by decantation and
other methods
• Pour approximately 20 ml of such sample into a testing column
• Flow 2000 ml of NaOH solution of 2 mol/l through the column at SV
100 for an hour
• Rinse with 500 ml of pure water at SV 50 for half an hour
• Flow 500 ml of 4% NaCl solution at SV ~16.7 for 1.5 hours
• Rinse the IERs with pure water at SV 50 until Cl - ions are not
detected in the effluent
ii) Measurement of Neutral Salt Splitting Capacity
• Pour nearly 10 ml of the conditioned sample into a 10 ml measuring
cylinder and measure the volume accurately: V s

Note: It is needless to measure the volume accurately when the sample
is from new products
• Fill the sample in a column, and flow 1500 ml of NaOH solution of 2
mol/l through the column at SV 100 for 1.5 hours
• Rinse the sample with 750 ml pure water at SV 50 for 1.5 hour. Rinse
further until pH of the effluent becomes neutral, indicated by a
phenolphthalein indicator
• Flow 250 ml of 4% NaCl solution at SV ~16.7 for 1.5 hours and collect
the whole effluent in a 500 ml Erlenmeyer flask
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• Titrate the whole effluent by 1 mol/l-HCl standard solution (factor:
f HCl ) with a methyl red and methylene blue mixed indicator: A (ml)
When the sample is from new product IERs:
• Fill nearly 10 ml of the sample in a column and rinse it with pure
water at SV 50 until Cl - ions are not detected in the effluent
• Divide the sample two portions and volume both: V1 and V2, V1 + V2 =Vs
• One is for the measurement of weakly basic exchange capacity and the
other is for moisture content
iii) Measurement of Weakly basic group exchange capacity
• Flow 100 ml of 0.1 mol/l HCl solution at SV 30 into the sample IER of
V s or V 1 (ml), the neutral salt splitting capacity of which was already
measured, and collect the whole effluent in a 250 ml Erlenmeyer flask
• Rinse the sample IER with 50 ml of methanol, and displace the
remaining liquid with a double bulb insufflator. The rinse solution and
the displaced solution are collected in the same flask.
• Titrate the whole effluent by 1 mol/l-NaOH (factor: f NaOH ) standard
solution with a phenolphthalein indicator: B (ml)
iv) Measurement of Moisture Content
• Remove excess water with a centrifuge from the testing sample, the
conditioned sample, V m (ml), or the sample the neutral salt splitting
capacity of which was already measured, V 2 (ml)
• Measure the weight precisely: Ww (g)
• Dry the sample IER and weigh it: W d (g)
v) Calculations
Apparent Density (g/L - R) =

Ww
× 1000
Vm OR V2

Moisture Content (%) =

Ww－ Wd
× 100
Wd

Degree of Swelling (mL/g - R) =

1000
100
×
Apparent Density 100－Moisture Content

Neutral Salt Splitting Capacity (meq/mL - R) =

A × f HCl
, VS = V1＋V2
VS

Neutral Salt Splitting Capacity (meq/mL - R) =

A × f HCl
W2

Weakly Basic group Exchange Capacity (meq/mL - R) =

(100 × 0.1 × f HCl－B × f NaOH )
V1

Weakly Basic group Exchange Capacity (meq/g - R) =

(100 × 0.1 × f HCl－ B × f NaOH )
W2
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(3) Weakly acidic CERs
i) Conditioning: Preparation of IERs of the standard-ion form
• Remove the contaminants from the testing sample by decantation and
other methods
• Pour approximately 20 ml of such sample into a testing column
• Flow 200 ml of HCl solution of 2 mol/l through the column at SV 20 for
half an hour
• Rinse with 500 ml of pure water at SV 50 for half an hour

Note: This HCl regeneration step should be neglected if the testing
sample is a new H-form one
• Flow 200 ml of NaOH solution of 2 mol/l through the column at SV 20
for half an hour
• Rinse with 500 ml of pure water at SV 50 for half an hour
• Flow 200 ml of 2 mol/l HCl solution at SV 10 for an hour
• Rinse the IERs with pure water at SV 50 until the effluent becomes
neutral
• The sample IERs are divided into two portions, one is for the exchange
capacity and the other is for the apparent density and the moisture
content.
ii) Measurement of Total Exchange Capacity
• Pour nearly 5 ml of the conditioned sample into a 10 ml measuring
cylinder by “Tap” method and measure the volume accurately: V 1 (ml)
• Remove the excess water with a centrifuge and add 250 ml NaOH
solution of 0.2 mol/l in a 500 ml Erlenmeyer flask with a ground
stopper.
• Shake for 8 hours in a constant-temperature shaker at 30 °C.
• Titrate a 25ml portion of the supernatant by 0.1 mol/l-HCl standard
solution (factor: f HCl ) with a methyl red and methylene blue mixed
indicator: A (ml)
• The blank sample, without the testing IER sample, is also titrated: B
(ml)
iii) Measurement of Apparent Density and Moisture Content
• Pour nearly 5 ml of the regenerated sample, H+ -ion form, into a 10 ml
measuring cylinder by “Tap” method and measure the volume
accurately: V 2 (ml)
• Remove excess water with a centrifuge from the testing sample
• Measure the weight precisely: W w (g)
• Dry the sample IER and weigh it: W d (g)
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iv) Calculations

Apparent Density (g/L - R) =

Ww

× 1000
Vm OR V2
W － Wd
× 100
Moisture Content (%) = w
Wd

Degree of Swelling (mL/g - R) =

1000
100
×
Apparent Density 100－Moisture Content

Total Exchange Capacity (meq/mL - R) =

Total Exchange Capacity (meq/mL - R) =

(B－A) × f HCl × 0.1 × 250
V1

25

Total Exchange Capacity (meq/mL - R)
Degree of swelling (mL - R/g - R)

(4) Weakly basic AERs
i) Conditioning: Preparation of IERs of the standard-ion form
• Remove the contaminants from the testing sample by decantation and
other methods
• Pour approximately 20 ml of such sample into a testing column
• Flow 200 ml of NaOH solution of 2 mol/l through the column at SV 10
for an hour
• Rinse with 500 ml of pure water at SV 50 for half an hour

Note: This NaOH regeneration step should be neglected if the testing
sample is a new free base form one
• Flow 200 ml of 2 mol/l HCl solution at SV 20 for half an hour
• Rinse with 500 ml of pure water at SV 50 for half an hour
• Flow 200 ml of 2 mol/l NaOH solution at SV 10 for an hour
• Rinse the IERs with pure water at SV 50 until the effluent becomes neutral
• The conditioned sample IERs are divided to two portions, one is for the
exchange capacity and the other is for the apparent density and the
moisture content.
ii) Measurement of Total Exchange Capacity
• Pour nearly 5 ml of the conditioned sample into a 10 ml measuring
cylinder by “Tap” method and measure the volume accurately: V1 (ml)
• Remove the excess water with a centrifuge and add 250 ml HCl
solution of 0.2 mol/l in a 500 ml Erlenmeyer flask with a ground
stopper .
• Shake for 8 hours in a constant-temperature shaker at 30 °C.
• A 25ml portion of the supernatant titrate it by 0.1 mol/l-NaOH standard
solution (factor: f NaOH ) with a phenolphthalein indicator: A (ml)
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• The blank sample, without the testing IER sample, is also titrated: B
(ml)
iii) Measurement of Apparent Density and Moisture Content
• Pour nearly 5 ml of the regenerated sample, free base form, into a 10
ml measuring cylinder by “Tap” method and measure the volume
accurately: V 2 (ml)
• Remove excess water with a centrifuge from the testing sample
• Measure the weight precisely: Ww (g)
• Dry the sample IER and weigh it: W d (g)
iv) Calculations
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• Collect the small particles in the vat and pour them on the 850 µm
sieve
• The large particles on the 1180 µm sieve are kept into another vat, and
collect the clogged particles in the sieve by strong flow of water and
mixed with the former particles on the 1180 µm sieve, and then
measure the volume of the combined large particles by a measuring
cylinder; over 1180 µm: A (ml)
• Repeat the same procedures sieve by sieve; over 850 µm: B (ml), over
710 µm: C (ml), over 600 µm: D (ml), over 425 µm: E (ml), over 300 µm:
F(ml), under 300 µm: G (ml)
• Calculate A/V through G/V in %, when V =A + B + C + D + E + F + G

Ww
× 1000
V2
W － Wd
× 100
Moisture Content (%) = w
Wd

Apparent Density (g/L - R) =

1000
100
×
Apparent Density 100－Moisture Content
(B－A) × f NaOH × 0.1 × 250
25
Total Exchange Capacity (meq/mL - R) =
V1
Degree of Swelling (mL/g - R) =

Total Exchange Capacity (meq/g - R) =

Total Exchange Capacity (meq/mL - R)
Degree of Swelling (mL - R/g - R)

7. Measurement of Particle Size Distribution
The particle size distributions of the swollen IERs are measured. Such
distributions correlate to pressure drops, bed expansion during
back-washings and the separability of SACERs and SBAERs in mixed-bed
systems.
i) Measurement of Particle Size Distribution
The general sieve method is as follows:

Note: When an image processor is available, please see its instructions .
• Place a stack of sieves of 1180 µm, 850 µm, 710 µm, 600 µm, 425 µm,
and 300 µm in a vat
• Put nearly 100 ml of the testing sample IERs on the sieve of 1180 µm
• Pour water on the sample IERs moderately and have the smaller ones
drain down
• Shake the 1180 µm sieve perpendicularly and horizontally several
times in another vat half-filled with water
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[Fig.III-7-1] Effective Particle Size and Uniformity Coefficient

ii) Calculation of Effective particle size
• Plot the results of the above-mentioned sieve-separation on a
logarithmic normal probability paper: the accumulated percentages of
the particles on the sieve as X-axis and the openings of sieves as Y-axis
• Draw the approximate line by first approximation that satisfies the
three points near the 100 % point.
• Read the opening of the sieve at the point where the percentage of the
particles is 90% on the approximate line as the effective particle size
(mm): Please see Fig. III-7-1
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iii) Calculation of Uniformity coefficient
• Read the opening of the sieve at the point where the percentage of the
particles is 40% on the approximate line, as the opening size whih
retain 40% of the sample (mm)
• Calculate the uniformity coefficient by the following equation
Uniformity Coefficient =

Opening size which retain 40% of the sample ( mm )

Effective Particle Size ( mm )

iv) Calculation of Average particle size
Read the opening of the sieve at the point where the percentage of the
particles is 50% on the approximate line, as the average particle size
(mm)
8. Measurement of True Density of Wet IERs and Calculation of void percentage
True densities of IERs are necessary to investigate the bed expansions
during back-washings or the separability of the IERs in mixed-bed
systems, and the methods to measure the true density is as follows:
• Pour the testing sample IERs that are centrifuged for 5 minutes at
3000 rpm into a dry pycnometer, and measure the weight accurately:
W (g)
• Fill the pycnometer with pure water to reach the marking line, and
measure the total weight: P WR (g)
• Repeat the above-mentioned procedure without the testing IER
samples: P W (g)
When the density of the pure water is ρ;

The Water Volume Exchangeby The SampleVw (mL) =

True Density of Swollen IERs =

(PW + W − PWR )

ρ

W
VW

The percentage of voids in IER layers filled in columns is also
calculated by the next equation:

⎛
Apparent Density ⎞
⎟ × 100
Percentage of Voids = ⎜⎜１－
True Density ⎟⎠
⎝
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⎛
Apparent Density of Swollen IERs ⎞
⎟⎟ × 100
Percentage of Voids (%) = ⎜⎜1－
⎝ True Density of Swollen IERs × 1000 ⎠
9. Measurement of Reaction Rate
It is very convenient to know the comparative reaction rates to estimate
the crosslinkages, the contamination situations and others. The following
is to measure the comparative reaction rates of SACERs and SBAERs.
The following method is applied for the IERs with function to split
neutral salts, and not applied for the ones without it. Furthermore,
i) Preparation of Testing Sample
• Regenerate the testing sample as mentioned in the measurement of
exchange capacity
• Rinse it with pure water and sieve the sample particles with the sieve
of JIS 600 µm
• Collect the clogged particles in the sieve and remove the excess water
with a centrifuge
• Pick and make up two sample of 5 g in the case of CERs or 10 g in the
case of AERs
ii) Measurement of Exchange Capacity
• Pour one CER sample into 150 ml NaOH solution of 0.1 mol/l (HCl
solution, when AER sample), stir for half an hour, and
• Titrate a 25ml portion of the supernatant by 0.1 mol/l-HCl standard
solution (NaOH standard solution, when CER): VT (ml)
The exchange capacity (meq) = (150 × 0.1 × f NaOH ) – V T × 0.1 × f HCl × 6)
The neutral salt splitting capacity is measured by the method in stated
in the measurement of the neutral salt splitting capacity.
iii) Measurement of Comparative Reaction Rate
• Pour 0.1 mol/l NaOH solution the volume of which is equivalent to
75 % of the exchange capacity of the testing sample CERs into a 300
ml beaker (Use 0.1 mol/l HCl solution, when AERs)
• Adjust the solution volume to 150 ml by adding pure water, and then
add 1 g of NaCl
• Stirring at 30 °C, measure the time for the solution pH to reach 10 (4,
when AERs) after the addition of the other testing CER sample.

As for DIAION™, apparent densities are expressed in the unit of g/l, and
thus the last equation is changed into the next one in the unit of mg/l:
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Chapter IV Testing Methods with Ion Exchange Resins and Synthetic Adsorbents
We would appreciate it if you could select the proper grade from the
DIAION™ product list in advance the final testing of IERs or Synthetic
Adsorbents. We would sincerely recommend you not only to see Chapter II,
“How to select the Grade of Ion Exchange Resins or Synthetic Adsorbents”,
and the actual application examples summarized in Chapters V through
X, but to contact us since new kinds of products are being on sale in recent
years.
1. Common Items
(1) Selection of Grades
There are two methods to select proper grades; the Batch method and
the Column method as follows:
i) Batch method
The batch method is one of simple methods to select proper IERs
roughly in the early study. Please note: some IERs may be broken or
crushed to powders with vigorous and/or mechanical stirring.
• Pour the prescribed volume of the stock solution and 10 ml of the
“conditioned” testing IER into a beaker, and stir or shake them
moderately for 1 ~ 5 hours
• Analyze the supernatant or the filtrate
• Repeat the same procedures using several other testing IERs

Note: In the case of weakly electrolytic IERs, chelate resins or other
particular grades, it sometimes takes 24 hours or more to reach the
steady state, since the reaction rate is rather low.
ii) Column method
• Fill the regenerated testing IER of 10 ml in a column, 12 ~15 mm φ in
inner diameter and 200 mm in length
• Flow the raw solution at SV 1 ~ 5, and then wash with pure water
• Analyze every fraction of the effluents
• Repeat the same procedures using several other testing IERs
• Select a few proper grades, repeat the similar procedures in large
scales and select the most proper one

Note: Please refer to 1.-(3) in this chapter about “Conditioning”.
(2) Washing, Volume measurement and Filling in columns
Washing: In order to eliminate the water-soluble impurities, fragments
of resin matrices or functional groups, excess amount of IERs should be
washed with pure water and decanted in a beaker several times.
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• Some portions of regenerated weakly acidic CERs or weakly basic
AERs are in the loaded form.
• Weakly electrolytic IERs and synthetic adsorbents, when dried, lose
affinities with water
• Weakly basic AERs in a free base form tend to desorb carbon dioxide in
the air

a stirring rod, a plastic
撹拌棒、プラ薬匙など
teaspoon

slurry IERs
スラリー状樹脂

[Table IV-1-1] Examples of Regeneration/Load in “Conditioning”

IERs

Be sure to pour water
必ず水を張ってください

200 ~ 400g-NaCl/L-R

Strongly basic Anion ER

300 ~ 500g-NaOH/L-R

200 ~ 400g-NaCl/L-R

Weakly acidic Cation ER

100 ~ 150g-NaOH/L-R

100 ~ 150g-HCl/L-R

Weakly basic Anion ER

100 ~ 150g-HCl/L-R

100 ~ 150g-NaOH/L-R

Pre-treatment with alcohols, alcohol aqueous
solution, NaOH solution, NaOH + alcohol to
remove impurities and bubbles

[Fig.IV-1-1] How to fill IERs into Column

Volume measurement: Pour the testing IERs with water and measure
its volume by “Tap” method. Excess IERs can be extracted with a
Komagome pipette, for example.
Filling in Columns: Fill water from the bottom inlet of column to
remove air in the bottom area, and then pour IERs with water from the
top of the column. Backwash the IERs in order to distribute them
uniformly. If there remain some bubbles, remove them by stirring with a
long rod.

Note-1: If the column is not set up vertically, it may cause some drift
current; channeling.
Note-2: Un-uniform distribution may also cause channeling

(3) Conditioning of IERs
Product IERs are on the market in the following ion-forms (Exceptions
are special grades for ultra pure water, drinking water and others)
Strongly acidic CERs: Na-form
Strongly basic AERs: Cl-form
Weakly acidic CERs: H-form
Weakly basic AERs: free base form (commonly called as OH-form)
The reasons why “conditioning” of these product IERs is necessary are
as follows:
• Product IERs sometimes contain impurities such as polymerization
reaction intermediates
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Loading

300 ~ 500g-HCl/L-R

Synthetic Adsorbents
glass
filter, glass wool or
グラスフィルター、グラスウール
vinyl
acetate sponge
または酢酸ビニルスポンジ等

Regeneration

Strongly acidic Cation ER

The actual operation of “Conditioning” of IERs is the repetition of
regeneration and loading, and that of synthetic adsorbents is washing
with solvents. The standard amounts of reagents are summarized in
Table IV-1-1.
[Fig.IV-1-2]

(4) Testing System and Filling of Resins
Handmade column
Chromatographic columns on the market can be used as
testing columns, and they are efficient to test resins of small
particle size or at small flow rates. They are sometimes,
however, inconvenient for all-purpose testing of ion-exchange
or adsorption, resins of standard size at large flow rates, since
their aperture and their column-inlets are rather small. For
such all-purpose testing, handmade columns of glass tubes,
PVC pipes or acrylic resin pipes also can be used.
Fig.IV-1-2 illustrates an example of handmade columns
made of a rubber stopper, a thick Teflon tube, Teflon filter cloth
and a transparent acrylic tube. The use of plastic materials is
limited in temperatures and in solvents, and care must be
taken in conditioning of synthetic adsorbents that needs
organic solvents. Jacketed columns are recommended when
heating is needed, e.g. treatment of sugar solutions or
chromatographic separation.
Column lengths should be decided on the points: The height
of the resin bed is greater than 50 ~ 60 cm. The extra space,
“free board”, should be prepared for backwashing: In using
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small convenient columns, please adjust proper heights of resin beds and
spaces for backwashing.
Packed columns, the top of which IERs are filled into, are effective in
testing chromatographic separation with IERs of compounds whose
distribution coefficients, K d , are less than 1 particularly. For these
objectives, the procedure of filling of resins is as follows:
i) prepare the testing resins of the same volume as the inner volume of
the testing column, ii) soak the resins in a concentrated solution of the
same electrolytes as the ion-form of the resins, e.g. NaCl concentrated
solution for Na-form resins, iii) fill the contracted resins into the column,
and iv) rinse the resins with water
The testing columns should be fixed at stands vertically. The resins
with large volume-changes, i.e. weakly acidic AERs, weakly basic CERs
and synthetic adsorbents, possibly break the testing columns, and thus
resisting pressure or large diameter columns are recommended.
Figures IV-1-3 and IV-1-4 illustrate the typical examples of the testing
systems. The testing columns are fixed at the column-stand vertically,
and the pumps, the auto sampler and other equipments are installed and
they are connected with laying pipes finally. An electrical conductivity
monitor is recommended to be installed in testing of demineralization. In
chromatographic separation, three-way valves are recommended in order
to prevent the solution water remain, because the elution ordinary occurs
instantly at the feeding of the raw solution.
The pipe size at the bottom of the columns also should be proper, since
excess washing water is needed due to the remaining raw solution,
effluent and regenerant. Particular care should be taken in testing for
chromatographic separation. The pipe size that makes the inner flow rate
5 ~ 10 cm/s would be preferable.
The specified volume resins are collected by a measuring cylinder
precisely and poured into the testing column already filled with water.
Please make sure to use a funnel when the column size is small, refer to
Fig.IV-1-1, and use a thin stick to remove bubbles or to settle resins when
the resins are not filled into properly because of the adhesion to the
sidewall, the floatation at the surface layer or the involutions of bubbles.
Synthetic adsorbents tend to involve bubbles particularly, and thus they
are recommended to be immersed enough in polar solvents, e.g. alcohol
solutions, and then filled into columns and washed well.
In chromatographic separation, the resins of the same volume as the
inner volume are measured by “Tap” method and are poured into the
column after the contraction with concentrated electrolytic solutions.
After sealing with caps, the resins are washed with water to form
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bubble-less resin layers.
Column

Resins
(filled into the top of the column
in chromatographic testing)

Effluent
monitor

Auto sampler

Raw
solution
tank
Feeding pump
［Fig.IV-1-3］ Testing system of ion exchange resin or synthetic adsorbent

When two pumps
are available

Column

Resins
(filled into the top of the column
in chromatographic testing)

Eluent
tank

Effluent
monitor

Auto sampler

Raw
solution
tank
Feeding pump
Three way valve
［Fig.IV-1-4］ Testing system of chromatographic separation
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(5) Sampling, Analysis and Data reduction
• Collect the effluent sample at regular time intervals and analyze the
concentration of its components
• The sampling intervals should be short near the break through point
(BTP)
• The feeding ends when the concentration of the targeted component of
the effluent reaches the predetermined BTP, e.g. 10 % of the raw
solution concentration. In chromatographic separation, feeding should
be continued until the elution of the targeted component ends.
• The testing cycle is recommended to be 3 or 4. Because IERs are
ordinarily regenerated partially, their ion-exchange capacity is not
recovered to the initial level at the first cycle. Thus, the testing should
be repeated to get the steady regeneration and loading results. Three
or four repetitions are ordinary needed to get the steady results.
• Data is reduced and studied, assuming the sum of the effluent and a
half of the analyzing sample as the effluent. This assumption is, in
particular, important for concentrated raw solutions, since the
effluent to reach the BTP is rather small. ( Please see Fig.IV-1-5 )
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The standard operations in testing IERs are mentioned in the following
paragraphs. Chelate resins are regarded as weakly acidic CERs or weakly
basic AERs in accordance with their functional groups in these
explanations, i.e. CR11 has similar properties with weakly acidic CERs
and CR20, CRB03 and CRB05 have similar properties with weakly basic
AERs.
Bed expansion: 1.5 ~ 2 times as bed depth，15 ~ 30
min

Backwashing

5 ~ 10 min.

Settling

5 ~ 10 cm high above the resin surface

Drain
Dosage of eluent
Displacement

Please see clause 4.- iv).
The same flowrate as in eluent dosage: 1 ~ 2L/L-R

→Concentration

(In case the regenerant is different from the eluent)
Dosage of regenerant
Effluent until the sampling point

Displacement

sampling
volume

Rinse (1)
→ Effluent
［Fig. IV-1-5］ Assumption of Effluent in intermittent samplings

2. Testing Ion Exchange Resins and Chelate Resins
The objective of testing is to confirm the preferred flow-rate,
temperature, effluent, regeneration level and column life and to establish
the optimal operation conditions. The items to be confirmed are
summarized below:
Conditions of Raw solution Feeding
・ Effluent
・ Quality of raw solutions and
effluent
・ Flow rate
・ Column Temperature and others
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Conditions of Regeneration
・ Kinds of regenerants
・ Regeneration level
・ Concentration of eluent and
regenerant
・ Flow rate of reagents
・ Temperature

Sweetening on
Loading
Sweetening off
Rinse (2)

Please see clause 4.- iv).
The same flowrate as in dosage of
eluent: 1 ~ 2L/L-R

SV ≒ 10，15 ~ 60 min.
The same flowrate as in Loading: 1 ~ 2L/L-R.

Please see clause 4.-viii)
The same flowrate as in Loading: 1 ~ 2L/L-R
SV ≒ 10，15 ~ 30 min.
[Fig. IV-2-1] Operation of IERs testing

i) Backwashing
Backwashing is performed in order to improve the contact efficiency
through removing the suspended materials from raw solutions and the
broken resins and disentangling the compacted resin layers.
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Backwashing should be done by upward flow at the flow-rate that
expands the resin-layer 1.5 ~ 2 times large until the effluent becomes
clear, for about 15 through 30 minutes. The proper bed expansion during
backwashing varies depending on the resin grade and the operation
temperature. Thus, make sure to determine the flow-rate referring to the
data sheets of DIAION™.
Backwashing is sometimes difficult due to the cohesion of lots of
suspended materials. In the actual systems, aeration from the bottom of
the column is done before backwashing. In the labs, the repeated washing
by stirring and decantation with a beaker is an alternative operation to
such aeration.
ii) Settling
Subside the expanded resin layers still: 5 ~ 10 minutes
iii) Drain
To avoid dilution of regenerants, the excess water is drained to the
height of 5 ~ 10 cm from the resin surface.
iv) Dosage: Elution and Regeneration
To regenerate the resins, feed the regenerants. The kind, concentration
and amount of regenerant (the regeneration level) depend on the IERs
and the ions to be eluted. The standard values are summarized in Table
IV-2-1.
IERs

[Table IV-2-1] Regenerant concentrations, Flow rates
Regeneration Regeneration
Conc.
Flow rate
level
percentage
Regenerants
(%)
SV(h － 1 )
(g/L-R)
(%)

Strongly acidic CERs

HCl or

3~8

3~8

100 ~ 300

NaOH

3~8

3~8

100 ~ 300

Weakly acidic resins

HCl

0.5 ~ 5

3~8

60 ~ 120

80 ~ 100

Weakly basic resins

NaOH

0.5 ~ 5

3~8

60 ~ 120

80 ~ 100

Strongly Type I
basic
Type II
AER

H 2 SO 4

50 ~ 70
30 ~ 50
50 ~ 70

Note: Regeneration levels and ratios are summarized independently

The time required in reagents feed is 20 ~ 30 minutes for strongly
acidic CERs and 40 ~ 50 minutes for strongly basic AERs. In the cases
where the resins are used for treatments of specified chemical solutions
and waste waters, the proper eluents are fed in advance of the
regeneration.
Table IV-2-2 shows such examples of eluents and regenerants used
neither in the H-form nor in the OH-form.
142

Testing Methods with Ion Exchange Resins and Synthetic Adsorbents

[Table IV-2-2] Examples of Eluents and Regenerants, used neither in H-form nor OH-form

Ion-form
Softening
Brine Purification
Boron waste
water treatment
Electrodeposition
paint purification

Strongly acidic
resins
Chelate resins
Boric acid selective
adsorption resin
Weakly acidic resins

Eluent

Regenerant

NaCl

NaCl

Na-form
Free base
form

HCl
HCl or
H 2 SO 4

NaOH

H/NH 4
mixed form

NH 4 OH

H 2 SO 4

Na-form

NaOH

Note: The procedure to form mixed ion in order to adjust pH of the resins is as follows:
1) Dosage, 2) Displacement, 3) Pulling out of the resins, 4) Mixing, 5) Re-filling the resins
into the column

The condition settings of adsorption and elution are very important in
the recovery of small amount of valuables.
When the eluent is different from the regenerant, the order of the steps
should be the elution, the displacement, the regeneration, the
displacement and the washing (1). The amount of the regenerants should
be taken care of. Such examples are summarized in Table IV-2-3.
[Table IV-2-3] The cases where the regenerant amount are investigated

Example1:

Treatment of metal ions with chelate resins
Mineral acids such as HCl and H 2 SO 4 are used as eluents, and NaOH is
used as a regenerant to arrange the ion-form, since CR11 is set to be in a
Na-form or a Na/H-mixed form and CR20 and CRB are set to be in a free
base form or in a free base/acid mixed form. Metal ions sometimes
precipitate due to high pH during treatments, and thus the regeneration
ratios are ordinary controlled in the range of 50 ~ 80 %. Mixing to make
the resin particles distribute uniformly before the next cycle is
recommended: Elution of metal ions with mineral acids → Partial
regeneration → Mixing of resin particles → Loading

Example 2： Removal of free mineral acids with weakly basic AERs
Metal ions also precipitate due to high pH during the removal process of
free acids from the raw solutions that contain metal ions, the elution of
free acids with NaOH should be partially completed lest the metal ions
might precipitate. The next loading of the raw solution is performed after
mixing of resin particles.

Example 3： Regeneration of WK in the purification of anion electrodeposition
paints
The treatment order is SA10AP at first and then WK40X, as in the
reverse system of sugar solutions. This is because the gelation of paints
due to acidic conditions should be avoided. The partial (50 ~ 60%)
regeneration by acids (H 2 SO 4 , HCl is not preferable) after the washing out
of paints with ammonia or amine solutions is recommended: Washing with
ammonia or amine solutions → Partial regeneration with H 2 SO 4 →Mixing
of resin particles → Loading
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v) Displacement
To utilize the remaining reagents in the column effectively, extrude
them with the flow of pure water at the same space velocity as in the
reagent feed. The amount of pure water is 1 ~ 2 BVs, Bed Volume: the
volume of the IERs.
vi) Rinse (1)
To remove the remaining reagents perfectly, wash the IERs at SV of
around 10 for 15 ~ 60 minutes.
The regeneration procedures ordinarily end at this step.
vii) Sweetening-on
In the treatments of specified mother liquors, the water in the column
is gradually changed by the reagents step by step. During such steps, the
step where only the water in the resin layer comes out from the outlet is
called “sweetening-on”. The flow-rate is the same as in raw solution feed
step, and the amount is 1 ~ 2 BVs.
viii) Service: Loading
The step where the non-adsorbed compound concentration is higher
than the predetermined value is called as “service”, and the effluent
should be collected. The ordinary space velocity is 20 ~50 in water
treatments and less than 10 in concentrated raw solutions treatments.
ix) Sweetening-off
The step where the mother liquor is exchanged with pure water after
the end of the raw water feed is called “sweetening-off”. During this step
the non-adsorbed compound concentration reaches the predetermined
value, and the effluent should be collected as the treated liquor or the
sweet water. The ordinary space velocity is the same as in the service step
and the amount is 1 ~ 2 BVs. This step is not necessary in water
treatments.
x) Rinse (2)
To remove the remaining reagents in the column, the IERs are washed
as in the rinse (1) step. The necessary amount of water is one half of that
at rinse (1).
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3. Testing Synthetic adsorbents
[Table IV-3-1] Small-particle and Standard Synthetic adsorbents
Product
Name
MCI™ GEL
CHP20/C04
MCI™ GEL
CHP20/C10
MCI™ GEL
CHP50/P20
MCI™ GEL
CHP50/P30
DIAION™
HP21
MCI™ GEL
CHP20/P20
MCI™ GEL
CHP20/P30
MCI™ GEL
CHP20/P50
SEPABEADS™
SP20SS
DIAION ™
HP20SS
DIAION ™
HP20
MCI™ GEL
CMG20/C04
MCI™ GEL
CMG20/C10
MCI™ GEL
CMG20/P30
DIAION ™
HP2MG

Average
Particle
Size
(µm)

Particle Size
Distribution
(µm)

4

4

10

9~11

20

15~20

30

25~35

440

200~600

20

15~20

30

25~35

50

37~75

70

63~75

100

63~150

400

200~600

4

4

10

9~11

30

25~35

490

200~600

Specific
Surface
Area
(m 2 /g)

Pore
Volume
(mL/g)

Pore
Radius
(Å)

Polymer
Matrix

600

1.3
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Poly styrene

590

1.3

300

Poly styrene

500

1.1

200

Poly
methacrylate

Synthetic adsorbents are broadly classified into HP and SP series,
styrene and divinylbenzene copolymers, and HP-MG series, methacrylate
polymers. They have porosity and large surface areas, and thus used as
adsorbents: their adsorption is based on the van der Waals force and
derived mainly from hydrophobic interactions. The adsorbed compounds
are ordinary eluted easily with organic solvents.
In adsorptions by synthetic adsorbents, it is necessary for objective
substances to diffuse within micro-pores reach the surface of the
synthetic adsorbents. Thus, the proper synthetic adsorbents for the
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• pH control: Adjust the pH for electrolytes not to dissociate, for
amphoteric electrolytes to be the Isoelectric point.
• Salt concentration: The adsorption increases due to the solubility
decrease of the objective substance due to the addition of salts.
Adsorption sometimes varies caused by different counter ions.
• Change of solvent type : Adsorption sometimes increases by the solubility
decrease of the objective substance.
• Elution and Regeneration: Elution is done by water, in easy cases, and
by organic solvents, i.e. alcohol or acetone in difficult cases. Acids or
alkalis are used in electrolytes and amphoteric electrolytes. Water, hot
water or steam can be used in some specified cases. Combination of
organic solvents and acids or alkalis is mostly used in practical cases.
• Rejuvenation: Elution in severe conditions is called “rejuvenation”.
Rejuvenation is for the resins that adsorb impurities irreversibly and
the adsorption or chromatographic function decreases. Rejuvenation is
done with organic solvents such as alcohols, acetone, benzene or CCl 4 ,
acids, alkalis, surfactants or oxidizing agents. Rejuvenation is more
effective in moderate deteriorations, after several cycles, than in full
deteriorations.
146

[Process]

Testing Methods with Ion Exchange Resins and Synthetic Adsorbents

[Flowrate]

Preparation

[Method]
If HP or SP is used for the first time, be sure to
remove impurities, dissolve air and bubbles with
alcohols, alcohol solutions, NaOH solution or
NaOH alcohol solutions.

Rinse

(Normal cycle)

objective substances are selected referring to Chapters I and II.
HP20, the representative grade with a broad pore distribution, may be
the first choice and can be used to confirm whether the objective
substance could be adsorbed or not. Please make sure to remove
suspended materials or bubbles in the raw waters. When you are
planning to test resins based on the data regarding analytical HPLC,
please see Table IV-3-1 and compare small particle products versus
standard ones.
The grade of synthetic adsorbents should be finally decided based on
the properties regarding elution, chromatography and other points of
view. Then, the operation conditions are confirmed by proper testing. The
adsorption force of synthetic adsorbents depends on the chemical
properties of objective substances; the more hydrophobic is the compound,
the larger is the adsorption force, as already explained in Chapter II.
Thus, please confirm the chemical properties in advance.
The standard testing operations of synthetic adsorbents are
summarized in Fig.IV-3-1. The essential points in such operations are as
follows:

Chapter IV

Loading

SV = 0.5 ~ 2

Rinse

SV = 0.5 ~ 3

Raw solutions, e.g. antibiotics

Backwashing is normally unnecessary, without
clogging with suspended materials. Be careful in
backwashing HP, since the density of HP is rather
small.

(Backwashing)

LV = 0.2 ~ 0.7 m/h (HP), 5 ~ 8 m/h (SP207)

Elution

SV = 0.5 ~ 2

Elute with alcohols, acetone, alkalis or acid
solution

Displacement SV = 0.5 ~ 2
Rinse

(Rejuvenation cycle)

Chapter IV

SV = 1 ~ 5

Rejuvenation
Displacement SV = 0.5 ~ 2
Rinse

SV = 1 ~ 5

[Example of rejuvenation reagents]
・ 50% -IPA + 1N-NaOH (or NH 4 OH)
・ 4% -NaOCl
HP and SP sometimes adsorb impurities and
its adsorption function declines.
Rejuvenation is done in these cases.
[Example of rejuvenation reagents]
・ 50% -IPA + 1N-NaOH (or NH 4 OH)
・ 4% -NaOCl
[Rejuvenation methods]
e.g. 3 ~ 4 BVs, SV = 0.5 ~ 1 h -1

[Fig.IV-3-1] Example of Operations of Synthetic Adsorbents

4. Testing of Chromatographic Separation
i) Height of Resin Bed:
Grades –SS:
≥ 300 mm, desirably ≥ 500mm
Grades-S:
≥ 500 mm, desirably ≥ 1000mm
ii) Load of Raw solution:
The load should be 0.05 ~ 0.5 BVs of the resins. It should be small for the
compound the distribution coefficient, K d , of which is less than 1, and it
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should be comparatively large for the compound of K d that is more than 1,
ion-exchange or adsorption modes.
iii) Flow rare:
The flow rate is around 1 as SV. SV can sometimes be 3 ~ 5 when K d of the
objective substance is more than 1.
iv) Elution:
Elution is normally performed with eluents at the same flow-rate as in
the raw water feed until the density of the objective substance becomes
nearly zero.
v) Chromatographic separation:
Chromatographic separation is performed around 60 °C in order to
decrease the viscosity and to prevent the breeding of miscellaneous germs.
Cooling, on the contrary, is used for the heat-irresistible compounds such
as proteins. Jacketed columns and thermo baths are used in both cases.
Raw water tanks and eluent tanks should be both kept at constant
temperatures.
vi) Experimental procedures
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• Feed the predetermined volume of raw waters at the predetermined
rate, and then feed eluents at the same rate as in the raw water feed.
• Effluent monitoring is useful in the analyses of the objective
substance. A conductivity detector and a RI meter, are suitable in-line
monitors for electrolytes and non-electrolytes respectively. Sample
collecting of effluents should be done every 0.05 or 0.1 of BV.
• The collected samples should be analyzed, including both one sample
before the first sample that contains the objective substance on the
monitor and one sample after the last sample on he monitor.

Further notes of Terms
SV (Space Velocity):
Treated volume per Resin Volume per hour, unit: 1/h (L/L-R/h）
LV (Linear Velocity):

→ Conc. of objective substance

Linear velocity assuming the column is empty, unit: m/h
Observed value on the monitor
Substance A
Substance B

Flow Rate: Q (m 3 /h), SV and LV:
LV＝Q/S，SV＝Q/R，SV＝LV/H
BV (Bed Volume):
Treated volume per Resin Volume, unit: ‐(L/L-R)
Regeneration level:
Regenerants (g, converted as 100%) per Resin Volume (L)

→ Effluent volume (BD) or Elution time (min)
[Fig. IV-4-1] Typical pattern of chromatographic separation

• In using packed columns, be sure to confirm that the packed column
has neither leakage nor air-intake by test flow with water only. If any,
refill resins into the packed column.
• In using open columns that have upper open space, keep the liquid
level 5 cm high above the resin surface. The liquid level deviation may
cause data variances.
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Correlation of Sectional area of column: S (m 2 ), Height of Resin bed: H (m),

Example) 100g HCl/L-R regeneration
35 % HCl solution : 1 x 100 x 100/35 = 285.7g
Note: It is convenient that the units of regenerants are unified to be g/L.
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Chapter V Water Treatments
1. Conventional Water Treatments
(1) Outline and Preparation
The largest use of IERs is treatment of waters such as common boiler
feed waters and process waters, and the IER technology is based on such
water treatments. We will explain treatments of natural waters into
common boiler feed waters with IERs in this clause and other water
treatments, i.e. condensate demineralization and ultra pure water in
clause 2.
Natural water dissolves various impurities that may cause hindrances
to water uses. Such hindrances are summarized in Table V-1-1. The
impurities that exist as ions can be easily removed from natural water
with IERs.
Typical ions in natural water are Ca 2+ , Mg 2+ , Na + , and K + as cations
and SO 4 2- , HCO 3 - , Cl - and SiO 2 as anions. In some particular cases,
natural water contains a lot of Fe 2+ and Mn 2+ , which
Ca 2+ HCO3 should
be removed with other methods than IERs.
Mg 2+
Cl The dissolved ions exist in electrically neutral
Na + SO 42conditions in total, as illustrated in Fig.V-1-1. Since
SiO 2 usually exists in its own from, it is expressed
SiO 2
differently from other general ions.
[Fig.V-1-1] Ions
in Natural water
Suspended materials, color ingredients and organic
compounds should be eliminated in the preparation before IERs
treatments, because they are not only very difficult to be removed with
IERs and but also may cause some damage to IERs’ functionality. The
elimination of suspended materials and colloidal ones is done with the
following methods, independently or in a combination of a few methods.
1) Oxidation
The objectives of oxidations with chlorine water, NaClO or O 3 are
sterilization, inhibition of algae, the oxidation of Fe(II) to Fe(III), and
removal of organic compounds. Aeration is also used in the oxidation of
Fe(II) to Fe(III). The reduction with reducing agents such as sodium
sulfite or sodium hydrogen sulfite should be done after such oxidations
lest the IERs might be oxidized and deteriorated.
2) Sedimentation
This objective of this process is to remove suspended materials, the
particle size of which is above 0.01 mm, from raw waters. Flocculation
method is ordinary employed to eliminate colloidal materials at the same
time, though large suspended materials can be precipitated naturally.
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[Table V-1-1] Hindrance by Impurities in water

Impurities

Hindrance

Remarks

Ca 2+ , Mg 2+

(1) Formation of scales in boilers,
heat exchangers, concentrators
and other pipes to lessen heat
conduction and sometimes to
cause partial overheating and
mechanical damages to
equipments.
(2) Waste soaps when used in
laundering
(3) Interrupt dyeing
(4) Mg(OH) 2 precipitates when
NaOH is dissolved

Much in deep-wells, little in surface
water
Can be removed with IERs

Fe 2+ , Fe 3+

(1) Contaminated by iron
compounds precipitation:
Causes discoloration and
coloration in dyeing, leather
tanning and manufacturing of
paper, chemical fiber and CRT

Much Fe 2+ in deep-wells, surface
water contains Fe 3+ but little Fe 2+
Can be removed by aeration,
chemical coagulation, IERs or
electrolysis

the same as above

Organic iron often combines with
humic acid
Much in surface water
Can be ordinarily removed by
chemical coagulation or electrolysis,
but not with IERs

the same as above
Colors water black

Mn 2+ exists usually with Fe 2+
Can be ordinarily removed by
chemical coagulation or electrolysis

Organic Iron
Colloidal Iron

Mn 2+

Na + , K +

Acid demand
(HCO 3 - ,
CO 3 2- , OH - )
[sometimes
called as
alkalinity]
Free mineral
acids (HCl,
HNO 3 , H 2 SO 4 )
Sulfates
(SO 4

2- )

Chlorides
(Cl - )
Fluorides (F - )
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(1)Increase boiler water
concentration and cause
carry-over
(1) Cause foaming, carry-over and
caustic embrittlement of boiler
water
(2) Generate CO 2 and corrode steel
materials
(3) Alkaline compounds
neutralizing mineral acids tend
to hinder the controls in the
dyeing or other manufacturing
processes

Can be removed with IERs
Increases by infiltration of seawater

Normal natural water contains only
HCO 3 - but neither CO 3 2- nor OH Acid demand in deep-well water is
large
Can be removed with IERs

(1) Corrode metal materials

Never exist in natural water, exist
in wastes from mines or factories
Can be removed with IERs

(1) React with Ca 2+ and form
CaSO 4 , scale

Can be removed with IERs

(1) Increase corrosivity

Increases by infiltration of seawater
Can be removed with IERs

(1)Cause dental fluorosis, but
prevent decayed teeth if in
slight concentration

Can be removed with IERs

Water Treatments

Free carbonic
acid (CO 2 )

(1) Cause corrosion of pipes of
steam, condensate and other
water tubes

Free Chlorine
(Cl 2 )

(1) Corrode boilers

Dissolved
oxygen

(1) Corrode or pit boilers, heat
exchangers and condensate
tubes

Hydrogen
sulfide (H 2 S)

(1) Unsuitable for food water

Silica (SiO 2 or
H 2 SiO 3 )
Colloidal
silica
Organic
compounds

(1) Cause scales in boilers or
chillers
(2) Cause hard precipitates on
turbine blades
(1) Dissolve in boilers and cause
the same hindrance as above
(1) Cause foam in boiler waters
(2) Contaminate IERs

Occur with feed of high alkalinity in
boilers
Can be removed by aeration,
degassing or AERs
Never exist in natural water
Additives to pasteurization
Oxidize IERs gradually
Comparatively little in ground
water, surface water dissolves
oxygen almost in equilibrium with
air
Can be removed with vacuum
degassing (or pressure degassing in
boiler feed waters)
Can be removed with AERs
Comparatively much in Japan
Can be removed with strongly basic
AERs
Can hardly be removed with AERs
Can be sometimes removed with
Cl-form AERs

3) Filtration
Filtration is to eliminate suspended materials, the particle size of
which is between 0.001 and 0.01 mm, from raw waters. This is applied for
the cases where suspended materials are slow to sediment or difficult to
be separated by their sedimentation. The filtration methods after
coagulation or coagulation-sedimentations are as follows:
Gravitational rapid filtration: Single layer filtration, Double layer filtration
Pressure rapid filtration:
Single layer filtration, Double layer filtration

4) Coagulation (Coagulation-sedimentation, Coagulation-flotation)
Coagulation is to remove suspended materials and organic impurities.
Coagulation-sedimentation is more effective when the objective materials
are fine and low in concentration. Coagulation-flotation suits for light
weight suspended materials, i.e. algae. Agents to add turbidity such as
Kaolin are sometimes used.
Coagulation-filtration: Single layer filtration, Double layer filtration
Coagulation-sedimentation: setting tank with side flows: Normal setting, with
baffle plates
High-speed Coagulation-sedimentation: slurry circulating, slurry blanket
Pressure Flocculating flotation:
Reagents for coagulation are as follows:
Aluminium sulfate, poly aluminium chloride (PAC) as coagulants
High molecular coagulants as flocculants
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NaOH, Na 2 CO 3 , Ca(OH) 2 , HCl, H 2 SO 4 as pH regulators
White clay (Kaolin), bentonite, kieselguhr as turbidity additives

Note: Non-ion high molecular coagulants are used not to contaminate IERs

5) Activated Carbon
Activated carbon is utilized to remove organic impurities or oxidizing
agents such as free chlorine. The operation should be slow, SV ≈ 3, in the
former objective.
(2) Water Treatments
[Table V-1-2] Typical water treatment process
Process Flow
Special features
Hard ingredients are converted soft
→SAC (Na) →
sodium ones with no variance in salt
amounts
Both hard ingredients and bicarbonates
Dealkalization ―→SAC― → Dg →
are removed
Softening
SAC (Na)
with WBA: Low operation cost,
2-Bed-3-Tower → SAC → Dg → WBA or SBA
impossible to remove SiO 2
(2B3T)
with SBA: most common, Type I and Type
II of SBA are both used
Typical effluent quality: Electrical
conductivity: 0.5 ~ 1 mS/m, SiO 2 : 0.1 ~
0.2 mg/L; Counter flow Electrical
conductivity: 0.1mS/m, SiO 2 :0.02mg/L
Modification to 2B3T used for raw waters
3-Bed-4-Tower → SAC→Dg→WBA→SBA→
with high concentration mineral acids to
(3B4T)
save NaOH as neutralization
WBA and SBA are sometimes used
multilayered
Effluent quality is almost the same as in
2B3T
4-Bed-5-Tower →WAC→SAC→Dg→WBA→SBA→
Used for waters with much salt and
temporary-hardness and mineral acids
(4B5T)
Typical effluent quality: Electrical
conductivity: 0.5 ~ 1 mS/m, SiO 2 : 0.02 ~
0.05 mg/L
→SAC→Dg→SBA→SAC→SBA→
Used for waters with much salt to obtain
good quality effluents
SAC and SBA at the latter steps are used
→SAC→WBA→Dg→SAC→SBA→
as polishers and the regeneration wastes
are usually recycled to the former steps.
Typical effluent quality: Electrical
conductivity: 0.01 ~ 0.1 mS/m, SiO 2 : ~
0.02 mg/L
Dual layer
→WAC/SAC→Dg→WBA/SBA→
the same as 4B5T of weak electrolyte
resins
2-Bed-3-Tower
Superior in demineralization to 2B3T,
→SAC/SBA(mix) →
Mixed bed
and thus effluent purity is high, though
(MB)
the effluent is less than 2B3T by about
Mixed bed
20%
polisher (MBP)
Usually used as polishers to get better
effluent quality than 2B3T or 3B4T
SAC: H-form Strongly Acidic CERs, WAC: H-form Weakly Acidic CERs
SAC (Na): Na-form Strongly Acidic CERs
WBA: Free-base-form Weakly Basic AERs
SBA: OH-form Strongly Basic AERs, Dg: Degasifier
Process
Softening
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In the following figures, the abbreviations of towers are summarized
below, and “Na”, “H”, “OH”, and “f-b” in the last parentheses, ( ), mean
that such IER is in Na-form, in H-form, in OH-form and in free-base-form:
CERs tower
C tower
AERs tower
A tower
Mixed bed tower
MB tower
Mixed bed polisher tower
MBP tower
Cation polisher tower
CP tower
Anion polisher tower
AP tower
Degasifier
Dg tower
Strongly acidic CERs
SAC
Weakly acidic CERs
WAC
Strongly basic AERs
SBA
Weakly basic AERs
WBA
Degasifier are sometimes vacuum ones in order to eliminate both
carbon dioxide and dissolved oxygen in the water treatment systems for
high-pressure boilers and ultra pure waters.
1) Softening
Ca 2+ HCO 3 －
Mg 2+ Cl －
2－
Na + SO 4
SiO 2

SAC (Na)

HCO 3 －
Na + Cl －
SO 42 －
SiO 2

[Fig.V-1-2] Image of softening

DIAION™ SK1B

[Fig.V-1-3] Regeneration level vs. Leakage of hardness (NaCl regeneration)
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Softening is a mostly simple and common process to remove hardness
ingredients only, and is mainly and widely used for low pressure boilers
and for household use. Sodium chloride is usually used as regenerant, and
seawater can be used, too. The chemical equation is as follows, and in this
equation the right direction shows a softening reaction and the left shows
a regeneration reaction.
2R-SO 3 Na + CaCl 2  (R-SO 3 ) 2 Ca + 2NaCl
Fig.V-1-3 and Fig.V-1-4 show the correlations of the regeneration level,
the amount of the regenerant versus the IERs, with the hardness leakage
and with the break through capacity, respectively; NaCl as the
regenerant.

[Fig.V-1-5] Concentration of Regenerants vs. Exchange Capacity (NaCl regeneration)

Resin: DIAION™ SK1B

DIAION™ SK1B
[Fig.V-1-6] Softening Flow rate vs. Break through Capacity

[Fig.V-1-4] Regeneration level vs. Break through capacity (NaCl regeneration)

In water treatments, IERs and relevant facilities are used in various
combinations, since the required quality of treatment water varies in
accordance with its use. The typical water treatment processes are
summarized in Table V-1-2. In this table, the bed and the tower numbers
mean the number of towers filled with IERs and the one of degasifier in
addition to such IER towers, respectively. The two-bed and three-tower
process is, for example, abbreviated as “2B3T”. “Mixed bed” means that
CERs and AERs are mixed and filled in a tower. “Multilayered” means
several kinds of resins are stacked layer by layer in a tower.
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[Fig.V-1-7] Seawater amount vs. Break through Capacity
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The exchange capacity is affected both by the concentration of the
regenerant and the flow-rate, as shown in Fig.V-1-5 and Fig.V-1-6. When
seawater is used as regenerant, IERs’ exchange capacity declines due to
hardness and NaCl in seawater like Fig.V-1-7 shows.

Ca 2+ HCO 3 －
Mg 2+ Cl －
2－
Na + SO 4

Ca 2+ HCO 3 －
Mg 2+ Cl －
2－
Na + SO 4
SiO 2

HCO 3 －
Na + Cl －
SO 42 －
SiO 2

HCO 3 －

Dg
HCO 3
H + Cl －
SO 42 －

－

SAC(H)

－
Na + Cl －
SO 42

SiO 2

SiO 2
[Fig.V-1-8] Dealkalization-softening Method

2R-SO 3 Na + CaCl 2  (R-SO 3 ) 2 Ca + 2NaCl
2R-SO 3 H + CaCl 2  (R-SO 3 ) 2 Ca + 2HCl
HCl + NaHCO 3 → NaCl + H2 O + CO 2 ↑
3) 2-Bed-2-Tower (2B2T)
C tower → A tower without degasifier:
This process is widely introduced in other uses than standard water
treatments; e.g. demineralization and decolorization of sugar solutions.
4) 2-Bed-3-Tower (2B3T)
C tower→ Dg tower → A tower:
Weakly basic AERs are filled in an A tower, unless silica should be
removed. Strongly basic AERs are used in pure water manufacturing to
remove silica. An MBP tower is sometimes attached at the last step in
order to get highly pure water.
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SAC(H)

WBA(f-b)

Dg

SiO 2

2) Dealkalization-softening
This Process is to remove both hardness ingredients and carbonates
and to reduce dissolved solids. Besides the parallel system of a C tower
(Na) and a C tower (H) in Fig.V-1-8, the neutralization system of the
treated water from a C tower (H) with NaOH and the serial system of a C
tower, a Dg tower and a C tower (Na) are utilized.
SAC(Na)

Water Treatments

SiO 2
HCO 3 ―
H + Cl －
SO 42 －

Cl －
H + SO 2 －
4
SiO 2

SiO 2

[Fig.V-1-9] 2-Bed-3-Tower (2B3T) type A

Ca 2+ HCO 3 －
Mg 2+ Cl －
2－
Na + SO 4

SAC(H)

SBA(OH)

Dg

SiO 2
HCO 3 ―
H + Cl －
SO 42 －
SiO 2

Cl －
H + SO 2 －
4
SiO 2

[Fig.V-1-9] 2-Bed-3-Tower (2B3T) type B

5) 3-Bed-4-Tower (3B4T)
C tower (SAC) → Dg tower → No.1 A tower (WBA) → No.2 A tower
(SBA):
This process is applied to the water with much mineral acids. Weakly
basic AERs that are regenerated efficiently are filled in No.1 A tower and
thus, the load to the strongly basic AERs in No.2 A tower can be lowered.
The regeneration should be done from No.2A to No.1A to decrease the
regenerants cost.
Another similar process, C tower (SAC) → Dg tower → No.1 A tower
(SBA) → No.2 A tower (SBA), is called as “2-Bed-3-Tower + AP”
(2B3T+AP), since the role of No.2 A tower is as an anion polisher.
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Ca 2+ HCO 3 －
Mg 2+ Cl －
2－
Na + SO 4

SAC(H)
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WBA(f-b)

Dg

SBA(OH)

SiO 2

H

HCO 3 ―
Cl －
SO 42 －

+

H+

SiO 2

[Fig.V-1-11] 3-Bed-4-Tower (3B4T)

6) 4-Bed-5-Tower (4B5T)
The following two combinations are typical process.
No.1 C tower (WAC) → No.2 C tower (SAC) → Dg tower → No.1 A tower
(WBA) → No.2 A tower (SBA)
No.1 C tower (SAC) → No.1 A tower (WBA) → Dg tower → No.2 C tower
(SAC) → No.2 A tower (SBA):
The former one is suitable for waters with high salt concentration and
with comparatively high temporary hardness, and the latter is for water
with high salt concentration and with comparatively low temporary
hardness.
Ca 2+ HCO 3 －
Mg 2+ Cl －
2－
Na + SO 4

WAC(H)

SAC(H)

WBA(f-b)

Dg

SBA(OH)

SiO 2
H + HCO 3 ―

Ca 2+
－
Mg 2+ Cl

2－
Na SO 4
SiO 2
+

H

+

HCO 3 ―
Cl －
SO 42 －

SiO 2

H+

Cl －
SO 42 －

SiO 2

SiO 2

[Fig.V-1-12] 4-Bed-5-Tower (4B5T)

Another similar process, No.1 C tower (SAC) → Dg tower → No.1 A
tower (SBA) → No.2 C tower (SAC) → No.2 A tower (SBA), is called as
“2-Bed-3-Tower + CP + AP” (2B3T+CP+AP), since the roles of No.2 C and
No.2 A towers are polishers.
Regenerants are designed to flow from No.2 tower to No.1 tower in any
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combination. During such regeneration, the pH values should not be in
the neutral region to form SiO 2 precipitates ( please see Chapter I, 4-(2)
Interruption of ion-exchange by accumulated foreign materials).
7) Dual layer 2-Bed-3-Tower (dual layer-2B3T)
This process is a revised one of 2B3T explained as 4): i.e. WAC resins of
No.1 C tower and SAC of No.2 C tower are stacked in layers in the same C
tower, and WBA of No.1 A tower and SBA of No.2 A tower are similarly
stacked in the same A tower. The number of towers decreases and the
operation is fundamentally the same as 4B5T.

Cl －
SO 42 －

SiO 2

SiO 2
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8) Mixed Bed (MB)
Strongly acidic CERs (SAC) and strongly basic AERs (SBA) are mixed
and filled in one tower as shown in Fig.V-1-13. This process can supply
highly pure water by only one tower, since it is considered to be a serial
system of lots of 2B2T processes.
The Mixed Bed towers directly applied for the purification of natural
waters are generally small in sizes due to the following two reasons. The
load of HCO 3 - on AERs is rather large, since this process has no Dg
towers. Hydroxides of hardness ingredients are easily formed at the
interfaces of AERs and CERs during the regeneration step. MB is
ordinarily combined with multi-tower processes as a polisher to supply
waters of higher purity. Thus, the regeneration cycle of MB towers may be
one per 7 thru 10 days, sometimes one per a month, because of its small
load. Other multi towers are
SAC(H)
normally regenerated one time per
Ca 2+ HCO 3 －
SBA(OH)
Mg 2+ Cl －
one day. The regeneration procedure
Mixed
2－
is explained in section (5)-4).
Na + SO 4
MB towers are applied not only
SiO 2
for ordinary water-supplies but
[Fig.V-1-13] Mixed Bed Process
also for important condensate
demineralizations in thermal or
nuclear power generations. They are essential to supply ultra pure waters
in semiconductor manufacturing: the details are explained in another
section.
(3) Other water treatments
1) Desulfurization (S 2- , HS - ) with Cl-form AERs
S 2 －, HS － ions are exchanged by Cl ions when treated with Cl-form
AERs as in the equation below.
R  N ・Cl + NaHS  R  N ・ HS + NaCl
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2) Denitration and defluorization (NO 3 - , F - ) with Cl-form SBAERs
Ions of nitrates and nitrites in drinking water should be under the
limited levels. The upper limit of total nitrogen in water supply is below
10 mg-N/L. Both NO 3 - and NO 2 - can be eliminated from raw waters with
Cl-form SBAERs, e.g. DIAION™ SA10A.
When groundwater is planned to be used for drinking water, it
sometimes contains more NO 3 - and F-, derived from fertilizers, than the
limited values. If groundwater is the only source for drinking water, it
should be treated to satisfy the standards. Both NO 3 - and F - ions can be
removed with Cl-form SBAERs as in the equation below.
R  N ・ Cl + NaF  R  N ・ F + NaCl
(Defluorization)
R  N ・ Cl + Na NO 3  R  N ・NO 3 + NaCl

(Denitration)

[Fig.V-1-14] Sulfide Exchange Capacity vs. Raw water composition, Desulfurization with
Cl-form SBAERs (21)

Fig.V-1-14 shows the correlation of raw water composition and break
through capacity. Another Fig.V-1-15 illustrates that ions in the raw
waters with high pHs are easily removed.

In regard to
it seems impossible to be removed from the point of
view of the selectivity order with SBAERs. It can be exchanged by the
comparable degree to the mole fraction of fluoride to the total anions.
Fig.V-1-16 shows the ion exchange equilibrium curves calculated from the
selectivity coefficients of Cl - , NO 3 - , F - , HCO 3 - ions to Type I
SBAERs.( please see Chapter I, Clause 3: Table I-3-1 ) NO 3 - ions are
ordinary removed with Cl-form IERs, and F - ions are also treated with
Cl-from IERs.

mole fraction of NO 3 - (or F - ) in Resins

F-,

[Fig.V-1-16]
SBAERs Type I, RCl + X - ＝ RX + Cl Exchange equilibrium
mole fraction of NO 3 - (or F - ) in Liquid

[Fig.V-1-15] Sulfide Exchange Capacity vs. Raw water pH, Desulfurization with
Cl-form Type I standard crosslinkaged resins (21)
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Fig.V-1-17 shows the correlation between raw water compositions and
exchange capacities in defluorization with Cl-form SBAERs. Only 10%,
0.1 of mole fraction, of the total exchange capacity, 65g-CaCO 3 /L-R, can be
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3) Removal of Boron from desalinated seawater with Boric acid selective
adsorption resins
Tap water for daily life and industries should be manufactured from
seawater in areas without river waters and groundwater. Multi-stage
flash distillation, multi-effect flash distillation and reverse osmosis (RO)
are typical desalination methods of seawater. RO method with low energy
cost is the major method in Japan relying on importation for its energy
source.

Degree of dissociation

utilized. As regards denitration, the testing result of regeneration by
counter flow is illustrated in Fig.V-1-18(22).

Chapter V

Calculation curves from
the above-mentioned values

[Fig.V-1-17]
Fluoride Exchange Capacity vs.
Raw water composition, Defluorization
with Cl-form SBAERs (21)

Boric処理水B濃度
acid leakage
(mg B/L)
[mg/L]

[Fig.V-1-19] Dissociation of Boric acid
1.2

12

1

10

0.8

● B(1cycle)
○ B(3cycle)

0.6

8

■ pH(1cycle)
□ pH(3cycle)

6

0.4

4

0.2

2

0

pHpH
[－]

Chapter V

0
0

500

1000

1500

Effluent
(L/L-R)
Effluent
volume
(L/L-R)
[L/L-R]
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[Fig.V-1-18] Denitration by counter current regeneration (22)
○： 3rd cycle
●： 12nd cycle
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[Fig.V-1-20] Removal of Boric acid from seawater with CRB03
Resin Volume: 130 mL (Height: 78.2cm)
Raw water: 2.2 mg-B/L, 300 mg-NaCl/L, pH: 6.5
Flow rate, SV: 30
Temperature: 25 °C
Elution: 1N-H 2 SO 4 , 80g/L-R
Regeneration: 1N-NaOH, 20g/L-R
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Seawater contains boron in 4.5 mg B/L, and thus one should eliminate
boron till below the upper limit concentration, 1.0 mg B/L at the same
time as NaCl. Boric acid only dissociates in alkaline conditions as shown
in Fig.V-1-19. Hence, it is necessary to adjust pH of the treated water by
the first RO to more than 9 before the treatment by the second RO. That
is to say, the total process has three steps at least; the 1st RO, the pH
adjustment and the 2nd RO and it derives high initial investment. When
boric acid selective adsorption resins, e.g. DIAION™ CRB03, are applied,
such resins can reduce boron under 0.1 mg-B/L instead of the pH
adjustment and the 2nd RO. Fig.V-1-20 is an example of such seawater
treatment.

Water Treatments

AERs, in particular, usually elute amines and cause nasty smell or
taste, and the proper IERs should be selected. DIAION™ PAF418, RDA02,
and RDA416 are developed for such demands. The dissolution of organic
impurities from such resins is smaller than the standard IERs by two
figures, as shown in Fig.V-1-21.
(4) Operation of IER towers
Since Ion exchange reactions are typical equilibrium reactions, the
shift of the equilibrium to the desired direction is one of important factors
to operate IERs efficiently. Thus, IERs are ordinarily filled in the towers
as in Fig.V-1-22 and the operations are as follows:

4) Water treatments for soft drinks
Pure water is used as dilution water for soft drinks such as tea, fruits
juice. This is because of the quality control to keep the taste and flavor
constant with any supplied water at any place by avoiding the effects of
impurities. The standard process is 2B3T of activated carbon, SACERs
and SBAERs, and an RO unit is sometimes combined with. Sterile control
is also needed to supply drinking waters: sterile control is explained at
the part, 2-(4) Preparation of Pharmaceutical waters, in this chapter.
10000

TOC (μg-C/L)

1000

[Fig.V-1-22] Example of IER towers
100

10

SA12A
SAF12A

1
0

20

40
Rince
volume
(L/L-R)
Rince
(L/L-R)

60

[Fig.V-1-21] Washabilty of low leachable ion exchange resin
Conditions
Resin Volume: 80ｍ L
Regeneration: N-NaOH, 200g/L-R(SV=4)
Displacement: 2BV
Rinse SV=20（ h － 1 ）
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1) Backwashing
Backwashing from the bottom of resin towers is to wash out suspended
solids in raw waters that accumulate in the resin layers and to
disentangle the pressurized resin layers. The flow rate is proper to
increase the resin volume by 50 ~ 80%, and sufficient vacant spaces,
freeboards, are needed.
When suspended solids coagulate to form large lumps, air bubbling in
advance of back wash is sometimes necessary to crush such lumps. Bed
expansion during backwashing varies in accordance with temperatures
and flow rates are optimized depending operation seasons.
2) Settling
This process is to stand the expanded resin layers still. Stop
backwashing and just wait until the resin layers become still. The
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expanded resins settle down gradually in order of size; from large to
small.
3) Drainage
This process is to drain the inner water to the level just as little higher
than the top resin layer lest the regenerant may be diluted with the
remaining water above the resin layers. In regard to the pure water
facilities with the inlets of the regenerants at the upper part of the towers,
this process is neglected.
4) Regeneration, Dosage
Regenerants flow from the tops of towers downward: in countercurrent
regeneration systems, regenerants flow upward from the bottoms of
towers. The regenerants amounts depend on the kinds of resins, the
objectives of water treatments and the required specifications of the
treated waters. The ideal operation is that the regenerants can flow
uniformly through the resin layers and can contact with the resins for
enough periods and one should avoid that the regenerant flow ceases
halfway.
The process from 1) Backwashing to 6) Rinse is totally called as
“regeneration”. Thus, to distinguish this process from the latter
generation, this process is sometimes called as “dosage”.
5) Displacement of regenerant
In order to utilize the remaining regenerants in the resin layers, this
extrusion is executed following the dosage; the flow rate at the
displacement is the same as one at the dosage. The water volume for the
displacement is around two times as large as the resin volume, and this
process should be regarded as extension of the dosage.
6) Rinse (Washing)
This is to wash out the remaining waste water in the resin layers. The
flow rate should be larger than the forwarding processes, and it is usually
the same as the raw water flow rate or around SV 10. The rinse water is
the raw water for cation towers and the effluent from anion towers, in
pure water manufacturing. In refining of sugar and chemicals, tap water
or pure water is used. The end point is till the regenerants vanish.
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ones: 1) drain the excess inner water to avoid the dilution of the next
treated water, 2) flow the raw water downward from the top of the tower.
Though the effluent is water at the beginning, the sugar or reagent
concentration becomes higher gradually. The effluent shall be discarded
by the proper end point that is decided by such concentration. This
process is called as “sweetening on”.
8) Deionization, exhaustion or service or loading cycle
Deionization is executed by downflow of the raw water. The flow rate
depends on the kinds of raw waters and the ion concentrations, and is
generally rather high in standard water treatments. The end point is
decided by the leakage of the objective ions. When the objective ions begin
to leak, stop the feed and move to 1) Backwashing. One should do the next
9) Sweetening off, if the remaining raw water is recovered.
9) Sweetening off
This is to collect and displace the remaining water in the towers by
water, in sugar or reagent solutions. The effluent is collected by the water
flow at the same rate as the loading cycle. Such procedure is called as
“Sweetening off”. This is not operated in water treatments.
The IER towers are operated by the repetitions of the procedures
mentioned above.
(5) Regeneration and Leakage of Ions
The conception of ion leakage is illustrated in Fig.V-1-23. No leakage
normally occurs if the resins at the outlet of towers are regenerated
perfectly (see Fig.V-1-24). If such resins are not regenerated perfectly, on
the contrary, ion-leakage occurs normally due to the regeneration
reactions or the hydrolysis of the remaining un-regenerated resins (see
Fig.V-1-25). Rapid ion-leakage occurs after the break through point (A),
when the bottom part of the ion-exchanging band reaches the exit of resin
towers (see Fig.V-1-26). Figures V-1-23 through V-1-26 show the
conceptions of the normal ion-leakage and the rapid one after the break
through point.
[Fig.V-1-23] Image of Ion Leakage

7) Sweetening on
In water treatments, the operation should go to the normal deionization
process, raw water feeding. On the contrary, this sweetening on is done
for other purposes such as treatments of sugar solutions and reagents
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C tower: R-H + NaCl
A tower: R-OH + HCl
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R-Na + HCl
R-Cl + H 2 O

There is no ion leakage of Na + , SiO 2 because the
resins at the exit are perfectly regenerated.

[Fig.V-1-24] Ion leakage when the bottom resins are regenerated perfectly

HCl and OH - (water) generated at the top
regenerate the bottom un-regenerated
resins and then Na + and SiO 2 leak
C tower (top): R-H + NaCl  R-Na + HCl
(bottom): R-Na + HCl  R-H + NaCl
A tower (top): R-OH + HCl  R-Cl + H 2 O
(bottom):R-HSiO 2 + H 2 O  R-OH + H 2 SiO 2
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1) Cocurrent regeneration
Cocurrent regeneration is the most widely applied method where
treated waters, abbreviated as “raw waters” in the following explanations,
and regenerants flow in the same direction. That is to say, raw waters
generally flow downward from the tops of towers and thus regenerants
also flow downward. Whereas this method has some advantages such as
low investment costs due to simple tower structures and little operation
troubles derived from easy operations, it has a disadvantage that there
remain, in some cases, un-regenerated resins that cause poor effluent
qualities at the exit of effluents (please see Fig.V-1-25). To regenerate
such un-regenerated resins perfectly, large excess regenerants are
necessary and thus materials costs become high. Hence, counter current
regeneration is becoming applied more in recent years.

HCl and OH- (water) generated at the top regenerate the bottom un-regenerated resins
and then Na + and SiO 2 leak

→ Ion Leakage

Chapter V

C tower (top): R-H + NaCl ↔ R-Na
+ HCl
Cocurrent
R-H + NaCl
(bottom): R-Na + HCl ↔ regeneration
Formulated NaCl decomposes
NaOH is generated.
Cocurrentand
regeneration/
NaOH causes pH high Uni-mixing
and makes silica at the bottom leak
A tower(top): R-OH + NaClCounter
↔ R-Clcurrent
+ NaOH
NaHSiO 2
( bottom ): R-HSiO 2 +NaOH↔R-OH+
regeneration

→ Effluent

[Fig.V-1-28] Ion-leakage in Concurrent Regeneration
[Fig.V-1-27] Ion leakage depending on Regenerations
[Fig.V-1-25] Ion leakage when the bottom resins are not regenerated perfectly

The tip of the ion-exchanging band reaches
the bottom of the resin tower, the break
through point, and ions start to leak.

[Fig.V-1-26] Ion leakage just after the break through point when the bottom resins are
regenerated perfectly
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Fig.V-1-28 explains the phenomenon that the ion-leakage is abundant
at first and then decreases gradually as the raw water amount increases,
shown in Fig.V-1-27. That is to say precisely, Na ions, which leak from
un-regenerated Na-form resins at the bottom of C tower and become
NaOH in A tower to heighten pH of the treated water, decrease as the
regenerants amount increases. In this way, the effluent from A tower that
is alkaline caused by Na ion leakage accelerates SiO 2 leakage in
accordance with the shift in the equilibrium. Fig.V-1-52 shows the
correlation between the leakages of Na + and SiO 2 .
In order to reduce the ion leakage in the early stage, draining of inner
water until the surface of resins and mixing of resins to distribute
un-regenerated resins uniformly are sometimes executed after
regeneration is finished. Such mixing is called as “uni-mixing”.
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Mg attacks the Ca-loaded part. This is the reason why the regeneration
efficiency is higher than in downflow (cocurrent) regeneration.
In downflow (cocurrent) regeneration, the desorbed Ca, Mg, and Na
attack the remaining unloaded resins. As in the case of Fig.V-1-30, 20%,
the percentage of the unloaded resins, is the difference between two
regenerations.

HCl and OH - (water) generated at the top regenerate the bottom un-regenerated resins
and then Na + and SiO 2 leak
C tower
(top)
: R-H + NaCl  R-Na + HCl
(bottom) : R-Na + HCl  R-H + NaCl
Formulated NaCl decomposes and NaOH is generated.
NaOH causes pH high and makes silica at the bottom leak
A tower
(top)
: R-OH + NaCl  R-Cl + NaOH
(bottom) : R-HSiO 2 + NaOH  R-OH + NaHSiO 2
[Fig.V-1-28] Ion leakage in Concurrent Regeneration

2) Counter current Regeneration
Raw waters and regenerants flow in the opposite directions. There are
two ways in counter current regeneration. One is the way where raw
waters generally flow downward from the tops of towers and thus
regenerants flow from the bottom upward and the other way is the
reverse. Some proper means to prevent the resins from floating is
necessary in both ways.
The resins near the outlet of the treated water are regenerated almost
perfectly even with a small amount of regenerants in counter current
regeneration. Thus, the treated water quality can be quite better with
less material costs than in cocurrent regeneration.
Fig.V-1-29 illustrates such conceptual schema of both generation and
their ion-exchanging bands. In counter current regeneration, the
unloaded resins near the outlet should be kept as they are. Hence, surface
washing instead of backwashing is performed to discharge the suspended
materials on the surface of the resins. Fig.V-1-30 demonstrates the
comparison of the regeneration efficiencies between upflow (counter
current) and downflow (counter current) regenerations by using a mock
ion-exchanging band after loaded with raw waters. In upflow (counter
current) regeneration, HCl as a regenerant attacks the Na-loaded part,
then the desorbed Na attacks the Mg-loaded part, and then the desorbed
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[Fig.V-1-29] Regeneration methods and Ion-exchanging bands

[Fig.V-1-30] Comparison of Regeneration Efficiencies (23)
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Table V-1-3 shows one cost comparison between cocurrent and counter
current regenerations for reference:
[Table V-1-3] Costs of counter current and cocurrent regenerations

(1) Assumptions

Raw water quality: Total cations 190mg CaCO 3 /L
Flow rate: 3,600m 3 /d
Effluent quality:
Guarantee

Counter current

Cocurrent (2B3T)

Electrical
conductivity (mS/m)

< 0.5

< 0.1

< 0.2

SiO 2 (mg SiO 2 /L)

< 0.5

< 0.02

< 0.2

Items

Water Treatments

3) Packed Bed
As for counter current regeneration, although it has advantages of good
treated water quality and low running costs, resins should be filled in the
upper part above the water collecting tubes in order to prevent the resins
from floating. IER towers have vacant space above the resin-layer large
enough for the resins to expand during washing, and such vacant space is
called as “free board”, already explained. Packed bed without free board,
i.e. the whole space is filled with IERs, is a method by which downflow of
raw water and upflow of regenerant are possible. Towers in packed bed
can be smaller and thus the investment costs can be reduced. Packed bed,
however, is limited for tap water or groundwater with very little
suspended materials, since rinse is impossible to remove such materials.

(2) Costs
Items

Regenerants

Counter current

Concurrent

35%HCl

1,850 kg/d
(11. 31 ¥/m 3 -treated water)

4,760 kg/d
(29. 09 ¥/m 3 -treated water)

45%NaOH

1,190 kg/d
(13. 22 ¥/m 3 -treated water)

3,050 kg/d
(33. 89 ¥/m 3 -treated water)
760 kg/d
(8. 44 ¥/m 3 -treated water)

45%NaOH

IERs

CERs

(0. 91 ¥/m 3 -treated water)

(0. 36 ¥/m 3 -treated water)

IERs

(5. 29 ¥/m 3 -treated water)

(4. 31 ¥/m 3 -treated water)

Regeneration Water

m 3 /d

340
(9. 44 ¥/m 3 -treated water)

470 m 3 /d
(13. 06 ¥/m 3 -treated water)

Power consumption

840 kWh
(3. 03 ¥/m 3 -treated water)

660 kWh
(2. 38 ¥/m 3 -treated water)

Total running costs

43.20 ¥/m 3 -treated water
≈ 51,300 k¥/y

91.53 ¥/m 3 -treated water
≈ 108,700 k¥/y

Difference in annual
running costs
Construction cost

≈ 57,400 k¥
120,000 k¥

95,000 k¥

(Conditions) Raw water: 100¥/m 3 , 35%HCl: 22 ¥/kg, Power: 13 ¥/kWh, 45%
NaOH: 40 ¥/kg, Operation:330d/y
Note: Unit price of water shall be decided locally
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[Fig.V-1-31] Regeneration of Mixed Bed towers

4) Regeneration of Mixed Bed towers
In mixed bed system, AERs and CERs are mixed and filled in the same
tower uniformly. Thus, AERs and CERs should be divided and be
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regenerated separately. Fig.V-1-31 shows an example of such operation.
They are divided based on their specific gravity difference to form two
layers after back-washing and settling; CERs in the lower layer and AERs
in the upper. Then, HCl, as CERs regenerant, and NaOH, as AERs
regenerant, are fed from the bottom and from the top, respectively. The
regeneration waste waters are collected through the collecting tubes
located at the interface position of the tower.

(6) Concept (General thinking way) to calculate the proper resin volume
to be filled in towers
The following is the thinking way to calculate the proper resin volume
to be filled in towers; pure water manufacturing as an example.
Na + , K + , Ca 2+ , and Mg 2+ are typical cations, and HCO 3 - , Cl - , NO 2 - ,
NO 3 - , SO 4 2- , and SiO 2 are typical anions in natural water. Dissolved CO 2
is also one of the loads for IERs. CO 2 concentration in natural water can
be found in the figure “The correlation between free carbon dioxide in
water and pH or alkalinity” at the end of this book.
If the total cations (TC) and anions (TA) are defined as in the equations
below, TC is generally equal to TA in natural waters.
Total cations: TC = Na + + K + + Ca 2+ + Mg 2+
Total anions: TA = HCO 3 - + Cl - + NO 2 - + NO 3 - + SO 4 2And, total anions that can be ion-exchanged by AERs (TEA) should be
TA, CO 2 and SiO 2 .
TEA = TA + CO 2 + SiO 2
CO 2 can be found from the above-mentioned figure. When
decarboxylation can be done with Dg tower, the densities of HCO 3 - and
CO 2 after the decarboxylation step are applied. Na%, HCO 3 %, SiO 2 % and
other relevant values are calculated from these values.
The required concentration of the Na + leakage is determined from the
desired electric conductivity of the treated water (please refer to the
tables at the end of this book), and then the break through capacity is
decided based on the regeneration level and the concentrations of Na +
leakage and SiO 2 . The required volume of IERs is finally calculated by
using these values and the effluent and the operation time per cycle
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(please see Fig.V-1-32).
i) Raw Water Quality

*1) :When

doing a decarbonation, it is a value after decarbonation.

ii) Treated Water Quality
Electric conductivity (mS/cm), SiO 2 (mg/L)
iii) Service Flow (m3 /d, m 3 /h)
Treated water amount per cycle: Q (m 3 /cycle)
= Service flow (m 3 /h) × Operation time (h/cycle)
＋Water amount for regeneration (m 3 /cycle)]
iv) Design of Cation tower
Na%
HCO 3 %
Electric conductivity
of treated water(µS/cm)

→ Na(mg/L)

→

Regeneration → BTC → Resin
volume
level

v) Design of Anion tower
SiO 2 %
Regeneration temperature
SiO 2 in treated water (mg/L) → Regeneration level →

Resin Volume

BTC

→

Resin Volume

TC or TEA (g - CaCO3/m ) × Q (M /cycle) × f
BTC (g - CaCO3/L - Resin)
3

3

f is a safety factor
Fig.V-1-32 Thinking way to calculate the proper resin volume in water treatments

1) Handling of Silica (SiO 2 )
Silica exists in natural waters as (a) dispersion of single-molecules (b)
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polymers (c) adsorbed by suspended solids (d) fragments of clay, particles
of rocks and carcasses of diatoms.
Silica determined colorimetrically by the reaction with molybdic acid
dissolves in water in the state (a). Though it is thought to have two
chemical structures in water, one is orthosilicate acid, H 4 SiO 4 , and the
other is methasilicate acid, H2 SiO 3 , it is not clear which the major
structure is.
Silica is normally described as SiO 2 in water treatments, and thus it
seems neither a cation nor an anion. It is actually exist in water as SiO 2 ・
xH 2 O or (SiO 2 ) x (H 2 O) y after hydration. It dissociates in the following
equations and has weak acidity, and it is considered to be one kind of
anions.

Resin: DIAION™ SK1B

K2
K1
SiO 2 ・xH 2 O → H 2 SiO 3  H + + HSiO 3 -  2H + + SiO 3 2Dissociation coefficients (K1 , K 2 ) are defined below. The secondary one
is very small and thus SiO 2 is considered to be a monovalent ion in the
calculation of ion-loads.
K 1 = 1.5×10 -11 ~ 4.2×10 -10
K 2 = 0.5×10 -16 ~ 10 -12
This very small dissociation of SiO 2 , furthermore, makes it too difficult
to monitor the leakage in the order of mg/L with electrical conductivity
meters. Thus, standard IERs towers that SiO 2 leakage must be cared
should be designed to have sufficient anion towers in order to make it
possible to monitor Na leakage from cation towers.
2) Cation Exchange Tower
(i) Strongly Acidic Cation Exchange Resin
H-form SACERs are more difficult to be regenerated than weakly acidic
CERs, and more than the equivalent amount of regenerants is needed for
their regeneration. SACERs that can ion-exchange with neutral salts
should be used in order to eliminate all cations in raw waters. It is an
ideal operation to minimize the regenerants to keep the ion-leakage
within the tolerance. The ion leakage is affected by the following items:

[Fig.V-1-33] Ion leakage vs. Total ion concentration in raw waters

Because the HCl (actually HCl and H 2 SO 4 ) concentration increases in
accordance with the increasing total cations in raw waters, as described
in the equations below, the remaining un-regenerated IERs near the
outlets of the treated waters are regenerated by the increasing HCl and
then the ion leakage increases consequently ( please Fig.V-1-33) .
R-SO 3 H + NaCl  R-SO 3 Na + HCl
R-SO 3 Na + HCl  R-SO 3 H + NaCl

Alkalinity: 50%
Resin: DIAION™ SK1B

i) Total ion/cation concentration in raw waters
ii) Na + concentration in raw waters (Na ratio)
iii) HCO 3 - concentration in raw waters (Alkalinity)
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[Fig.V-1-34] Ion leakage vs. Na ratio in raw waters(Cocurrent Regeneration)
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Alkalinity: 50%
Resin: DIAION™ SK1B

[Fig.V-1-35] Ion leakage vs. Na ratio in raw waters (Counter current Regeneration)

The ion-leakage increases as the Na ratio in raw water increases in the
same manner as the total cation concentration. Na ratio is described in
the equation below:
Na ratio (%) =

Na ions in raw water (eq.)
× 100
Total cations in raw water (eq.)

Na + with low selectivity to IERs is regenerated more easily then Ca 2+
and others. Thus, the remaining Na-form IERs near the outlets of the
treated waters are easily regenerated by the low concentration HCl
generated during the raw water treatment and then the ion-leakage
occurs consequently. Increasing Na ratios cause the increase of
un-regenerated IERs after their regeneration and of ion leakages at last.
On the contrary, Ca 2+ with high selectivity to IERs is scarcely regenerated
by such low concentration HCl. Figures V-1-34 and V-1-35 demonstrate
such difference examples.
Alkalinity is described in the equation below:
Alkalinity (%) =
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Resin: DIAION™ SK1B

(HCO －
3 in raw water (eq.)
× 100
Total cations in raw water (eq.)
(excluding SiO 2 )

[Fig.V-1-36] Ion leakage (Electrical resistivity) vs. Alkalinity

After the treatment with CERs, HCO 3 - in raw waters becomes H 2 CO 3 ,
which is one of weak acids and can never dissociates in acidic conditions.
That is to say, H 2 CO 3 has almost no effects on the remaining Na-form
resins near the outlets of the treated waters, since it releases no H + .
Hence, treated water quality can be better as raw water alkalinity is
higher. The correlation between alkalinity and ion leakage is shown in
Fig.V-1-36. Break through capacity is also affected by total ions, Na ratios
and alkalinity. Figures V-1-37 through V-1-39 demonstrate the relations
of break through capacity and them, respectively.
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dissociate easily at high temperatures and thus ion-exchanging occurs
effectively. Another Fig.V-1-42 also shows that WACERs is affected by
flow rates more since their ion exchanging rates are lower than SACERs.

Resin: DIAION™ SK1B

[Fig.V-1-37] Regeneration level vs. Exchange capacity(Cocurrent regeneration)

Hardness (CaCo 3 /l)
Alkalinity (CaCo 3 /l)
[Fig.V-1-40] Raw water quality ( Hardness/HCO 3 － ) vs. Break through capacity, DIAION™ WK40
Raw water compositio n ratio =

[Fig.V-1-38] Na ratio vs. Break through capacity

[Fig.V-1-39] Alkalinity vs. Break
through capacity

(ii) Weakly Acidic Cation Exchange Resin
H-form weakly acidic CERs can ion-exchange with hydrogen carbonates,
though they cannot ion-exchange with neutral salts; CERs newly
regenerated has some slight function to do so. These WACERs with high
selectivity to alkaline earth ions such as Ca 2+ and Mg 2+ are applied for the
pre-treatment of raw waters with a lot of HCO 3 - in advance of SACERs.
Regeneration of WACERs is rather easy and they can be regenerated
with the regenerants of slight (10%) excess amount over the equivalent.
Thus they are regenerated normally with the regeneration waste water
from SACERs. This is the reason why WACERs are applied in 4B5T
systems. Break through capacity depends on hardness and HCO 3 concentration, acid demand at pH 4.8, of raw waters, and it becomes the
maximum value when the raw water hardness is equivalent chemically to,
or slightly higher than, the HCO 3 - concentration. Fig.V-1-40 illustrates
this phenomenon.
Fig.V-1-41 demonstrates that the carboxylic acid groups in IERs tend to
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[Fig.V-1-41] Temperature vs. Break through capacity, DIAION™ WK40

[Fig.V-1-42] Flow rate vs. Break through capacity, DIAION™ WK40
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3) Anion Exchange Towers
(i) Strongly Basic Anion Exchange Resin
Anion exchange resins towers situated after CERs towers are applied
for neutralization with mineral acids, i.e. HCl and H2 SO 4 . Weakly basic
AERs that cannot eliminate weak acids such as SiO 2 are applied only for
removing of strong acids like HCl and H 2 SO 4 , besides strongly basic AERs
are used to remove weak acids such as SiO 2 .
The objective to use SBAERs is to remove SiO 2 in raw waters. Thus
SiO 2 concentration in raw water, called as “SiO 2 ratio” and defined in the
equation below, is very important to design the water treatment facilities.
SiO2 ratio (%) =

SiO2 in raw water (eq.)
× 100
Total anions in raw water (eq.)

We have already explained that SBAERs are categorized Type I and
Type II. Comparing these two types, the advantage of Type I is that it has
slightly high basicity and can lower the SiO2 leakage and the
disadvantage of Type I is that its break through capacity is low due to its
poor regeneration efficiency. Both types of SBAERs are used differently
depending on such properties, and only the most basic Type I SBAERs are
used as polishers in general.
Figures V-1-43 though V-1-50 demonstrate the correlations of SiO 2 ratio
with SiO 2 leakage and exchange capacity. When the Na + -leakage from the
CERs at the upper stream increases, such Na + becomes in NaOH form
near the outlet to heighten pH and regenerates the remaining
un-regenerated SiO 2 , and thus SiO 2 leakage increases. Accordingly, in
order to minimize SiO 2 leakage it is important to decrease not only the
remaining un-regenerated SiO 2 near the outlet of the treated water but
also the Na-leakage from CERs at the upper stream (please see
Fig.V-1-51).
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Resin: DIAION™ SA20A

[Fig.V-1-44] SiO 2 leakage from Type I (Counter current regeneration)

Resin: DIAION™ SA10A

[Fig.V-1-45] Break through capacity of Type I (Cocurrent regeneration)

Resin: DIAION™ SA20A

Resin: DIAION™ SA10A

[Fig.V-1-43] SiO 2 leakage from Type I (Cocurrent regeneration)
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[Fig.V-1-46] Break through capacity of Type II (Cocurrent regeneration)
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Resin: DIAION™ SA10A
Resin: DIAION™ SA20A

[Fig.V-1-47] SiO 2 leakage of Type I (Counter current regeneration)

Resin: DIAION™ SA20A

[Fig.V-1-50] Break through capacity of Type II (Counter current regeneration)

[Fig.V-1-48] SiO 2 leakage of Type II (Counter current regeneration)

Resin: DIAION™ SA10A

[Fig.V-1-51] Relation between Na + -leakage from CERs and SiO 2 leakage from AERs

SBAERs are usually regenerated at high temperatures, because SiO 2 is
easily desorbed at high temperatures and thus leaks much less than at
low temperatures. SiO 2 tends to oligomerize on the AERs. This is the
reason why SiO 2 is adsorbed by AERs more than the exchange capacity
and why NaOH solutions should be warmed before their use to remove
oligomerized SiO 2 from AERs.
[Fig.V-1-49] Break through capacity of Type I (Counter current regeneration)
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As regards to elimination of Cl - and SO 4 2- , there is nothing particular
to be taken care of. Break through capacity tends to increase as SO 4 2concentration in raw waters increases as is the case of weakly basic AERs
( please see Fig.V-1-54 ). In calculating total ions in raw waters, SO 4 2- is
considered to be divalent, it would be better to think that it actually
coexists together with HSO 4 - ( please refer to Fig.V-1-55 ).

[Fig.V-1-52] Regeneration temperatures vs. SiO 2 leakage

SBAERs are poor in heat-resistance and deteriorate when they are
regenerated at too high temperatures. Thus Type I and Type II SBAERs
should be regenerated under 60°C and 40°C respectively. Fig.V-1-52
shows the correlation between regeneration temperatures and
SiO 2 -leakage.

[Fig.V-1-54] Cl concentration in raw water vs. Break through capacity

[Fig.V-1-53] Flow temperatures vs. SiO 2 leakage

That SBAERs which adsorb SiO 2 are easily regenerated at high
temperatures
means
that
SiO 2 -leakage
from
the
remaining
un-regenerated SiO 2 near the outlet of the treated water increases if the
temperature of raw water is high. Thus the ideal operation consists of
high-temperature regeneration and low-temperature feed of raw water.
The correlation between the flow temperature of raw water and SiO 2
leakage is shown in Fig.V-1-53.
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[Fig.V1-55] Dissociation of H 2 SO 4

(ii) Weakly Basic Anion Exchange Resin
Weakly basic AERs that are easily regenerated and can be regenerated
with almost equivalent amount of regenerants are applied independently
or as pre-treatment before SBAERs, when it is not necessary to eliminate
189

Chapter V

Water Treatments

Chapter V

SiO 2 in raw waters or raw water contain high concentration of salts and
mineral acids. There are many kinds of WBAERs, and the typical grades
of DIAION™ series are WA20 and WA21J with primary and secondary
amines as their functional groups, and WA10, WA11, WA30 with tertiary
amines. WA30 is mainly applied in water treatments. The anions that can
be removed with WBAERs are only mineral acids such as Cl - and SO 4 2- ,
as already explained. Break through capacity increases in accordance
with SO 4 2- concentration in raw waters. The ion-exchange reaction rates
are lower than WBAERs and thus such reactions are apt to be affected by
flow rates. Care should be taken care of the feed of raw waters. Figures
V-1-56 through V-1-58 describe these matters.

Water Treatments

Resin: DIAION™ WA30A

[Fig.V-1-58] Flowrate vs. Break through capacity

(7) Other matters to be attended when using IERs
One should take care of the following matters in handling IERs. The
details are explained in Chapter I, Clause-4, ”Performance degradation of
IERs”.

[Fig.V-1-56] Break through capacity of DIAION™ WA30

Resin: DIAION™ WA30A

[Fig.V-1-57] Cl concentration in raw water vs. Break through capacity
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1)
2)
3)
4)
5)
6)

CaSO 4 generation in the regeneration of sulfuric acid solution
Fe deposition in softening
Oxidized swelling of CERs
Gelation of silica (SiO 2 )
Thermal or oxidation deterioration of SBAERs
Organic contamination of SBAERs
7) Hydroxide formation from hardness ingredients in mixed bed systems

2. Highly pure water
Because of the development of various industries, the quality demand
toward pure water is advancing to a high degree: e.g. with no other
impurities like a very small quantity of suspended materials and of
organic compounds that cannot be detected with an electric conductivity
meter. Regarding deionization, the quality demand becomes infinitely
near to the theoretical pure water.
(1) Treatment of condensed water in Thermal Power Generation
Pure waters circulate in thermal power plants, repeating the cycle from
heating, through vaporizing and turbines rotating, to cooling as
illustrated in Fig.V-2-1. The vapors that have driven the turbines become
condensed water after cooling. Such condensed water is called as
“condensate”.
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Boiler

[Fig.V-2-2] Regeneration of the Interface
[Fig.V-2-1] Circulation of Pure Water in Thermal Power Plants

The condensate purity is as high as distilled water. Still, the
condensate is treated with IERs for eliminating a very small quantity of
impurities caused by corrosion of pipes or other parts of the equipment or
leakage of sea water from the condensate coolers, in which sea water is
ordinary used in Japan because the power plants are mostly located
seaside, in order to keep the boilers in operation.
Condensate treatment is composed of prefilter and condensate
demineralizer (abbreviated as “condemi”). Prefilter is for elimination of
“cruds”, corrosion products most of which are iron oxides, with pre-coated
filters or ultra filtration, UF, membranes, and demineralizing is for
elimination of ions with demineralizer, mixed-bed IERs of SACERs and
SBAERs. The latter demineralizer is basically the same mixed-bed tower
as that applied as a polisher for ordinary boiler feed water. However, the
IERs filled in the demineralizer should be in high qualities since a trace
amount of impurities could possibly cause serious interference with
operations where 100% of the feed water into the boilers is vaporized.
Regeneration of condensate demineralizers is generally done outside the
facilities.
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In advance of regeneration of the resins, they are withdrawn the
demineralizer and moved into the separation and regeneration tower,
then backwashed and separated into two layers. However, it is impossible
to divide SBAERs and SACERs perfectly, and thus there forms the mixed
zone at the interface ( please see Fig.V-2-2 ).

[Fig.V-2-3] Ion leakage vs. Percentage of IERs in loaded forms

If the IERs in the mixed zone are regenerated as they stand as ordinary
mixed-bed systems, AERs mixed in the CER layer contact with mineral
acids solutions, regenerants, to become in their acid-form, Cl-form with
HCl solutions or SO 4 -form with H 2 SO 4 solutions, and CERs mixed in the
AER layer, on the contrary, contact with NaOH solutions to become in
their Na-form. Such contamination with the regenerant of the other resin
is called “cross-contamination”. The increase of IERs in these loaded
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forms increases the ion leakage, e.g. Na + and Cl - , into the treated water
in accordance with the shift in ion-exchange equilibrium. The examples
are shown in Fig.V-2-3.
The tolerance of Na + is around 5μg/L in the actual operations with
condensate de-mineralizers of H-form/OH-form, and thus there would be
no serious interference due to some cross-contamination if the collecting
and drain pipes are located below the mixed zone or other
countermeasures are prepared.
However, most of the recent condensate de-mineralizers are operated in
NH 4 -form/OH-form since “the volatile treatment” that ammonia is fed
into the condensate waters to prevent corrosion. The operation in
NH 4 -form/OH-form is not thoroughly in NH 4 -form, as it is in H-form at
the beginning and then changes gradually into NH 4 -form by contacts with
dissolved NH 4 + . Hence, if un-regenerated Na-form resins remain, Na +
ions are ion-exchanged with NH 4 + ions and leak after H-form resins are
all ion-exchanged with NH 4 + ions. Un-regenerated Cl-form resins leak Cl ions in a similar way. Thus, the IERs in loaded forms should be minimized
in the NH 4 -form/OH-form operations: e.g. un-regenerated Na-form resins
≤ 0.3% and Cl-form resins ≤ 2%.
The followings are major proposals of improved regeneration methods
to decrease Na-form and/or Cl-form resins that are derived from
cross-contamination in operations in NH4 -form/OH-form.
1) Ammonex method
In this method, the small quantity of CERs that is mixed with the AERs
near the interface is treated with ammonia water after the regeneration
with NaOH solution. CERs are, in the same manner, regenerated with
H 2 SO 4 solution lest the mixed AERs become in Cl-form.
2) Two-stage collector method
In this method, the separation towers are equipped with two colleting
and transfer pipes at the positions of above and below the interface, as
illustrated in Fig.V-2-4. The AERs that contain no mixed CERs are
drained and transferred into the AERs regeneration tower through the
upper pipe, and the mixed IERs in the mixed zone are then drained and
moved into the reserve vessel. The remaining CERs with no mixed AERs
are regenerated as they stand.
The AERs regenerated in the AERs regeneration tower are mixed with
already regenerated CERs and filled in the demineralizing tower. Finally,
the mixed resin in the reserve vessel will be returned into the separation
(backwashing and regeneration) tower next regeneration time.
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[Fig.V-2-4] Separation/ Regeneration by Two-stage collector method

3) Seplex method
The AERs divided after backwashing in the separation tower are
transferred into the AERS regeneration tower with the mixed IERs in the
mixed zone, and then are regenerated with 16% concentration NaOH
solution. After settling, the inner solution forms three layers: AERs in the
top, CERs in the bottom and regenerants solution in the middle layer as
Table V-2-1 suggests.
The floating AERs washed with water in another vessel and mixed with
CERs regenerated with H 2 SO 4 and then filled in the demineralizing tower.
The CERs that settle down in the AERs regeneration tower will be
returned into the separation tower next regeneration time.
[Table V-2-1] NaOH Concentration vs. Flotation of IERs

NaOH

NaOH

Specific
g r avi t y

Concentration

1.05

4.6%

1.09

8.1

1.10

8.6

1.11

9.6

1.12

10.7

1.13

11.4

1.19

16.8

1.40

37.1

AERs
CERs
DIAION™ DIAION™ DIAION™ DIAION™ DIAION™ DIAION™
PA318
PA320
SA10A
PK216
PK228
SK1B
×
×
×
×
×
×
△
△
○
×
×
×
△
△
◎
×
×
×
△
△
◎
×
×
×
○
○
◎
×
×
×
◎
◎
◎
×
×
×
◎
◎
◎
×
×
×
◎

◎

◎

×

×

×

◎: All float, ○: Mostly float, △: Partially float, ×: All settle

4) Triobed method
This method applies the mixed-bed system of three kinds of resins;
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AERs, CERs and inert resins specific gravity of which is in the middle of
AERs and CERs. These three kinds of resins separate into three layers
after backwashing and then divided in two through the collector located
at the position in the middle layer, and then AERs and CERs are
regenerated separately in the same operations as in standard mixed-beds.

plants.
In nuclear reactors, pure water is used as the cooling water for nuclear
reactions with no addition of reagents such as anti-scales. The cooling
water is concentrated during operations and the impurities concentration
gradually increases. Thus, some portion of the cooling water is drained
out and purified with IERs.

5) Calex method
“Calex” should be confirmed
Na-form resins are changed into Ca-form ones that are difficult to be
hydrolyzed, as method 1).

DIAION™ SKN1(H-form)

(2) Nuclear Power Generation
There are two kinds of nuclear power plants in Japan as well as in the
other nations. One is called as the boiling water reactor (abbreviated as
BWR) that uses light water as coolant and the other is as the pressure
water reactor (abbreviated as PWR). Steam generated by heating cooling
water with nuclear reactors drives generation turbines directly or
indirectly in both BWR and PWR.

DIAION™ SAN1(OH-form)

Total amount of

Generator
Nuclear
reactor

γ –ray irradiation (R)

[Fig.V-2-6] Performance deterioration of IERs by γ-ray irradiation
High
Low pressure
pressure
turbine
turbine

[Table V-2-2] DIAION™ applications in BWR plants
Condenser

Filter

Heater

Demineralizer
Reactor water
purification
Demineralizer
Condensate
demineralizer

Deaerator

Reactor water
Cleanup system

Heater

Condesate
demineralizer

[Fig.V-2-5] Illustration of BWR nuclear power plant

Fig.V-2-5 illustrates a nuclear power plant of BWR-type. The steam
generated by nuclear reactors directly drives the generation turbines. The
steam turns into condensate in the condenser after having driven the
turbines. The condensate that contains radioactive corrosion products
and other salts is demineralized in the condensate demineralizer of a
mixed bed tower of SACERs and SBAERs, after the filtration to eliminate
such corrosion products, called as “crud”. The condensate demineralizer is
in principal the same as the demineralizer applied in thermal power
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Fuel pit
demineralizer
Makeup water
demineralizer
Rad waste
demineralizer

Grades
DIAION™ SK1BN (SACER)
DIAION™ SA10BN (SBAER)
DIAION™ SK1BN
(Strongly acidic resin)
DIAION™ SA10BN
(Strongly basic resin)
DIAION™ SK1BN
(Strongly acidic resin)
DIAION™ SA10BN
(Strongly basic resin)
DIAION™ SK1B
(Strongly acidic resin)
DIAION™ SA10A
(Strongly basic resin)
DIAION™ EMK100
(H-form Strongly acidic resin)
DIAION™ EMA200
(OH-form Strongly basic resin)

Purpose
Coolant is partly drained
and demineralized
Condensate
demineralization
Purification of the pit for
spent fuel
Makeup water
demineralization

Purification of gray water

The IERs provided with for nuclear power plants should have the least
impurities such as metals and the sufficient physical strength. They,
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furthermore, should be radiation-resistant since they are always exposed
by radiation. Fig.V-2-6 illustrates the correlation of the γ-ray irradiation
with the deterioration of DIAION™ SKN1 and DIAION™ SAN1, SACER
and SBAER for nuclear power plants respectively. It shows the sudden
performance deterioration above the radiation of 10 7 R. Summarized are
the examples of use of DIAION™ series in BWR-type nuclear power
plants in Table V-2-2.
In PWR, there are two cooling water systems. One is the primary
cooling water system that takes out the heat energy from the nuclear
reactor and sends it to the steam generator, and the other is the
secondary one that drives the turbines by its steam generated in the
steam generator.
The nuclear reactors are controlled by the adjustments not only of the
control rods but also of the boric acid concentration added in the primary
cooling water; the latter adjustment is called as “chemicalshim”. The pH
of the primary cooling water is controlled with the addition of 7 LiOH to
prevent corrosion. The corrosion products in the primary cooling water
are removed with IERs as in BWR. However, the IERs are applied in PWR
differently from BWR due to chemicalshim. Table V-2-3 summarizes the
examples of use of DIAION™ series in PWR.
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[Table V-2-3] DIAION™ applications in PWR plants

Demineralizer

Grades

Purpose

Cations
demineralizer

DIAION™ SKN3，UBKN3
( 7 Li-form Strongly acidic
resin)
DIAION™ SAN1，UBAN1
(OH-form Strongly basic
)
DIAION™ SKN1，UBKN1
(H-form Strongly acidic resin)

Boric acid
demineralizer

DIAION™ SAN1，UBAN1
(OH-form Strongly basic
resin)

Removal of H 3 BO 3 in coolant

Distiller Feed
water
demineralizer
Distiller
Condensate
demineralizer

DIAION™ SKN1，UBKN1
(H-form Strongly acidic resin)

Removal of 7 Li and
spent coolant

DIAION™ SAN1，UBAN1
(OH-form Strongly basic
resin)

Removal of H 3 BO 3 in cooling
water distillates

Fuel pit
demineralizer

DIAION™ SKN1，UBKN1
(H-form Strongly acidic resin)
DIAION™ SAN1，UBAN1
(OH-form Strongly basic
resin)

Purification of spent fuel pit

Condensate
demineralizer

DIAION™ PK228GT，UBK14T
(H-form Strongly acidic resin)
DIAION™ PA312LT
(OH-form Strongly basic
resin)

Demineralization of
condensate

Regenerative
demineralizer

Removal of nuclear fission
product and ionic isotope
corrosion product
Removal of 7 Li, made from
B, and 137 Cs in coolant

10

137

Cs in

In PWR, the primary cooling water is controlled at pH is 9.0 ~ 9.8 with
the addition of hydrazine, ammonia and ethanolamine to prevent
corrosion of the heat-transfer tubes in the steam generator. Strong alkalis,
such as NaOH, that cause the corrosion of the heat-transfer tubes are
strictly inhibited to be used, and thus the condensate demineralizers are
operated in NH 4 -form/OH-form. The cross-contaminations within CERs
and AERs should be avoided carefully as already explained in regard to
thermal power plants.

[Fig.V-2-7] Illustration of PWR nuclear power plant
198

(3) Semiconductor Industry
Pure water is used as rinse water in the manufacturing processes of the
semiconductor integrated circuits and the relevant products in the
semiconductor industries. The quality of the pure water in these
industries is required to be extremely high since the qualities and the
yields of the products are affected seriously by it, and thus such pure
water is called as “ultra pure water”. The required quality is becoming as
high as theoretically pure water recently in accordance with the rapid
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advancement of the integration of the integrated circuits. Table V-2-4
summarizes the relations between integrations and ultra pure water
qualities.
[Table V-2-4] Technology Requirement for Wafer Environmental Contamination Control:
excerpts from ITRS 2005

Year of production

2005

2008

2010

2013

2016

2020

80

57

45

32

22

14

18.2

18.2

18.2

18.2

18.2

18.2

Total oxidizable carbon (ppb) POE

<1

<1

<1

<1

<1

<1

Bacteria (CFU/L)

<1

<1

<1

<1

<1

<1

Total Silica (ppb) as SiO 2 [P]

<0.5

<0.5

<0.3

<0.3

<0.3

<0.3

Number of particles > critical size
(/mL) [A] POE

<0.2

<0.2

<0.2

<0.2

<0.2

<0.2

Dissolved oxygen (ppb)
(contaminant based) [N] POE

<10

<10

<10

<10

<10

<10

Dissolved nitrogen (ppm) [J]

8.12

8.18

8.18

8.18

8.18

8.18

Critical metals (ppt, each) [F]

<1

<0.5

<0.5

<0.5

<0.5

<0.5

Other critical ions (ppt each) [W]

<50

<50

<50

<50

<50

<50

Temperature stability (K) POE

±1

±1

±1

±1

±1

±1

Temperature gradient in K/10
minutes [U]
POE for immersion
photolithography

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

DRAM 1/2 pitch (nm) (contacted)
Ultrapure Water [L]
Resistivity at 25 ˚C (MΩcm)

ITRS 2005: The International Technology Roadmap for Semiconductors, 2005
The units of ppm, ppb and ppt are all in weight by weight
POD: Point of Delivery, POE: point of Entry, the others are at POU, Point of Use
Boron (50ppt) and reactive silica (300ppt) as UPW operation parameters are both excluded
from this table
* [A] Critical particle size is one half of the design rule
* [F] Critical metals and ions include Al, As, Ba, Ca, Co, Cu, Cr, Fe, K, Li, Mg, Mn, Na, Ni, Pb,
Sn, Ti, and Zn
* [W] Other critical ions include ammonia, F, Cl - , NO 2 - , NO 3 - , PO 3 2- , Br - , SO 4 2- and other
inorganic ones. However, there are no reports that these ions of over 50 ppt in UPW do
some interference against the normal operations. The thresholds of organic ions, e.g.
acetic acid, formic acid, propionic acid, citric acid and oxalic acid, are still being
investigated.
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The elementary technology is ion-exchange only except for preparations
such as coagulation in general pure water manufacturing. On the
contrary, reverse osmosis, ultra filtration and sterilizer with UV
irradiation are also elementary technologies in the manufacturing of
ultra pure water. The system configurations depend on the qualities of
raw water and treated water. Fig.V-2-8 illustrates a process flow.
The role of IERs is to eliminate electrolytes in raw water and to make
its electrical conductivity as identical to the theoretical pure water as
possible. IERs are synthetic polymers and contain themselves a small
amount of elusive impurities. Hence, in manufacturing of ultra pure
water applied are the highly refined IERs such as DIAION™ UP series,
SKT10L, SKT20L, SAT10L and SAT20L.
In the primary pure water systems, the system configurations depend
on silica (SiO 2 ) densities. They are, however, generally combined with
2-bed-3-tower (2B3T) IERs and a mixed-bed polisher (MBP) to remove
electrolytes, a vacuum deaeration tower (VD) to remove dissolved oxygen
and a reverse osmosis (RO) to remove fine grains, bacteria and organic
compounds.

*
*
*
*
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[Fig.V-2-8] Manufacturing process flow of ultra pure water (24)
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The manufacturing system of ultra pure water consists of preparation,
the primary pure water and the secondary pure water subsystems
demonstrated in Fig.V-2-8. IERs are applied both in primary and
secondary subsystems, but the roles in both subsystems are quite
different. In the secondary subsystem, the raw water is treated with
ultraviolet photo-oxidation of organic compounds (185nmUV), an anion
polisher (AP), a mixed-bed cartridge polisher (CP) and an ultra filtration.
The IERs are highly purified, and should not be regenerated lest they are
contaminated by regenerants.
[Fig.V-2-9] Quality of the treated water with DIAION™ SMT100L and SMT200L (25)
[Table V-2-5] Removal of metallic impurities with DIAION™ SMT100L and SMT200L

(25)

Column: 30mmφ×1000mm H, IER: 500mL, Flow-rate:15 L/h （SV=30）

IER: 500mL, Flow rate SV = 30, observed after 24hours from the start (unit: ng/L)

SMT100L

SMT200L

Na

1.9

＜0.1

Mg

0.1

＜0.1

Al

0.5

＜0.1

K

0.2

＜0.1

Ca

1.4

＜0.1

Cr

＜0.1

＜0.1

Fe

0.3

＜0.1

Ni

＜0.1

＜0.1

Cu

＜0.1

＜0.1

Zn

0.9

＜0.1

Pb

0.2

＜0.1

Table V-2-5 shows the removal of metallic impurities with DIAION™
SMT100L and SMT200L that are highly purified. The quality change of
the treated water is also demonstrated in Fig.V-2-9.
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(4) Drug and Pharmaceutical Industries
The water used in drug and pharmaceutical industries is standardized
by the GMP and The Japanese Pharmacopoeia to keep the safety of
pharmaceuticals. Waters are categorized and specified by the
Pharmacopoea of Japan as standard, pure, sterilized and injection waters
as shown in Table V-2-6.
Water means tap water or well water. The Japanese Pharmacopoeia
stresses that "the location of the well, its structure, the surrounding
environment, soil quality and sterilization methods" are all important
factors which must be taken into consideration. Tap water must be
sterilized with free chlorine, and in addition to sterilization, gravel and
iron may have to be removed from well water.
As regards to pure, sterilized and injection waters, they are treated by
the similar treatment facilities of the ultra pure water manufacturing in
the semiconductor industries. The required purity, however, is not as high
as in those industries. Thus, the standard IERs can be adopted but they
should not be contaminated by bacteria. Packed beds including activated
carbon towers are apt to breed such bacteria, and they are recommended
to be sterilized by hot waters.
Endotoxin derived from ream-negative bacteria, a representative of
pyrogens, should be controlled strictly in injection water manufacturing.
Endotoxin is a lipopolysaccharide the molecular weight of which is above
50,000 can be removed by RO or UF. Distillation is also needed to
manufacture waters for injections.
203

Chapter V

Water Treatments

Chapter V

[Table V-2-6] Cited from The Japanese Pharmacopoeia, 14 th revision
Sterile
Water for
Water for
Purified
Purified
Item
Water
Injection Injection * 1)
Water
Water
colors yellow ~ orange with
0.1 mL MR in 20 mL sample
does not color blue with 0.05
mL BTB in 20 mL sample

colors red
with PR
colors
yellow with
BTB

pH

5.8 ~ 8.6

Color and turbidities

colorless,
clear

colorless, clear

as left

as left

No particular

No odor, no taste

as left

as left

Odor and taste
Chloride ion
Sulfates

[mg/L]

[mg/L]

as left

≤ 200

No change with AgNO 3
reagent solution

as left

as left* 2)
≤
0.00005%* 2)

-

No change with BaCl 2
reagent solution

as left

as left
as left

Nitrate nitrogen
[mg/L]

≤ 10

Not detected

as left

Nitrite nitrogen
[mg/L]

*≤ 0.01

*≤ 0.001

as left

as left

as left

≤ 0.2* 2)
≤ 0.1* 2)

Ammonium

[mg/L]

Cyano-compounds
[mg/L]

≤ 0.05
≤ 0.01

-

-

as left

as left

[mg/L]

≤ 0.3

-

-

-

-

Zinc

[mg/L]

≤1

-

-

-

-

≤ 0.01

-

-

-

-

≤1

-

-

-

-

≤ 0.1

-

-

-

-

≤ 300

-

-

-

-

Cadmium
Copper
Lead

[mg/L]

[mg/L]
[mg/L]

Total Hardness
[mgCaCO 3 /L]

Not detected

≤ 500

≤ 10

as left

as left

≤ 4.0* 2)
≤ 3.0* 2)

KMnO4 demand
[mg/L]

≤ 10

≤ 3.16

as left

as left

-

Organic carbon
[mg-C/L]

-

-

-

-

≤ 0.50

Anionic surfactant
[mg/L]

≤ 0.5

-

-

-

-

Bacteria [counts/mL]

≤ 100

-

-

-

-

negative

-

-

-

-

-

-

-

< 0.25

as left

-

-

suitable

as left

as left

Total Solids

[mg/L]

Escherichia coli
[counts /50mL]
Endotoxin

[EU/mL]

Sterility test

References:
(21) R. Kunin, Ion Exchange Resin, John Wiley and Sons Inc., N. Y.,
135-145, 1958
(22) Nippon Rensui Co.Ltd., In-house Technical Sheets
(23) T. Matsushita, Zohsui Gijutsu Handbook, 118
(24) H. Kanou, M. Aoyagi, Recent trends of Manufacturing Systems of
Ultra pure water, Haikan to Sohchi, 32(3), 2 - 9,1992
(25) Nippon Rensui Co.Ltd., In-house Technical Sheets

-

Iron

Heavy metals [mg/L]

≤1

≤ 0.05

Water Treatments

*1) Water for injections purified by Ultra-Filtration
*2) In cases volume is below 10 mL
*3) In cases volume is over 10 mL
MR: Methyl Red, BTB: Bromo Thymol Blue, PR: Phenol Red, EU: Endotoxin Unit
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[Attached Table -4] Density of Water

Attached Tables

Temp.
(℃)
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Density
(g/cm 3 )
0.999840
0.999899
0.999940
0.999964
0.999972
0.999964
0.999940
0.999902
0.999849
0.999781
0.999700
0.999606
0.999498
0.999378
0.999245

Temp.
(℃)
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Mass
Density
%
(g/cm 3 )
0.9971
0.0
0.9996
0.5
1.0020
1.0
1.0045
1.5
1.0069
2.0
1.0093
2.5
1.0118
3.0
1.0142
3.5
1.0166
4.0
1.0191
4.5
1.0215
5.0
1.0239
5.5
1.0263
6.0
1.0288
6.5
1.0312
7.0
1.0336
7.5
1.0361
8.0
1.0385
8.5
1.0409
9.0
1.0434
9.5
1.0458
10.0
1.0507
11.0
1.0556
12.0
1.0606
13.0
1.0655
14.0
1.0705
15.0
* Concentrations are
I-1

Density
(g/cm 3 )
0.999101
0.998944
0.998776
0.998597
0.998407
0.998206
0.997994
0.997772
0.997540
0.997299
0.997047
0.996786
0.996516
0.996236
0.995948

Temp.
(℃)
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

Density
(g/cm 3 )
0.995650
0.995344
0.995030
0.994706
0.994375
0.994036
0.993688
0.993332
0.992969
0.992598
0.992219
0.99183
0.99144
0.99104
0.99063

Temp.
(℃)
45
46
47
48
49
50
55
60
65
70
75
80
85
90
95
100

[Attached Table-5] Density of HCl, mw=36.47
Mass
Density
Concentration*
%
(g/cm 3 )
(g/L)
(mol/L)
1.0755
16.0
0.000
0.00
1.0805
17.0
0.137
5.00
1.0856
18.0
0.275
10.02
1.0906
19.0
0.413
15.07
1.0957
20.0
0.552
20.14
1.1008
21.0
0.692
25.23
1.1059
22.0
0.832
30.35
1.1110
23.0
0.973
35.50
1.1161
24.0
1.115
40.66
1.1212
25.0
1.257
45.86
1.1263
26.0
1.401
51.08
1.1314
27.0
1.544
56.31
1.1365
28.0
1.689
61.58
1.1415
29.0
1.834
66.87
1.1465
30.0
1.979
72.18
1.1515
31.0
2.126
77.52
1.1564
32.0
2.273
82.89
1.1612
33.0
2.420
88.27
1.1660
34.0
2.569
93.68
1.1707
35.0
2.718
99.12
1.1753
36.0
2.868
104.58
1.1798
37.0
3.169
115.58
1.1841
38.0
3.473
126.67
1.1884
39.0
3.781
137.88
1.1925
40.0
4.090
149.17
4.403
160.58
calculated values.

Density
(g/cm 3 )
0.99022
0.98980
0.98937
0.98894
0.98849
0.98805
0.98570
0.98321
0.98057
0.97779
0.97486
0.97183
0.96862
0.96532
0.96189
0.95835

Concentration*
(g/L)
(mol/L)
4.718
172.08
5.037
183.69
5.358
195.41
5.682
207.21
6.009
219.14
6.339
231.17
6.671
243.30
7.007
255.53
7.345
267.86
7.686
280.30
8.030
292.84
8.376
305.48
8.726
318.22
9.077
331.04
9.431
343.95
9.788
356.97
10.15
370.05
10.51
383.20
10.87
396.44
11.24
409.75
11.60
423.11
11.97
436.53
12.34
449.96
12.71
463.48
13.08
477.00
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mw=98.08
[Attached Table-6] Density of H 2 SO 4 at 25℃
Concentration*
Concentration*
Mass
Density
Mass
Density
%
(g/cm 3 )
%
(g/cm 3 )
(g/L)
(mol/L)
(g/L)
(mol/L)
0.102
1
714.46
51
1.0038
7.284
1.4009
10.04
0.206
2
733.67
52
1.0104
7.480
1.4109
20.21
0.311
3
753.08
53
1.0169
7.678
1.4209
30.51
0.417
4
772.74
54
1.0234
7.879
1.4310
40.94
0.525
5
792.66
55
1.0300
8.082
1.4412
51.50
0.634
6
812.90
56
1.0367
8.288
1.4516
62.20
0.745
7
833.40
57
1.0434
8.497
1.4621
73.04
0.857
8
854.11
58
1.0502
8.708
1.4726
84.02
0.979
9
875.09
59
1.0671
8.922
1.4832
96.04
1.085
10
896.40
60
1.0640
9.139
1.4940
106.40
1.201
11
917.93
61
1.0710
9.359
1.5048
117.81
1.319
12
939.73
62
1.0780
9.581
1.5157
129.36
1.438
13
961.82
63
1.0851
9.806
1.5267
141.06
1.559
14
984.19
64
1.0922
10.03
1.5378
152.91
1.681
15
1006.85
65
1.0994
10.27
1.5490
164.91
1.805
16
1029.73
66
1.1067
10.50
1.5602
177.07
1.931
17
1052.91
67
1.1141
10.74
1.5715
189.40
2.058
18
1076.37
68
1.1215
10.97
1.5829
201.87
2.187
19
1100.14
69
1.1290
11.22
1.5944
214.51
2.317
20
1124.13
70
1.1365
11.46
1.6059
227.30
2.450
21
1148.43
71
1.1441
11.71
1.6175
240.26
2.583
22
1173.02
72
1.1517
11.96
1.6292
253.37
2.719
23
1197.86
73
1.1594
12.21
1.6409
266.66
2.856
24
1222.92
74
1.1672
12.47
1.6526
280.13
2.995
25
1248.30
75
1.1750
12.73
1.6644
293.75
3.136
26
1273.84
76
1.1829
12.99
1.6761
307.55
3.278
27
1299.61
77
1.1909
13.25
1.6878
321.54
3.423
28
1325.53
78
1.1989
13.51
1.6994
335.69
3.569
29
1351.53
79
1.2069
13.78
1.7108
350.00
3.716
30
1377.68
80
1.2150
14.05
1.7221
364.50
3.866
31
1403.81
81
1.2232
14.31
1.7331
379.19
4.018
32
1429.83
82
1.2314
14.58
1.7437
394.05
4.171
33
1455.82
83
1.2396
14.84
1.7540
409.07
4.326
34
1481.68
84
1.2479
15.11
1.7639
424.29
4.483
35
1507.22
85
1.2563
15.37
1.7732
439.71
4.642
36
1532.35
86
1.2647
15.62
1.7818
455.29
4.803
37
1557.04
87
1.2732
15.88
1.7897
471.08
4.966
38
1581.18
88
1.2818
16.12
1.7968
487.08
5.131
39
1604.94
89
1.2904
16.36
1.8033
503.26
5.298
40
1628.19
90
1.2991
16.60
1.8091
519.64
5.467
41
1650.92
1.8142
91
1.3079
16.83
536.24
5.638
42
1673.30
1.8188
92
1.3167
17.06
553.01
1.8227
5.812
43
1695.11
93
1.3256
17.28
570.01
1.8260
5.987
44
1716.44
94
1.3346
17.50
587.22
1.8296
6.165
45
1738.12
604.67
95
1.3437
17.72
1.8305
6.346
46
1757.28
622.38
96
1.3530
17.92
640.33
1.8314
6.529
47
1776.46
97
1.3624
18.11
658.51
1.8319
6.714
48
1795.26
98
1.3719
18.30
676.89
1.8292
6.901
49
1810.91
99
1.3814
18.46
697.05
1.8255
7.107
50
1825.50
100
1.3941
18.61
* Concentrations are calculated values.
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[Attached Table-7] Density of HNO 3 at
Concentration*
Mass
Density
Mass
%
(g/cm 3 )
%
(g/L)
(mol/L)
1
0.159
1.0024
51
10.02
2
0.320
1.0078
52
20.16
3
0.482
1.0132
53
30.40
4
0.646
1.0186
54
40.74
5
0.813
1.0241
55
51.21
6
0.980
1.0296
56
61.78
7
1.150
1.0352
57
72.46
8
1.321
1.0409
58
83.27
9
1.495
1.0466
59
94.19
10
1.670
1.0523
60
105.23
11
1.847
1.0581
61
116.39
12
2.026
1.0640
62
127.68
13
2.207
1.0699
63
139.09
14
2.390
1.0758
64
150.61
15
2.575
1.0818
65
162.27
16
2.762
1.0879
66
174.06
17
2.951
1.0940
67
185.98
18
3.142
1.1001
68
198.02
19
3.335
1.1062
69
210.18
20
3.530
1.1123
70
222.46
21
3.727
1.1185
71
234.89
22
3.926
1.1247
72
247.43
23
4.128
1.1310
73
260.13
24
4.332
1.1374
74
272.98
25
4.537
1.1438
75
285.95
26
4.745
1.1502
76
299.05
27
4.955
1.1566
77
312.28
28
5.168
1.1631
78
325.67
29
5.383
1.1697
79
339.21
30
5.600
1.1763
80
352.89
31
5.819
1.1829
81
366.70
32
6.040
1.1896
82
380.67
33
6.264
1.1963
83
394.78
34
6.490
1.2030
84
409.02
35
6.719
1.2098
85
423.43
36
6.948
1.2163
86
437.87
37
7.179
1.2227
87
452.40
38
7.411
1.2291
88
467.06
39
7.645
1.2354
89
481.81
40
7.881
1.2417
90
496.68
41
8.119
1.2480
91
511.68
42
8.359
1.2543
92
526.81
43
8.601
542.06
1.2606
93
44
8.845
557.44
1.2669
94
572.94
45
9.091
1.2732
95
588.57
46
9.339
1.2795
96
604.33
47
9.589
1.2858
97
620.21
48
9.841
1.2921
98
636.22
49
10.10
1.2984
99
652.15
50
10.35
1.3043
100
* Concentrations are calculated values.

25℃
mw=63.02
Concentration*
Density
(g/cm 3 )
(g/L)
(mol/L)
668.20
10.60
1.3102
684.32
10.86
1.3160
700.55
11.12
1.3218
716.85
11.37
1.3275
733.21
11.63
1.3331
749.62
11.89
1.3386
766.14
12.16
1.3441
782.71
12.42
1.3495
799.33
12.68
1.3548
816.00
12.95
1.3600
832.71
13.21
1.3651
849.40
13.48
1.3700
866.12
13.74
1.3748
882.88
14.01
1.3795
899.67
14.28
1.3841
916.54
14.54
1.3887
933.44
14.81
1.3932
950.37
15.08
1.3976
967.31
15.35
1.4019
984.27
15.62
1.4061
1001.24
15.89
1.4102
1018.22
16.16
1.4142
1035.29
16.43
1.4182
1052.35
16.70
1.4221
1069.43
16.97
1.4259
1086.50
17.24
1.4296
1103.64
17.51
1.4333
1120.78
17.78
1.4369
1137.92
18.06
1.4404
1155.12
18.33
1.4439
1172.31
18.60
1.4473
1189.57
18.88
1.4507
1206.82
19.15
1.4540
1224.05
19.42
1.4572
1241.26
1.4603
19.70
1258.44
1.4633
19.97
1.4662
1275.59
20.24
1.4690
1292.72
20.51
1.4716
1309.72
20.78
1.4741
1326.69
21.05
1.4766
1343.71
21.32
1.4789
1360.59
21.59
1.4807
1377.05
21.85
1.4826
1393.64
22.11
1.4846
1410.37
22.38
1.4867
1427.23
22.65
1.4889
1444.23
22.92
1.4922
1462.36
23.20
1.4969
1481.93
23.52
1.5040
1504.00
23.87

I-4

Attached Tables

0.172
10.04
1.0041
1
0.346
20.22
1.0111
2
0.523
30.55
(1.0182)
3
0.702
41.01
1.0253
4
0.888
51.62
(1.0324)
5
1.067
62.38
1.0396
6
1.254
73.28
(1.0469)
7
1.443
84.33
1.0541
8
1.634
95.53
(1.0614)
9
1.829
106.88
1.0688
10
2.025
118.38
(1.0762)
11
2.225
130.04
1.0837
12
2.427
141.84
(1.0911)
13
* Concentrations are calculated values.

14
15
16
17
18
19
20
21
22
23
24
25
26

1.0987
(1.0111)
1.1140
(1.0253)
1.1295
(1.0396)
1.1453
(1.0541)
1.1614
(1.0688)
1.1778
(1.0836)
1.1944

153.82
151.67
178.24
174.30
203.31
197.52
229.06
221.36
255.51
245.82
282.67
270.90
310.54

2.632
2.595
3.049
2.982
3.478
3.379
3.919
3.787
4.371
4.206
4.836
4.635
5.313

[Attached Table-9] Density of NaOH at 20℃
mw=40.01
Concentration*
Concentration*
Density
Mass
Density
(g/cm 3 )
%
(g/cm 3 )
(g/L)
(mol/L)
(g/L)
(mol/L)
6.823
273.0
1.2411
22
0.252
10.1
1.0095
1
7.576
303.1
1.2629
24
0.510
20.4
1.0207
2
8.348
334.0
1.2848
26
0.775
31.0
1.0318
3
9.143
365.8
1.3064
28
1.042
41.7
1.0428
4
9.958
398.4
1.3279
30
1.317
52.7
1.0538
5
10.79
431.7
1.3490
32
1.597
63.9
1.0648
6
11.64
465.7
1.3696
34
1.882
75.3
1.0758
7
12.51
500.4
1.3900
36
2.174
87.0
1.0869
8
13.49
539.6
1.4201
38
2.469
98.8
1.0979
9
14.30
572.0
1.4300
40
2.772
110.9
1.1089
10
15.21
608.7
1.4494
42
3.392
135.7
1.1309
12
16.15
646.1
1.4685
44
4.034
161.4
1.1530
14
17.10
684.2
1.4873
46
4.699
188.0
1.1751
16
18.07
723.1
1.5065
48
5.386
215.5
1.1972
18
19.06
762.7
1.5253
50
6.093
243.8
1.2191
20
* Concentrations are calculated values.

(140)

Mass
%

K. A. Kraus and F. Nelson, Proc. Int. Conf. Peaceful Uses Atomic Energy, Geneva, 7, 113, 1956

mw=58.45
[Attached Table-8] Density of NaCl at 25℃
interpolated values in parentheses
Concentration*
Concentration*
Density
Mass
Density
(g/cm 3 )
%
(g/cm 3 )
(g/L)
(mol/L)
(g/L)
(mol/L)

[Attached Fig.-2] Adsorption of each element in HCl solutions with SBAERs (140)

Mass
%
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[Attached Fig.-4]

Adsorption of each element in HNO 3 solutions with SBAERs

(142)

J. P. Faris, Adsorption of elements from hydrofluoric acid by anion exchange, Anal. Chem., 32, 520－522, 1960

(142) J. P. Faris and R. F. Buchanan, Anion exchange characteristics of the elements in nitric acid medium, Anal. Chem., 36,
1157－1158, 1964

(141)

[Attached Fig.-3] Adsorption of each element in HF solutions with SBAERs (141)

Attached Tables
Attached Tables
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[Attached Table-17] Distribution coefficients of metals in HCl solutions with SACERs, K d (143)

[Attached Table-18] Distribution coefficients of metals in HNO 3 solutions with SACERs, K d (144)

(143) F. W. E. Strelow, An ion exchange selectivity scale of cations based on equilibrium
distribution coefficients, Anal. Chem., 32(9), 1185-1188, 1960

I-9

(144) F. W. E. Sterelow, Ruthild Rethemeyer, and C. J. C. Bothma, Ion exchange selectivity
scales for cations in nitric acid and sulfuric acid media with a sulfonated polystyrene
resin, Anal. Chem., 37(1), 106-111, 1965
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[Attached Table-19] Distribution coefficients of metals in H 2 SO 4 solutions with SACERs, K d (144)

(144) F. W. E. Sterelow, Ruthild Rethemeyer, and C. J. C. Bothma, Ion exchange selectivity
scales for cations in nitric acid and sulfuric acid media with a sulfonated polystyrene
resin, Anal. Chem., 37(1), 106-111, 1965
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[Attached Fig.-5] Alkalinity vs. pH and free carbonic acid of raw water

(145)

(145) W. H. & L. D. Bets, Bets Handbook of Industrial Water Conditioning, 4 th ed., p213, 1953
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Electrical conductivity
increases 2% per 1
degree.
This equation should
not used under 1 mS/m
due to large effects by
dissociation of acids
and alkalis.
H ＋ = 1.39%
OH － = 1.8%
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[Attached Fig.-7]

Log Probability Paper

[Attached Fig.-6] Electrical conductivity (25℃)
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[Attached Table-21] Standard Sieves (JIS Z8801: ISO R40/3)
Nominal size
Wire diameter
Porosity
Mesh ＊ 1
(Sieve Opening)
Allowance
Basic size
Allowance
(calcd.)
ave.
μm
±μm
μm
±μm
%
5,600
3.5
140
1,660
40
59.5
4,750
4.0
118
1,600
40
56.0
4,000
4.7
100
1,400
40
54.9
3,350
5.5
100
1,270
30
52.6
51.3
2,800
6.5
84
1,110
30
48.5
2,360
7.5
70
1,030
30
45.9
2,000
8.6
60
953
30
44.8
1,700
10
51
840
25
43.7
1,400
12
42
717
25
42.3
1,180
14
35
634
25
39.7
1,000
16
30
588
25
38.3
850
18
34
523
25
37.5
710
22
28
450
25
36.7
600
26
24
390
20
35.4
500
30
20
340
20
35.3
425
36
17
290
20
34.4
355
42
13
250
20
34.9
300
50
12
208
15
34.9
250
60
9.9
173
15
34.1
212
70
8.7
151
15
34.6
180
83
7.6
126
15
34.9
150
100
6.6
104
15
34.4
125
119
5.8
88
15
34.3
106
140
5.2
75
10
34.6
90
166
4.6
63
10
34.9
75
200
4.1
52
10
34.0
63
235
3.7
45
5
34.7
53
282
3.4
37
5
34.2
45
330
3.4
32
5
34.2
38
391
2.6
27
5
30.4
32
438
3.8
26
5
28.2
26
518
3.8
23
3
25.0
22
577
3.8
22
3
* 1 Nominal sizes of sieves are classically defined in “mesh”, number of
reticulation per inch. Sieve openings in μm have become common recently,
since sieve openings change in accordance with wire diameters.

[Attached Table-22] Atomic weight Table (2001)
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Note: The values in parentheses are from Atomic Weight Table (1991)
Uncertainty: errors in the last digit of atomic weights
No

Name

Sym
bol

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

Hydrogen
Helium
Lithium
Beryllium
Boron
Carbon
Nitrogen
Oxygen
Fluorine
Neon
Sodium
Magnesium
Alumium
Silicon
Phosphorus
Sulfur
Chlorine
Argon
Potassium
Calcium
Scandium
Titan
Vanadium
Chrome
Manganese
Iron
Cobalt
Nickel
Copper
Zinc
Gallium
Germanium
Arsenic
Selenium
Bromine
Krypton
Rubidium
Strontium
Yttrium
Zirconium
Niobium
Molybdenum
Technetium
Ruthenium
Rhodium
Palladium
Silver
Cadmium
Indium
Tin
Antimony
Tellurium

H
He
Li
Be
B
C
N
O
F
Ne
Na
Mg
Al
Si
P
S
Cl
Ar
K
Ca
Sc
Ti
V
Cr
Mn
Fe
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Br
Kr
Rb
Sr
Y
Zr
Nb
Mo
Tc
Ru
Rh
Pd
Ag
Cd
In
Sn
Sb
Te

Atomic
weight

1.00794
4.002602
6.941
9.012182
10.811
12.0107
14.0067
15.9994
18.9984032
20.1797
22.98977
24.305
26.981538
28.0855
30.973761
32.065
35.453
39.948
39.0983
40.078
44.95591
47.867
50.9415
51.9961
54.938049
55.845
58.9332
58.6934
63.546
65.409
69.723
72.64
74.9216
78.96
79.904
83.798
85.4678
87.62
88.90585
91.224
92.90638
95.94
(98)
101.07
102.9055
106.42
107.8682
112.411
114.818
118.71
121.76
127.6

Uncerta
No
inty

7
2
2
3
7
8
2
3
5
6
2
6
2
3
2
5
2
1
1
4
8
1
1
6
9
2
9
2
3
4
1
1
2
3
1
2
3
1
2
2
2
2
2
2
1
2
8
3
7
1
3

53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

Name

Sym
bol

Iodine
Xenon
Cesium
Barium
Lanthanum
Cerium
Praseodymium
Neodymium
Promethium
Samarium
Europium
Gadolinium
Terbium
Dysprosium
Holmium
Erbium
Thulium
Ytterbium
Lutetium
Hafnium
Tantalum
Tungsten
Rhenium
Osmium
Iridium
Platinum
Gold
Mercury
Thallium
Lead
Bismuth
Polonium
Astatine
Radon
Francium
Radium
Actinium
Thorium
Protactinium
Uranium
Neptunium
Plutonium
Americium
Curium
Berkelium
Californium
Einsteinium
Fermium
Mendelevium
Nobelium
Lawrencium
Rutherfordium

I
Xe
Cs
Ba
La
Ce
Pr
Nd
Pm
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
W
Re
Os
Ir
Pt
Au
Hg
Tl
Pb
Bi
Po
At
Rn
Fr
Ra
Ac
Th
Pa
U
Np
Pu
Am
Cm
Bk
Cf
Es
Fm
Md
No
Lr
Rf

Atomic
weight

126.90447
131.293
132.99545
137.327
138.9055
140.116
140.990765
144.24
(145)
150.36
151.964
157.25
158.92534
162.5
164.93032
167.259
168.93421
173.04
174.967
178.49
180.9479
183.84
186.207
190.23
192.217
195.078
196.96655
200.59
204.3833
207.2
208.98038
(209)
(210)
(222)
(223)
(226)
(227)
232.0381
231.03588
238.02891
(237)
(244)
(243)
(247)
(247)
(251)
(252)
(257)
(258)
(259)
(260)

Uncert
ainty

3
6
2
7
2
1
2
3
3
1
3
2
1
3
3
2
3
1
2
1
1
1
3
3
2
2
2
2
1
2

1
2
3
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[Attached Table-23]

Periodic Table (2001)
0

1

H

2

1.00794

He

Hydrogen

4.002602

3

4

5

6

7

8

9

Helium
10

6.941

9.012182

10.811

12.0107

14.0067

15.9994

18.998403

20.1797

Lithium

Beryllium

Boron

Carbon

Nitrogen

Oxygen

Fluorine

Neon

11

12

13

14

15

16

17

18

Al

P

S

Cl

22.98977

24.305

26.981538

Si

Sodium

Magnesium

1A

Li

Na

3B

2A

B

Be

Mg

3A

4A

5A

6A

86

7A

4B

C

28.0855

5B

N

30.973761

6B

O

32.065

7B

F

35.453

Ne

Ar

39.948

Aluminum Silicon

Phosphorus Sulfur

Chlorine

Argon

29

30

31

32

33

34

35

36

74.9216

78.96

79.904

83.798

1B

2B

19

20

21

22

23

24

25

26

27

28

39.0983

40.078

44.95591

47.867

50.9415

51.9961

54.938049

55.845

58.9332

58.6934

63.546

65.409

69.723

72.64

Potassium Calcium

Scandium

Titanium

Vanadium Chromium Manganese Iron

Cobalt

Nickel

Copper

Zinc

Gallium

Germanium Arsenic

Selenium

Bromine

Krypton

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

85.4678

87.62

88.90585

91.224

92.90638

95.94

(98)

101.07

102.9055

106.42

107.8682

112.411

114.818

118.71

121.76

127.6

126.90447

131.293

Rubidium

Strontium Yttrium

Zirconium Niobium

Molybdenum Technetium Ruthenium Rhodium

Palladium Silver

Cadmium

Indium

Tin

Antimony

Tellurium

Iodine

Xenon

55

56

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

132.99545

137.327

178.49

180.9479

183.84

186.207

190.23

192.217

195.078

196.96655

200.59

204.3833

207.2

208.98038

(209)

(210)

(222)

Cesium

Barium

Lanthanoids Hafnium

Tantalum

Tungsten

Rhenium

Osmium

Iridium

Platinum

Gold

Mercury

Thallium

Lead

Bismuth

Polonium

Astatine

Radon

87

88

89－103

58

59

60

61

62

63

64

65

66

67

68

69

70

71

140.116

140.99077

144.24

(145)

150.36

151.964

157.25

158.92534

162.5

164.93032

167.259

168.93421

173.04

174.967

K

Rb

Cs

Fr

Ca

Sr

Ba

Ra

(223)

(226)

Francium

Radium

Sc

Y

57－71

La

Lanthanoids 138.9055
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Zr

Hf

V

Nb

Ta

Cr

Mo

W

Mn

Tc

Re

Fe

Ru

Os

Co

Rh

Ir

Ni

Pd

Pt

Cu

Ag

Au

Zn

Cd

Hg

Ga

In

Tl

Ge

Sn

Pb

As

Sb

Bi

Se

Te

Po

Br

I

At

Kr

Xe

Rn

Actinoids
57

Actinoids

Ti

Ce

Pr

Nd

Pm

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

Lanthanum Cerium

Praseodymium Neodymium Promethium

Samarium Europium

Gadolinium Terbium

Dysprosium Holmium

Erbium

Thulium

Ytterbium Lutetium

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

(227)

232.0381

231.03588

238.02891

(237)

(244)

(243)

(247)

(247)

(251)

(252)

(257)

(258)

(259)

(260)

Actinium

Thorium

Protactinium Uranium

Curium

Berkelium Californium Einsteinium Fermium

Mendelevium

Nobelium

Lawrencium

Ac

Th

Pa

U

Np

Pu

Am

Neptunium Plutonium Americium

Cm

Bk

Cf

Es

Fm

Md

No

Lr
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Index

Index

Index
(Listed are page numbers where important details are explained)

A
Acid retardation
Alkalinity
Anionic electrodeposition paint
Antibiotics
Amino acids
Ammonex method
Apparent density
Arsenic waste water

113
180
242
311
281
194
44
209

B
Backwashing
167
Bed expansion
69
Bisphenol A
343
Bound water
44
Boling water reactor; BWR
196, 197
Boron waste water
207
Break through capacity: BTC
41
Break through point: BTP
41
BSD (Backwash, Settle and Drain) method 21
BWR; Boiling Water Reactor
196,197

C

Calculation of the proper resin volume. 176
Calex method
196
Catalyst
327
Catalyst (Experimental method)
337
Chemical filter
363
Chromic acids waste waters
210
Citrus Fruits Juice
276
Cocurrent regeneration
171
Complex ion
106
Conditioning
120, 136
Condensate treatment
192
Contamination by organic compound 74, 93
Counter ions
2
Cross-contamination
193
Crosslinkage
3, 40

Cuprammonium rayon spinning
waste water
Cyanides waste water

220
211

D
Dealkalization-softening
158
Degree of dissociation
56
Degree of swelling
44
Dehydration of solvents
354
Deionization, exhaustion or service or
Loading cycle
169
Dextrose equivalent; DE
264
Diffusion (of ions)
3
Diffusion in the particles
54
Diffusion rate
53
Digestiong sulphate pulps
233
Displacement of regenerants
168
Dissociation
56
Dissociation coefficient
56
47
Distribution coefficient
Dosage
168
Drainage
168
Dual layer
154
DVB%
3

E
Esterification (catalysts)
Exchange rate
Exchange band
Exchange equilibrium

341
52, 54
52
50

F
Filter medium (powder IERs)
Fixed ion
Freeboards
Free water
4-Bed-5-Tower (4B5T)

360
2
167
42
160

G
Gel filtration chromatography
Gas treatment (Chemical filter)

114
363

Index

Gel type

4

H
Heat Stability (of IERs)
Heavy metals waste water
Heavy oil combustion ash
treatment process
Highly porous type
Highly pure water
Hydration (of Ions)
Hydrolysis (catalysts)

335
214
219
4
191
3, 42
338

I
Immobilization of enzymes
370
Injection water
203
Ion exchange chromatography
110
Ion-Exchange Membrane Electrolysis 229
Ion exclusion chromatography
111
Ion retardation
113
Ionic dissociation
560
Isoflavone
305
Isomerized sugar
264, 265
Irreversible swelling
78

L
Leakage (of Ions)
Ligand exchange chromatography
LV; Linear Velocity

169
114
262

M
Macro pore
Manufacturing of iodine
Mean size
Micro pore
Mixed Bed (MB)
Measuring cylinder
Mercury waste water
Methylmethacrylate (catalyst)
Moisture content (of IERs)
Molybdenum waste water

4, 18
252
69
3, 68
161
122
212
341
41, 44
209

N
Neutral salt splitting capacity
40
Non-polar solvents
327, 352
Nuclear Power Generation
196
Nucleic acid constituents
294

Index

O
Operation of IER towers
Oxidative swelling

167
78

P
Packed bed
175
Particle size distribution
130
Percentage of Voids
132
Performance degradation of IERs
72
Pharmaceuticals
321
Phenols waste water
217
Polyphenol
305
Polystyrenesulfonic acid; PSA
78, 79
Polar solvent
329, 354
Pore diameter
33
Pore distributions
33
Pore volumes
19
Porous type
4
Pecious metals
222
Pressure drop
71
Pressure water reactor (PWR)
196
Pure water
203
Purification of electrolytic coloring solution:
Ni plating solution 244
PWR; Pressure Water Reactor 196, 198

R
Reaction rate
Refining of beet sugar
Refining of cane sugar
Refining of chromic acid
Refining of colloidal silica (Silica Gel)
Refining of formalin
Refining of glycerin
Refining of Japanese sake
Refining of liquid sugar
Refining of phosphoric acid
Refining of proteins/ peptides
Refining of Shochu
Refining of starch sugar
264,
Refining of tocopherol
Refining of Vitamin E (Tocopherol)
Refining of wine
Regeneration (Dosage)

133
261
257
239
251
249
244
279
284
241
98
277
267
300
300
280
168

Regeneration efficiency
Regeneration level
61,
Removal of boric acid
Removal of carbonates
167,
Removal of chlorides
(from sodium sulfate)
Removal of fluorine
Removal of hardness from
Concentrated brine
Removal of iron from hydrochloric acid.
Removal of hydrogen sulfides
Removal of nitrate ions
Removal of sulfates from brine
Removal of sulfur
Resurrection
Reverse method
Rinse

58
240
165
176
253
163
229
238
161
163
231
161
75
263
168

S
Selectivity coefficient
47, 50
Selenium waste water
209
Semiconductor industry
199
Separation and refining of
Poly-saccharides
271
Separation of glucose and fructose 270
Separation of glucose and
oligo-saccharides
271
Separation of strong and weak acid 246
Separation of sugar alcohols
273
Separation of sulfuric acid sulates 236
Seplex method
195
Settling
167
Shiff ’s base
250
SiO 2 ratio
184
Simulated moving bed
263
Single Bed
167
Space Velocity (SV)
262
Specific gravity
69
Specific surface area
18
Sodeum ratio ; Na ratio
180
Softening
155

Solid acid
Solid base
Sterile purified water
Stevioside
Strongly acidic or
basic ion exchange resins
Supernatants form coagulations
Sweetening-on, off
Swelling
Swelling pressure
SV; Space Velocity

328
328
203
303
40
215
144
3
43
262

T
Tap method
44
Temporary hardness
10, 95, 160
Thermal Power Generation
191
3-Bed-5-Tower (3B5T)
159
Total exchange capacity
40, 41, 123
2-Bed-2-Tower (2B2T)
158
2-Bed-3-Tower (2B3T)
158
Two-stage collector method
194
Type I (SBAERs)
13, 15
Type II (SBAERs)
13, 15

U
Ultra pure water
Uniformity coefficient
Uni-mixing

199
69
171

W
Waste waters from acid picklings 216
Water treatment for soft drinks
166
Weakly acidic group
exchange capacity
41, 126
Weakly acidic or basic (IERs)
40
Weakly basic group
exchange capacity
41,127

