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ABSTRACT

Ton exchange 1s used extensively for the remdval of ionised impurities
found in natural waters. The final stage in the production of ultra
pure water is normally a bed of mixed anion and cation exchange resins.
Three areas within the operating c¢ycle ¢f a regenerable mixed bed =
resin separation, reein mixing and anion exchange kinetics = have

been investigated. ‘ .

Complets separation of the two resina by backwashing, prior to chemical
regeneration, is necessary to prevent the subsequent release of trace
impurities into the purified water. Various published models of
particle segregation by backwashing were examined but none‘accurately
described the separation of two ion exchange resins with similar bead
size distributions and densities. A new model has been proposed based
on variations in fluidised bed porosity combined with overlapping

bulk circulation cells of particles. A graphical teéhniquq hae been
developed to predict regin separability and the predictions compared
with practical data. The effects of variaticna in bead aize, bead
danaity, backwash flow rate and temperature have been calculated. The
variations in bead density with ionic¢c form and polymer/matrix type

of the exchanger have been measured.

Following regeneratlion the resins are remixed by air agitation of a
resin/wdter slurry. A mechanism to describe the vrogressive stages of
air mixing has been proposed, based on bubble transport and bulk
circulation of resin beads. The subsequent sedimentation of the resins
was also considered. Laboratory and full scale studies confirmed the
predicted effects of mixing fault conditions, particularly re-separation

of the mixed resins.

A mass transfer equation has been developed to describe the leakage

of influent ions through a column of exchange resins. In conjunction
with laboratory column tests the equation has bheen used to investigate
the influence on anion exchange of polymer/matrix type, influent anion
and the presence of foulants on the resin beads. Sulphate and phosphate
ions exchange more slowly than monovalent chloride and nitrate ions.
On a fouled exchanger the rate of sulphate exchange deterlorates more
rapidly and seriously than for chloride exchange. This has been
attributed to steric hindrance of the divalent sulphate ion.

A laboratory method has Been developed for the routine assessment of
mirxed bed anion exchangers and the prediction of their performance
potential in service, with particular application to condensate
purification for boiler feedwater.
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1 INTRODUCTION

1.1 PURE WATER

To ensure process continuity and product quality, many modern
induatries require a continucusly available supply of high purity
water. The term pure is often specific to the requirements of a
particular industry (1)3 this thesis deals with the removal of ionic

specles from water.

There are a number of commercially available techniques for reducing
the concentration of ionic svecies in water eg evaporation, reverse
osmosis, electrodialysis, and ion exchange. Each method has
advantages in certain situations but, during the last thirty years,
ion exchange has found the most widespread application. Ion exchange
remains the most commercially viable procedure for continuously

rroducing large volumes of high purity water.

In the context of this thesis high purity is defined as having an
electrolytic conductivity of less than 0.25 miero Seimens per
centimeter’ gpS cm-l) while ultra pure water has a conductivity of .
less than 0.1 uS cm-l, both measured at 25 °c. By comparison
absolutely pure water has a theoretical conductivity of

0.054 nS cm,-1 (25 oC) while an aqueous soclution containing one
milligram of sodium chloride per kilogram solution (1.0 mg kgrl NaCl)
1 2t 25 °C. On this basis

ultra pure water would contain less than the equivalent of 20/»3

would have a conductivity of 2.16 pS cm

dissolved sodium chloride per kg solution.

1.2 STEAM GENERATION

One of the largest users of high and ultra pure water are the operators
of modern steam ralsing boilers. Advances in materials technology
have brought a progressive increase in the pressures and temperaturses

at which steam is raised and the advances in steam conditions have

fﬁs cm-1 ig the practical unit of conductivity measurement. In SI units
1 uS en ! - 100 pSs m~l, 411 conductivities are aquoted at 25 °C '

"unless stated.



been accompanied by a demand for boller feed water of increasing
purity in order to minimise boiler corrosion (2). In particular the
production of high pressure steam to drive turbines coupled to
electricity generators requires a continuous supply of very large
_quantities of high purity water to feed the boilers. {2a)

Most steam driven turbines work on a condensing cycle, the exhaust
stean from the turbine passing over the outside of a large itube nest
through which cooling water flows. The condensate is normally of
sufficiently high purity to be returned directly as boller feed water,
but in operating any large boiler there are inevitably losses from

the circuit, either by design or through leakage. Such losses are
made up by introducing freshly purified water into the water circuit
and the level of impurities in the "mzke up' water must be sufficiently
low so as not to cause corrosion problems when they concentrate in the
boiler during the evaporation of the water. Typical cperating losses
are between 1 and 3% of the evaporation rate and in a modern

2000 megawatt (MW) coal fired power station this leads to a daily

requirement of about 1000 m3

of high purity water.

Almost all modern power stations use ion exchange as z major water *
purification process, generally using the ion exchange resins in
fixed beds. By passing a raw water, drawn from a resevoir, well or
river, through successive beds of cation and anion exchangers it is
possible to produce ulira pure water, although the nature of the
processes preclude complete deionisation of water. However, the
economic¢s of ion exchange operations dictate that only partial
deionisation occurs in a two bed system. -To achieve water of high
or ultra pure quality it is generally necessary to pass the partially
purified water through an additional bed of intimately mixed anion
and cation exchangers, called a mixed bed. '

1.3 WATER PURITY AND BOILER CORROSION

The reason for using such high purity boiler feed and make up water
is to minimise solids devnosition and the generation of corrosive

gsolutions on the waterside of the boiler tubes.

Steam generation in a water tube boiler is a complicated process (3).

Any dissolved impurities in the boiler water will either pass into the
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steam phase or concentrate at the tube surface and, under suitabdble

conditions, can result in rapid corrosion of the boiler tubes.

The design of boiler can also affect the feed water purity necessary
to0 minimise corrosive conditions. Drm boilers incorporate a
recirculation loop through the heat source, generating a stéam-water
mixture that is separated in the drum. Once-through boilers are
essentially a series of parallel tubes passing through the heat
source and all the water entering a tube is converted to steam (3).
Any feedwater impurities will progressively concentrate in the
evaporating boiler water and, depending on their volatility and the
steam temperature and pressure, will elther pass into the steam
phase, depesit on the tube surface or generate A corrosive solution.
All substances exhibit 2 paritition between the steam and water phase

that is dependent on temperature and pressure (4).

The current CEGB specification for the make up water for a fossil
fueled drum boilar operating at 165 bar pressure is a conductivity
not greater than 0.15 pS en L at 25 °C. The purity specification
for theﬁfeed water 10 an AGR once=-through boiler has been determined

with - the aid of much corrosion research (3,5,6,7,8) and is currentl%ys~-

Conductivity - not greater than O.OBJpS cm—l at 25 %
Sodium noow " 2 ng kg-l Na »
Chloride . " 2 pg kg © Cl
Sulphate " " " 2 ng kg'.l 50 4

. -1
Silieca n " n 20/ug kg 8102

with the added proviso that the anionm to cation balance should be as
near stoichiometric as is possible (9). Pollowing tube plate corrosion
"in many pressurised water reactor (PWR) steam generators the revised
feed water purities are equally or more stringent than those demanded
for AGR boiler overation (10,11,12) with less than 0.5 ng kgrl of

each of sodium and chloride impurity levels in certain instances,

The allowable dissolved silica is higher than other ions because it

has a much higher steam solubility and the major problem with silica

is its deposition on the blades of the steam turbine.

®'ue term microgramme of solute per kilogramme of solution (ng kgrl)
iz used in the CEGE for expressing low solute concentrations in

water or condensed steam.



1.4 CONDENSATE PURIFICATION

A4 once~through boiler is far less tolerant of feedwater impurities
than a drum boiler and, even on a condensing cycle, it is difficult

to guarantee ultra pure feedwater. A particular source of impurities
is the cooling water used to condense the spent steam from the
turbine. Although the condensate is separated from the coeling water
by a thin tube there are approximately 800 km of such tubing in a
modern condenser with about 40,000 expanded jolnts at the tube plates.
It is almost impossible to prevent some cooling water ingress into

the condensate, especially as the steam side of the condenser

operates under vacuum.

In the current AGR 660 MW turbines the condensate flow is 1.5:103m3 hm1
(0 o4 m?’
tooling water ingress of just one litre per hour, will give a condensate

s-l) and the cooling water is highly saline sea water. A

impurity concentration of 25 ng kg—l dissolved salts, yet it is very
difficult to locate the source of such a small leak and it imposes a
great economic penalty if the boiler has to be shut down every time
a small condenser leak occurs. Therefore, nearly all modern power
stations with once-through boilers, and many with drum boilers that °
use sea water for cooling, employ a system for the continuocus
purification of some or all of the condensate before it is returned
to the boilers. All condensate purification plants (CPP) use ion
exchange for the removal of ionic impurities and in almost 211 cases
it is an ion exchange mixed bed that is the final, and often only,
vurification stage. The performance of these CPP mixed beds are the

major factor controlling feed water purity.

Because the condensate flow rate is so large, CPP mixed beds operate
at much higher throughput rates than normal make up water treatment
plant units. Typical values for CPP are 100 20 m 2 bL and

100 m3 m-3 h-l through a bed 0.9 m deep in a8 3 m diameter vessel.

At these flow rates the kinetics of new ion exchange resins are
sufficient to glve satisfactory operation but as the resins age their

performance deteriorates, in particular that of the anion exchanger.
This deteriocration is marked by several effects: an inability to

effectively remove chloride ions during condenser leaksst an increase

in the background leakage of ions from the mixed bed, notably
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sulphate ionsj and a prolonged rinse out of sulphate after a freshly
regenerated bed has been returned to service (13, 14, 15, 16). These
effects have been attributed to the presence of organic foulants on
the surface or within the anion exchanger beads which interfere with
the anion exchange processes (17, 18, 19). The main organic foulants
are cdnsidered to be naturally occurring plant decay products, termed
fulvic and humic acids, that are present in many raw water supplies
and tend to irreversibly accumilate on anion exchange resins, although

the magnitude of their effect has never been established.

Additionally it has been shown that poor separation of the mixed bed
resins prior to regeneration and poor remixing after regeneration can
give rise to ionic leakages during the subsequent mixed bed service
cycle (18). From comparisons of the operation of CPP at different
gites and with different versions of ion exchange resins it was also
thought that the type of polymer/matrix on which an lon exchanger

was based may influence the mixed bed performance.

1.5 MIXEL BED STUDIES

Having identified a number of factors that appeared to influence mifgd
bed vperformance at high flow rates a series of investigations were
undertaken into a number of distinct aspects of mixed bed overation
and ion exchanger performance. The work was conducted in laboratory
pilot columns to simulate overating conditions without the inter-
ference of operational variables that inevitably occur when monitoring

full scale plant.

Studies associated with mixed bed regeneration have investligated those
factors that influence resin separation on backwashing and the
re-mixing of resins by air agitation. A theoretical model has been
developed to predict resin separability, related to resin bead
diameter and density, and has been used to propose revised head size
gradings for mixed ion exchangers. The mixing process has been
described, faults that can occur have besn identified and optimum

mixing conditions have been defined.

In order to predict resin separability it was necessary to determine
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how resin bead density varies with ionic form of the resin and its
polymer/matrix type. From this data and meisture content determin-
ations it has been possible to identify differences between different
manufacturers resins and different_batches of one manufacturers

products.

To determine if polymer/matrix type played an important role in mixed
bed performance, particularly for anion exchangers, ths performance
of six different new anion exchangers were compared by measuring
ionic leakage through the bed under preset flow rate and influent
doging conditions. Both chloride and sulphate exchange was investi-
gated. The influence of organic foulants on anion exchanger
performance was studied by deliberately fouling the same six anion
exchange resins under controlled conditions and then comparing their
chloride and sulphate leakage characteristics with those from the new
resins. Additionally used anion e;change resins from operational

CPP were compared under similar test ccnditions.

The results of these investigations have led to a2 greater understand-
ing of mixed bed operation and the factors that can influence the
leakage of potentially corrosive impurities from high flow rate
mixed beds.
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2 BACKGROUND AND GENERAL LITERATURE
SURVEY

A number of authoritative books have been written on the subject of
ion exchange and deal variously with the theoretical approach (20, 21),
the development and general application of ion exchange (22,23)

and the particular application of ion exchange to water purification
(24, 25). Numerous papers have also been published on all aspects

of ion exchange. Over 10 years ago Kunin (23) listed over 1100

references in his book.

2.1 BASIC TION EXCHANGE

Ion exchangers can be either solids or liquids but the process
described in this thesis is a two phase reaction between solid, bead

form, ion exchange resins and ionic solutes in an aqueous solvent.

The s0lid ion exchanger consists of an insoluble polymeric matrix
onto which ionic groups are chemically grafted. Associated with each
fixed group is a counter ion of opposite charge, and both the fixed
and counter ions have accompanying water of hydration. The counter ¢
ions are mobile within the exchanger, and their numbers exactly
balance those of the fixed groups to maintain elecircneutrality.
Normally all the fixed ions are of the same charge so that an
exchanger is either a cation or an anion exchanger, although mixed

function amphoteric exchangers have been raported (20).

Therefore, cation exchangera are large insoluble polyanions with
agssoclated mobile cations while anion exchangers are insoluble
polycations with associated mobile anions. Modern synthetic ion
exchangers are largely based on either polystyrene-divinylbenzene
or polyacrylate~divinylbenzene copolymers, but naturally occurring
or synthetic zeolites are inorganiec silicate polymers that can have

ion exchange properties.

When a solid exchanger is placed in an aqueous solution containing
dissolved s3alts the ions of appropriate charge in solution may

quantitatively exchange with the wobile counter ions in the exchanger
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until an equilibrium is established. By choosing exchange materials
with suitable equilibria the dissolved impurities in water may be
exchanged for othér ions; and if the latter are hydrogen (H* - cation
exchange) and hydroxyl (OH = anion exchange), the impurities are
effectively removed from solution and replaced by the constituents off

pure water.

2.2 DEVELOPMENT OF SYNTHETIC ION EXCHANGERS

The phenomenon of ion exchange was first described by Thompson (26)

and Way (27) in 1850, but the first commercial application of ion
exchanger, water softening, took place in the early part of the

20th century using natural zeolites. The first synthetic exchangers
were sulphonated coals (20) and at the same time (1934) Adams and
Holmes {28) prepared the first cation and anion exchangers based on
synthetic organic polymers. These exchangers contained functional
groups that were weak acids (cation exchangers) or weak bases (anion
exchangers) and therefore had limited apvplication in water purification

as they were only ionised over certain pH rangese

2.2.1 POLYMER TYPES

Modern ion exchangers for water purification are based on two types
of copolymer volystyrene crosslinked with divinylbenzene (PS/DVB) or
an acrylic zcid derivative crosslinked with DVB (PA/DVB). A
sulphonated styrene /DVB copolymer was first utilised by D'Alelio (29)
to nroduce a strongly acidic cation exchange with a basic structure
given in Figure 2.01 A. Subsequently strong base anion exchangers
were prepared by chlormethylating then aminating the PS/DVB copolymer
(30,31). The basicity of the anion exchanger could be varied by
aminating with different amines (32). A typical structure is given
in Pigure 2.01 B. The chlormethylation stage also introduced

methylene bridge crosslinks into the resin structure.

The second copolymer tyne, based on a2crylic acid is in two different
forms. A weakly ionised cation exchanger can be prepared from
acrylic or methacrylic acid crosslinked with DVB (20, 23). The acrylie

anion exchanger is vrrepared from an acrylamide, also crosslinked with
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DVB (33,34); a strongly basic example is depicted in Figure 2.0l C.

Figure 2.01 D shows a less commonly used styrené copolymer used for

anion exchangera which utilises only methylene bridge crosslinking (35).

Early resins were granular prcducts but PS/DVB copolymers were
'accompanied.by the development of suspension polymerisation which
produced spherical bead form resins. Beads can be prepared in
diameters ranging from several um to several mm but commercial resins
for water treatment normally have a size range between 0.3 and 1.2 mm

diameter.

FPor the purposes of the studies described in this thesis the only
resins considered are strongly acidic sulphonated PS/DVB cation
exchangers and strongly basic anion exchzingers with benzyl trimethyl

quaternary ammonium functional groups (called type I groups).

2.2.2 MATRIX TYPES

Early workers with synthetic ion exchangers considered the polymer
structure to be a resular uniformly crosslinked matrix in three
dimensions and likened it to a water permeable gel: hence the term
tgelular' resin used to describe the type of resin structure that
exhibits no distinct porosity yet allows the migration of counter
ions. It was later shown that the structure was not regular but

had areas of greater and lesser crosslinking and alsc involved chain
entanglement (36, 37). The term ‘microporous! has also been used

for gelular resin matrices.

The amount of c¢rosslinking incorporated into 2 resin will influence
its moisture content, its swelling when converted from one form to
another, its praference for one ion relative to another and its

physical strength.

In the early 1960's a new type of matrix was introduced, known as
'macroporous' or 'macroreticular' (38). This type of resin had a

distinct ohysical porogity that could be obsgserved under the electron
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microscope {39) and could be measured by mercury porosimetry or gas
adsorption (40, 41). This matrix type is produced by copolymerising

styrene and DVB in the presence of a solvent in which the monomer is
soluble but the polymer is not. This caused the production of
numerous gelular microspheres that agglomerated and fused together
into bead form leaving a distinct porosity in the channels between
the agglomerates (42). By adjusting the polymerisation conditions
the pore size of the matrix could be varied. Macroporous versions
of thePA/DVB polymer are also available. Typical pore diameters for
PS/DVB macroporous resins commonly used in water vurification are
between 5 and 50 nm (40, 43, 44). More recently macroporous resins
with a different type of macroporosity have been described and
manufactured (45).

The presence of moderate degrees of macroporosity gave macroporous
resins much greater physical strength than their gelular counterparts,
and this has led to their extensive use in condensate purification
plants where the operating conditions are physically more demanding.
However highly macroporous resins can be extremely weak (46). The
vresence of macroporosity also means a loss of exchange capacity
compared to a similar volume of gelular r=sin: the macropores replace

active exchange nolymer.
Polymers with methylene bridge crosslinking (Figure 2.01 D) are
claimed to have a more regular gélular matrix that is termed iso-

or homo-~ porous.

2.3 JION EXCHANGE IN WATER PURIFICATION

To simplify the presentation in this and subsequent sections consid-
eration is given to strongly acidic and strongly basic (type I)
exchangers only, as these types are used in most water purification‘
plants, particularly mixed beds. Many of the concepts aléo apply
to weakly ionised exchangers but their exact mode of operation and

application are adequately described elsewhere (23, 25).

The discussion is alsoc confined to the overation of fixed bed ion

exchange installations where the bead form exchange resing are held



in a e¢losed vessal, normally cylindrical steel with rubber lining.
The vessel has a suitable pipework for the introduction and distri-
bution of raw water and regenerants and for collecting tha treated
water (25). Normal water flows are downward through the resin bed.
Other modes of ion exchanger utilisation such as continuous counter
current operation,fluidised bed or suspended bed oreration are
generally used for more specizlised applications such as metal

recovery (47, 48, 49, 50).
2.3.1 SELECTIVITY

The major reason for the successful application of lon exchange to
water vurification is that the exchangers show a preference for one
ion relative to another. Sirong acid cation exchangers will
oreferentially exchange hydrogen (HY) ions for most other cations
while strongz base anion exchangers show a prefarence for most anions
relative to hydroxyl (OH-) iong. Therefore, if an aqueous salt
golution (eg sodium chloride) is passed through successive beds of
hydrogen form strong acid cation exchanger and hydroxyl form strong

base anion exchanger the following reactions occur.

H* + NaC].(aq) _‘# Na* + HCI aq_ 0000000-00(201)
OH- r HCI(aq) __-P'_} 01- * HOH -000-00...(202)
H’ + OH- _."T"—""""QF.. H20 0000000000(203)

(The notation H*, Na* etc indicates an ion within the exchanger phase,

non barred ions are in the aqueous phase).

The nett result is the removal of the salt from solutiocn and its

replacement by an equivalent amount of water.

As reactions 2.1 and 2.2 are both equilibria the law of mass action
can be applied and an equilbrium selectivity coefficient, K, can be

defined. For the general uni-uni valent exchange reaction

o

K = Eéﬁ_ta
[

The values of [:] [ﬁ] etc can be expressed as either equivalent ion

’ A ’......I..(2.4)

1

cessscasse(2.5)

>
2
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r
PABLE 2.01 x:r - SELECTIVITY OF SULPHONATED STYRENE/DVB CATION
EXCHANGER FOR MONOVALENT CATIONS

CATION 8% DVE 12% DVB
Bt 1.0 1.0
i 0.85 0.81
Na© 1.5 1.7
NH; 1.95 2.3
k¥ 2.5 . 3.05
Rb" 2.6 3.1
cs’ 2.7 3.2

TABLE 2,02 KQH- -SELECTIVITY OF GELULAR STYRENE/DVB STRONG BASE

ANION EXCHANGERS (TYPE 1) FOR MONOVALENT ANIONS

ANION KgH
oH 1.0
o 1.6
CH,CO,, 3.2
HCO,, 6.0
c1” 22,0
Br 50.0
N0y 65.0
HSO, 85.0

Data for Tables 2.0l and 2.02 taken from Ion Exchange Manual (1969)
published by Diamond - Shamrock Corp. Redwood City, Californis, USA.
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concentrations, equivalent ion fraction, mole fractions (20), and
for uni - uni valent exchange all give almost identical values of Ki.
Ion activities are the more correct thermodynamic parameter to use

but theractivity of an ion within an exchanger must be estimated from
other properties of the resin/water system. No variations of Kf

occur with changes in the aqueous phase concentration but small
differences do occur with the relative proportions of A and B in the
exchanger phase (51). Hence KB is a coefficient and not a constant.

If K > 1 then B is preferred to A and the magnitude of preference is
proportional to the magnitude of Ki If the values of Ki for different
ions are expressed relative to one particular ion eg HY or OH 2
selectivity sequence can Re defined. Table 2.01 gives such a sequence
for univalent cations (Kg+) and Table 2.02 for univalent anions (KAH—).
Anion exchanger selectivities may also be expressed relative to a

chloride ion standard state.

The definition of K for uni - di valent exchange is on a similar basis.

For the reaction

2+

Q|

2 + D2+ ——A 2C . 00'000(206)

—_ [5] [ ] casees(2.7)
[F1° [»]

However, the presence of squared terms introduces a dependance on the

N o
+

b

relative concentrations of the ions in both solution and the resin

phase. For reaction 2.6, going left to right, Kg will become smaller as

the fraction of ¢ in the resin phase [E] increases and larger as the concen=-
iration of ¢ in the aqueocus phaselzc] increases. Any definition of

Kg for uni - divalent exchange musi be accompanied by the concentration
conditions under which it was determined. It should also be noted that
expression of concentration in equivalent or molar terms no longer

give the same values of Kg.

2.3.2 FACTORS INFLUENCING ION SELECTIVITY

Ion selectivity is concerned with the interaction of three charged,
hydrated species: the fixed ion of the exchanger, the counter ion
agssociated with the fixed group and the ion in solution that will
be exchanged.
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2.3.2.1 JIon Hydration

Early workers noted that for monovaient alkali metzal cations their
selectivity on sulphonated PS/DVB exchangers were inversely proport-—
jonal to their hydfated jon radius (52,53) and that small volume
changes occurred on conversion from one ionic form to another. This
led to the concept of matrix swelling as a governing factor in
determining relative selectivity (20,54,55). Large hydrated ions,
such as H+ or Li+ s required more energy to stretch the crosslinked
matrix than a smaller ion such as cst. Hence the exchanger exhibited
a lower selectivity towards large hydrated ions. As the crosslinking
increased the matrix became less able to expand and the relative
selectivity for small ions increased. Application of the hydrated
ion radius theory to anion exchangers worked for the halide ions

but not for other anions (56).

Reichenberg (56) provosed that selectivity is governed by the free
energy changes that occur during exchanze, which inveolve both ion-
ion interacticns and the free energies of hydration of the exchanging
counter ions. Reichenberg infers that the counter ions remzin fully
hydrated but that hydration water has to be moved 2side to permit a
close approach of the fixed and counter ions. PFor strong acid and
| strong base exch=@ngers, where the fixed groups are lmrge, it was
proposed that fhe exchanger i1s more selective for the counter ion
with the lower free energy of hydration. Determination of hydration
numbers of ions in exchangers show them to be lower than in aqueous
solution (53), therefore hydration water is probably strivped from
the counter ion going from the aqueous to the resin pkase. However,
this still indicates selectivity will be governed by free energies
of hydration.

Diamond and Whitney (57) considered that ion - water interactions in
both the resin ~nd aqueous phase should be considered, particularly
the effect of the exchangingions on the structure of water (58).
They proposed that in the exchange of two ions the aqueoﬁs phase
showed a preference for the ion with the greatsst hydration require-
ment while the ion with lower hydration requirement was selectively

‘rejected' into the resin phase. This was called a hydrovhobic effect.
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It is probable that all these factors contribute to ion selectivity;
ion hydration governing the basic order of ion selectivity and
matrix swelling influencing the changea in relative selectivity with

crosslinking.

2.3.2.2 ZElectrosalectivity

An observed feature of ion exchangers is their preference for ions of
higher valence comvared {0 monovalent ions of similar size.
Helfferich (20) attributes this to the Donnan potential set up at the
surface of any ionised exchanger. The Donnan potential arises as
counter ions try to leave the exchanger surface. This upsets the
electroneutrality and a potential difference is set up between the
exchanger surface and the adjacent aqueocus layer which vprevents
further counterions leaving. The exchanger surface has a charge
opposite to the counter ion and exhivits a larger aftractinn for ions

of higher valence.
It is probable that charge density of the ion also plays a part and
the free energy state of the exchanger with two fixed groups associated

with a gingle ion must also he considered.

2.3%.3 REGENERATION AND EQUILTBRIUM LEAKAGE

From the selectivity sequences in Tables 2.1 and 2.2 it can be seen
that vassing a raw water successively through a bed of A% form cation
exchanger form and OH~ form anion exchanger form would oroduce a pure
water free of all ionic imrurities. In theory this is true but in
vractice the treatment of raw water in a two bed gystem leaves a

residual of ionic imTurities in the treated water.

As noted e=rlier ion exchanger reactions are equilibria that are
favourable for the purification of water. However, when sufficient
raw water has passed through the bed of ion exchange resin so that its
exchange capacity is exhausted it is not discarded but is regenerated
back to the H' or OH form by forcing the equilidbrium in an unfavour-
able direction. Common regenerants are a strong mineral acid,

hydrochloric or sulphuric,for the cation exchanger and a strong base,
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normally sodium hydroxide for the anion exchanger. Typical regensrant

concentrations are between 0.3 and 1.0 equivalents per litre. /

Because the equilibrium is being fcrced against the preferred
direction the regeneration processes are not very efficient in the
use of regenerant cﬁemicals and for economic reasons it is common
practice to operate a bed of ion exchange resins by regenerating
only 30 =50% of the available exchange capacity. Therefore, a
siznificant percentage of the exchange sites on a working exchanger
are associated with impurity ions. In the most common operating
mode with both exhaustion and rsgeneration flows passing downward
through the bed (co-flow regeneration) the exchanger at the top of
the bed becomes most highly regenerated while that at the bottom of

the bed containg the highest percentage of unregenerated sites.

2¢3+43.,1 Equilibrium Leakage

If a solution of a salt of a strong acid and strong base, eg sodium
chloride, is passed onto a partially regenerated sodium form cation
exchanger the influent sodium is completely exchanged at the top of

the bed (15) producing a dilute hydrochloric acid solution. The

acid then contacts the partially exhausted resin lower in the bed

and reverses the exchange equilibrium (2.1) so that sodium ions are
released into the decationised water. This is called equilibrium
leakage and for any given influent ion concentration, resin selectivity
and degree of regeneration the equilibrium leakage concentration can

be calculated.

The water leaving the cation exchange unit contains a2 strong =2c¢id

(HC1) plus some sodium ions. On passage through 2 partially regenerated
chloride form anion exchanger the influent chloride is exchanged for
hydroxyl and ihe residual sodium forms sodium hydroxide. Once again
this is 2 dilute regenerant soluticn that will reverse equilibrium

2.2, giving rise to equilibrium leakage of chloride. Thus a normal

two bed cation = anion exchange system will produce water with

l1-5mg kg—l impurities with typical co-flow regeneration conditions.
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2.3.3.2 Counter Current Regeneration

The simple expedient of passing the regenerant through the resin
bed in the opposite direction to the service flow of water, counter
current regeneration, ensures that the resins at the bed outlet are
maintained in 2 highly regenerated state. This has the effect of
reducing the equilibrium leakage by one to two orders of magnitude
compared with co-current regeneration. However, it is necessary to
ensure that the highiy regenerated resins remain at the bed outlet
duriﬁg regeneration which requires a greater degree of engineering
sophistication (49, 50, 59, 60, 61, 62).

2¢3.3.3 Mixed Beds

Two bed exchange of a typical British raw water results in

0.1 - 10 mg kg-l Na and 0.05 - 0.5 mg kgm1 si0, as the main impurities.
(Silicate is the anion with the lowast selectivity and is, therefore,
the most likely to arise as a result of equilibrium leakage. Silicates
are normally quoted as 3102). The treated water has conductivities
between 1 and 100 u3 cm"1 whereas for boiler make up a conductivity

of < 0.15 pS en™" and silica < 0.02 ug kg™ are required.

The further purification may be effected by a second pair of c¢ation
and anion exchange beds (63) or simply a further cation exchange

unit (62) but in the majority of cases, certainly in British and
American practice, the final purification stage is a bed containing
an intimate mixture of HY form streng acid cation and OH form strong

base anion exchange resins, known as a mixed bed.

Both cation and anion ion exchange reactions ocecur simultaneously

in adjacent exchange resin beads. Therefore there is no opportunity
for the generation of significant concentrations of acid or alkali that
could give rise to equilibrium leakage. Both exchange equilibria are
pushed to virtual completion by the continued production of eszsentially
un-ionised water. With a mixed bed it is possible to produce water

of almost absolute purity, approaching the theoretical minimum
conductivity of 0.054}115_(:111-'1 at 25 .
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2.3.4 EXCHANGE KINETICS AND KINETIC LEAKAGE

The discussion of equilibrium leakage assumed that the water passed
through a bed of exchanger sufficiently slowly for the equilibrium

to be established, such that influent impurity ions are completely
removed and ions constituting equilibdrium leakage were those remaining
on the exchanger after regeneration. However, if the nominal resid-
ence time for water passing through the bed is insufficient for the
equilibrium to be fully established some of the influent impurities
will pass through the bed without exchanges and will appear as

effluent impurities. As the residence time is flow rate dependant

leakage of this nature is termed'kinetic'leakage.

2.3.4.1 Zone of Exchange

As the establishment of an ion exchange equilibrium is not instan-~
taneous, the exchange of impurities from an influent passing through
a bed of exchaﬂger takes place over a finite depth of ion exchange
Tesin, known as an exchange zZone. The zone is defined by stipulating
either the impurity concentrations at its upper and lower limits,

or & preset degree of exchange eg 99% removal of influent ions.

The zone of exchange is illustrated in Pigure 2.02 where the hatched
portion represents exhausted resin. As the exchanger hecomes
exhausted the exchange zone moves down the bed, until the front of the
exchange profile bresks through and impurities appear in the treated
water. If the equilibrium is slow to be established, or if high flow
rates reduce the residence time within the bed, the exchange zone
will become extended (Figure 2.03) such that when breakthrough occurs
there is a relatively high proportion of regenerated resin left
unused. At very bhigh flow rates or with very slowly established
equilibria, the exchange zone may exceed the available depth of

resin and breakthrough will occur immediately the exchanger is put

into service.

The term kinetic leakage is generally reserved for those situations
where a long exchange zone causes premature or continuously unaccept-

able ionic leakage and where only a =mall proportion of the available
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exchange capacity has been utilised. Kinetic leakage is sensitive to
operating-flow rate and is, therefore concerned with those factors

that influence and control the overall rate of ion exchange.

2.3.4.2 Factors Influencing Overall Rate of Exchange

The ion exchange process is generally considered to consist of three

distinct phases each of which may be rate controlling on its own or

in combination with another. The three vhases aret-—

i) the diffusion of ionic svecies between the bulk solution and
the surface of the exchanger bead

ii) the actual exchange reaction between a pair of counter icns at
any particular exchange site

iii) the diffusion or transport of counter ions between the exchanger

bead surface and the interior of the bead.

Control by (i) is generally termed liquid boundary layer or liquid
film diffusion control from the concept of a static Nernstian film
of liquid surrounding each resin bead as water passes over them.
Control by (ii) is known as reaction rate control 'while the term
particle diffusion control is used where (iii) is the overall

controlling factor.

Helfferich has dealt comprehensively with the conditicns that
determine which of the three rhases is rate controlling and he
propoéed a gimple criterion for estimating whether film or particle
diffusion was the operating factor (20). Reaction rate control is
only considered to be significant where complex ion formation is

involved or where exchange occurs on weakly ionised groups (20, 23).

For the exchange of fully ionised specles by strongly ionised anion
or cation exchangers Helfferich's criterion predicts that film
diffusion will be controlling in the dilute ‘golutions normally
encountered in water purification where the exchange equilibria are
favourable, while particle diffusion will be controlling during .
regeneration involving much higher solution concentrations and

unfavourable equilibria.
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2.3.4.3 Pilm Diffusion Conirol

Diffusion across the Nernstian film is controlling when the rate
of transport of ions to the bead surface is slower than their
subsequent exchange and diffusion into the exchange resin. Therefore
a concentration gradient is set uv across the film and diffusion
of ionic species will obey Ficks Laws (64). FPor example,

- an exchanging species (A) has a concentration CA in the bulk
solution and C! at the bead surface. Then

A
JA — DA ACA 00000002.10
T
where JA is the ionic flux, DA the diffusion coefficient for ion A,

ACA:= CA - CA, and 7 is the film thickness. The ionic diffusion
coefficient can be calculated from conductivity data using the

Nernst-Hartley equation (64)

where R is the gas constant, T temperature oK, F the Faraday constant
AA the equivalent conductance and ZA the charge of ion A. Empirical
equations for calculating the film thickness have been given by
Gilliland (66) and Glueckauf (67).

As a single ion cannot diffuse through a liquid without an accompanying
co-ion, electrolyte diffusion coefficients must also be considered (65)
and, if the electrolytes associated with the exchanging counter ions
have differing diffusivities, the net diffusion rate is a value

intermediate between the two individual rates (20).

The liquid film diffusion coefficient of an ion is about an order
of magnitude greater than exchanger particle diffusion coefficients
for the same ion (68). This exvlains why f£ilm diffusion control
only occurs in dilute solutions where the shallow concentration
gradient across the film produces a small ionic flux at the bead

surface.
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2.3.4.4 Particle Diffusion Control

Particle diffusion control occurs when the rate of arrival of counter
ions at the bead surface is faster than they can diffuse to the
interior of the bead. There is no concentration gradient across

the liquid film but there is one within the exchanger itself.

Diffusion coefficients within ion exchangers cannot be measured
directly but can only be inferred from radio tracer self diffusion
measurements (63) or from the rate of exchange of concentrated
gsolutions such as regenerants (70). The diffusivity of ions within
the exchanger phase will be influenced by matrix crosslinking, the
regularity of the métrix, the physical porosity and the total exchange
capacitx,ie disversion, of exchange groups. The exact mechanism of

ion transport is not known either. It may be hydrated ion mobility
within the aqueous phase in the exch=nger or it may be a 'shuttle’

from one exchange group to the next as suggested by Liberti et al (T1).

2.3.4.5 Kinetic Mechanisms and Perfofmance Predictions

To be able to predict column performance it is necessary to know
which of the rate determining factors is controlling. One experi-
mental approach is the stirred batch technique in which a small
sample of exchanger is stirred vigorously in a reaction vessel to
eliminate concentration gradients in the bulk solution (72). The
rate of exchange can be followed by monitoring the appearance or
disappearance of the exchanging species in the bulk solution. The
'stop reaction' technique has been used to identify whether film or
particle diffusion is taking place (20). Stirred batch experiments
have also been used to determine the self diffusion coefficients

of anions or cations within thelr respective exchanger polymers (69,73).

The stirred batch tecunique does not take account of the hydrodynamic
influences operating in resin beds, therefore, column tests have been
used to provide kinetic information on packed bed operations. The
most common approszch has been to continuously add a solute to the
influent water and then monitor its leakage and breakthrough over

a period of time, although Boyd et al (74) used radioactive tracers
overating at very high flow rates through shallow beds to achieve
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short contact times. Most of the work has been carried out for single
component exchange for monovalent cations under favourable equilibrium
conditions (ie K§‘>-1) and with influent solute concentrations in

the range 0.01 M - 1.0 M.

4 general data analysis technique first proposed by Michaels (75),
has been to assume an a3ymptotic exchange front with an exchange
zone of constant depth that progresses down the bed with exhaustion
of the exchanger (Figure 2.02). Several grouvs of workers have
shown this assumption to be reasonable (66, 76,77,78) and their
results indicate that below 0.0l M solute concentrations film
diffusion is the predominant rate controlling factor while above

0.1 ¥ particle diffusion plays an increasing role. Theoratical
treatments to describe film diffusion have been vrepared for an
asymototic exchange front (77, 78, 79) and from thermodynamic
considerations (80). Gilliland and Badour (66) derived an empirical
expression for the notional film thickness in a packed bed, and

both Gilliland et al and Moisson et al (76) noted that the length of

the exchange zone increased with increasinz flow rate.

Multi component exchange, giving rise to several independant but
interelated exchange fronts in one bed has been described theore¢-
ically (79, 81, 82) and Gregory (83) investigated the equilibria
and kinetics of a ternary chloride / sulphate / vhosphate system.

Kinetics controlled by particle diffusion have also been examined.
Schmuckler et al (84) described a shell progressive exchange
mechanism while the examination of unfavourable equilibria involved
in ion exchanger regeneration has given data on particle diffusion
coefficients of common anions (70). Liberti et al (71, 85) have

reported that in Cl - S 4 exchange the rate of the exchonge reaction

itself may be an additional rate controlling factor.

Application of these methodes and rate equations has enabled mredict-
ions to be made of column leakage, capacity and breakthrough
characteristics (67, 68). It is also reported that for a given
influent mass flow rate and exchanger volume the height - diameter
reiationship of & vacked béd will not affect its performance for

pre set breakihrough criteria (86).
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2.4 MIXED BED DEVELOPMENT AND DESIGN

It was noted earlier (2.3.3.3) that a simple two stage deionisation
process could not economically produce high or ultra pure water and
that the most common approach was t¢ use an ion exchange mixed bed to
remove the traces of ionic leakage from the two stage process.

¥hilst the initial deionisation processes can vary in efficiency the
performance of the final mixed bed governs the purity of water
produced by ion exchange plants. Scott (87) has produced a general
history of ion exchange mixed beds. This section will deal briefly
with relevent z2spects of mixed bed history and their application to

water purification for power generation.

2.4.1 EARLY DEVELOPMENT

The first recorded use of mixed anion and cation exchangers used
weakly acidic and basic resins and was non regenerable (88, 89).

The first use of strongly acidic and basic exchangers was reported

by Kunin and McGarvey {90} and was called a mono-bed as the initial

aim was to replace two bed deionisation with a single vessel sjstem.
Water quality was not a major consideration at this time (1951).

The anion exchanger was separated from the more dense cation exchanger.
by backwashing and was hydraulically transferred to a separate vessel
for regeneration. The cation exchanger was regenerated in the service
vessel. After regeneraiion the anion exchanger was returned to the
gervice vessel and the two resins mixed by passing air upwards

through é resin wafer slurry. A second patent by Kunin and McGarvey
(91) describeda mixed bed where regeneration of both exchangers took
place within the service vessel, ie in situ. Two resins, separated

by backwashing, formed two layers and a regenerant collector/distrib-
utor was located at the interface of the separated resins. Figure 2.04
shows a cut away drawing of a typical mixzed bed unit with in situ

regeneration. Alongside is a diagram of the regeneraztion sequence.

It was socn found that the original concépt of a single mixed bed
replacing a two bed system required more frequent regeneration and
higher operating costs. There were also problems with the precipi-
tation of insoluble metal hydroxides during regeneration. These

operating diffiéulties led to the aporoach of using a two bed
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cation-anion exchange system followed by a mixed bed. The duty of
the mixed bed was to remove the trace impurities leaking from the
two bed system. The mixed bed received a relatively small ionic
load and regeneration was more infrequent. The majority of modern
water purification plants adopt the cation-anion exchange vlus mixed
bed principle, although some installations with high quality raw

water or low output requirements still adopt a mixed bed only approach.

2.4.2 MIXED BEDS WOR BOILER FEEDWATER PURIFICATION

In the power generation industry icen exchange is used for both
purification of the water used to make up steam/water ¢ircuit losses
and in certain instances purification of all or part of the condensate
flow that is returned as boiler feedwater. All these applications
utilise mixed beds but the water purity and operating criteria vary

between the differeni plant requirements.

‘ 2.4 -2 01 Make—-‘up Plant

The water purity required from boiler feedwater make-up purification
plants is a conductivity of < 0.15 or 0.20‘ps cm“'1 and a silica
concentration < 0.020 mg kg-l 3102. lost of these plants utilise

in situ regenerated mixed beds, although in a minority of plants

all of the mixed bed resin is transferred hydraulically to a separate
external regeneration plant. In such plants a single Tegeneration

system will serve a number of mixed bed service units.

Most maké-up water treatment plants are designed to meet the average
daily requirements of a tower station eg 4.5 x 103 m3 per day for a
2000 MW fossil fueled station. Any veaks in demand are met from

larze storage tonks that are continuocusly topved up with purified
water. These raserve feedwater tanks also serve as level control
tanks for the condenser and may receive contaminazted water. Theraw
fore, in modern vower stations the reserve feedwater is passed through
the mixzed beds before it is admitted to the boiler feed system. Such
mixed beds are designed to meet pesk demand in water requirements,

3 =2 =1

operating 21 flow rates up to 55 m° m - h ~ whereas mixed beds

designed for treating the two bed leakage imvpurities alone operate
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m-g h-l ¢« The volume ratio of

at flow rates in the range 15 - 30 m3

the mixed exchangers also varies, depending on the expected leakage
from the preceding two bed system. Anion s cation exchanger ratios
between 1.5 ¢ 1 and 1 32 1 have been used in make-up mixed beds. The

excess of anion exchanger is to ensure adequate silica removal.

2.4.2.2 Condensate Recovery 3Sysiems

When a boiler is started from cold the feedwater rapidly exceeds the
target impurity concentrations, necessitating dumping of large volumes
of relatively pure water that are replaced by high purity make-up
water. To reduce operating costs it has been recent practice to
divert the dummed water to the make-up water treatment plant ahead

of the mixed beds. Thus the mixed beds purify this water and return
it as boiler feed. However, the mixed beds have to run at higher

3 -2 .-1

flow rates at such times, up to 80 or 90 m° m “ h ~, and treat a

water containing about 0.5 mg kg-l NH3, added as a conditioning

agent to the feedwater, in addition to the other impurities. The
recovered condensates may also contain particulate impurities, metal
oxides as well as traces of lubricating oils. In some plants separate
mixed beds treat recovered condensates to avoid contaminating the
make=-up mixed beds with particulate or oil impurities, in other

plants the make-up mixed beds are protected by in line filters.

2.4+2+3 TFull Flow Condensate Purification

As noted in 1.3 certain designs of boiler, notably the once through
type, require ultra pure feedwater to ensure their continued
operation. If the boiler-turbdbine-condenser c¢ircuit wers a totazally
closed loop there would be 1little problem in maintaining the desired
low levels of ionic impurities, although particulate oxide species
may be present. However, it is very difficult to prevent small
leakages of cooling ﬁater into the condensate so that the feedwater
is contaminated. The only way to guarantee ulirapure boiler faed-
water has been to continuously purify all the condensate before it

returns to the boiler.

The only available technique for purifying the vast quantities of
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water involved {0.4 m3 s_l from a 660 MW AGR turbine) is ion exchange,

and almost all condensate purification plant (CPP) use mixed beds as
the major and often only purification stage. The mixed beds are
sometimes preceded by & cation exchange unit and/or filter but many
CPP mixed beds operate unprotected ie they also 2¢t as filters for

particulate debris.

Recently, it has been common practice to use two mixed beds associated
with each 500 or 660 MW unit, together with a single spare mixed bed
or spare charge of resins to cover for regenerations. Typical

modern plant arrangements are given in Figure 2.05. To purify the
large volumes of water the mixed beds are operated at very high flow

rates, 100_- 120 m3 mﬂz h-l, in beds as shallow as 0.9 m deep but in
vassels up to 4 m diameter.

Not only once through beilers employ CPP. The incidence of

condenser leaks at sea water cooled vower stations with conventionsal
drum boilers has led to the installation of full flow CPP at a number
of them to ensure their continued avail-bility. Currently there

are 11 power stations in England and Wales with full flow CPP. Of
thege 10 are at sea water or esturine c¢ooled stations and 3 are drum
boiler plant. They involve a total installation of 78 CPP mixed beds
the majority of waich are expected to continuously orovide water with
a conductivity < 0.08 ps em ! and less than 2 pg kg-I each of sodium,
sulphate and chloride ions. (242)

Pressurised water reactors (PWR) have had boiler corrosion due to
poor quality feedwater and mixed bed CPP are now being fitted to many of
them. Boiling water resctors also use CPP mixed beds to control

both radicactive and dissolved impurities.

2.5 CONDENSATE PURIFICATION

2.5.1 DEVELOPMENT

The first CPP mixed beds were installed in the early 1950's (92)
mainly to overcome high boiler water impurity levels resulting in

gilica devosits on the turbine blades, and to minimise blow down
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hence make up water requirements (93). The early planté operated at
the low flow rates of conveniional make-up plant and provision was
pmade for filtration of the condensate prior to the mixed bed trematment.
The advent of super-critical pressure boilers -gave-serious problems
with copper deposition in the high pressure stages of the turbine (94,
95) due to copper pick~up from the copper alloy tubes in the boiler
feed system. The copper concentrations in the feed water were reduced
by installing partial and later full flow CPP until, in later plant
designs, steel tube replaced the copper alloya. The only two super=
critical boiler/turbine units in Britain employed full flow CPP with
deep sand filters preceding 1.8 m deep mixed beds in 2.4 m diametar
vessels operating, at 75 m> m~2 nl (96).

The development from vartial flow to full flow condensate purification
was due to two main factors. The progressive lowering of the feed
water impurity levels meant that even a very small condenser leak

at a sea water coocled station could give sufficient impurities for a
504 CPP to be unable to meet the feed water impurity targets. Also
the incidence of condenser leaks at certain stations was such that
continuous operation could only be achieved economically if a full

flow CPP was present to treat all the condensate.
2.5.2 PFILTRATION

The use of filters vreceding mixed beds was primarily to protect the
anion exchangers from metal hydroxide precipitation on their surface
during regeneration, which might affect their subsequent performance.
HYowever, in the early 1960's Frazer et al (97, 98) showed that deep
mixed beds could overate successfully without pre-filtration and

could act as an effective filter in their own right. Unprotected
mixed beds were quickly adopted in the USA and special procedures

ware develoved for rémoving the particulate matter, mostly metal
oxides, (99, 100, 101). The first British operation of an unprotected
CPP mixed bed was monitored in 1969 (102) and the mixed bed was shown
t0 be a highly effective filter for particulate iron oxides. Other
workers made similar observations although the efficiency of filtration
varied with the nature of the oxide species to be filtered (301, 103).
A review of the operation of unprotected mixed beds in 1976 showed
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that both filtration and ion exchange performance was generally
satisfactory (104). More recently, evidence suggests that mixed bed

protection by some form of filtration is desirable if not completely

necessary.

2.5.3 AMMONIA REMOVAL

Most high pressure boilers are dosed with a volatile alkali to raise
the feed water pH to 9.0 = 9.6 in order to minimise corrosion. The
nost commonly used reagent is ammonia although some operators use
morpholine or other higher aminea. Hydrazine is alsc added to the
feed water %10 scavenge oxygen although a minority of boiler operators
use neutral or slightly alkaline feed water with added oxygen. (105,
106, 107)« In the boiler the hydrazine degrades to ammonia which,
together with the dosed ammonia, passes into the steam phase and then
condenses with the condensate. The CPP will remove this ammonia and,
in the absence of condenser leaks, ammonia is the major ionic loading
onte the CPP. .Thereforg most CPP have an excess of cation exchanger
over anion exchanger, either as a separate cation exchange unit
preceding the mixed bed or by means of an unprotected mixed bed with

a volumetric cation ¢ anion exchanger ratioc of betwesn 1.5 and 3 to 1.
Some plant overators h:eve claimed that the highest purity water is
obtained from mixed beds with an excess of anion over cation exchanger
(108, 109, 110). However, for eccnomic reasons the unprotected mixed
bed with 2 31 cation s anion exchanger ratio has been the most common
CPP design.

2.5.4 AMMONIA CYCLE OPERATION CF MIXED BEDS

Using a CPP to remove ammonia is unproductive as the ammonia is
immediately re-dosed to the purified feed water. Also at the higher
pH levels, 9.4 = 9.6, (1.0 - 2.0 mg kg-lNH3) regeneration becomes
more frequent as the beds exhaust rapidly. To overcome this some
operators convert the mixed bed cation exchanger to the ammonium
form and work in the NH4/0H cycle as opposed to the conventional
H/OH cycle.

NH4/OH operation poses additional problems with equilibrium leakage
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of both cations and anions. The selectivity coefficient KgE4 is 0.75
je the cation exchanger is more selective for ammonia than sodium.
Therefore, any sodium left on the resin after regeneration will be
slowly displaced into the purified condensate. To avoid residual
sodium leakage vefy high acid regeneration levels are applied to

the cation exchanger. Calculations show that for pH 9.6 operation
less than 0.1% exchange sites must centain sodium ions to achieve
below 1 pg kg-l gsodium leakage (111, 112).

In NH4/0H cycle overation the whole mixed bed operates under alkaline
conditions and the hydroxyl ions will induce equilibrium leakage of
anions. Although Kgﬁ ~ 20 it is still necessary to achieve a residual
chloride ion on the anion exchanger of less than 4% sites to ensure

leakage below 1/pg kg_lchloride (111).

Despite the unfavourable ammonium - sodium exchange egquilibrium a
NH4/0H bed does have a capacity for sodium exchange, but this is very
dependant on the inlet concentration as ultimately 2ll sodium taken up
is displaced into the treated condensate again. Therefore, the
operating phenomenon‘of godium leakage humps or blips i3 a common
feature of NH4/0H cycle mixed bed operation (113, 114, 115, 116, 117,
118).

2.5.5 POWDERED RESIN WIXED BEDS

This discussion so far has been concerned solely with deep beds of

bead form exchangers. Alternatively powdered resina may be used.
When mixed together in a water slurry powdered anion and cation

exchangers form a flog which can be coated onto a filter support
medium (119, 120). The powdered resins are applied as a thin layer
(2.5 mm) onto the support medium and are not regenérated when
exhausted but are discarded and a new coating applied. The advantages
of such a system are low capital cost combining both filtration and
ion exchange in one unit and in CPP for BWR's powdered resins provide
an easier method for disposal of radiocactive species than the further
processing of a regeneration liquor. The disadvantages of vowdered
resins for CPP is the low exchange capacity. They are not suitable

for use at sea water cooled stations where quite 2 small condenser
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leak can lead %o rapid exhaustion (121, 122). Powdered resin mixed
beds can operate in the H/OH or NH4/OB cycle. They have been installed
in two British CPP but operate either as a pre filter to deep mixzed
beds or a post filter beyond deep mixed beds.

2.6 CPP DESIGN, OPERATIOR AND REGENERATION

In this section desep mixed beds only are consjidered. In a plant
incorporating deep cation exchange units the principles of designm,
operation and regeneration are similar except for the need to

separate the two exchangers.

2.6.1 SERVICE VESSEL DESIGN

Early CPP mixed beds wore sSimilar to make up plant mixed beds

ie cylindrical vessels incorporating ihe necessary laterals and
headers for in-situ regeneration. As condensate flow ratas increased
with generating unit size the vessel size became larger in diameter
and the bed depth shallower to minimise the pressure drop at the
higher operating flow rates. In~situ regeneration in a bed I m
diameter but only 0.9 m deep was not practical due to difficulties with
uneven resin separation and regenerant distribution. There.were also
problems with regenerantis leaking into the feedwater at certain
in-situ regenerated CPP (123). Therefore, the common practice is to
transfer the mixed resins from the service vessels $0o a central
regeneration facility where the vessel design is more appropriate

to regeneration (2.6.2).

Moat service vessels are cylindrical with a minimum of internal
obstructions and have either a flat or slightly dished bottom.
Spherical and annular vessels have also been used (124, 125). The
bottom of the vessel has a system for collecting the treated water.
This ¢an be 2 header and }ateral system, a perforated plate, a
supported fine mesh or a drilled plate with nozzles in the holes.
Apart from the header and lateral system the other collectors form

a false bottom to the vessel, the water being extracted from a chamber
under the collector. Each bed outlet will have a resin trap to
prevent resin pasaing forward to the boller where it may degrade to
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give corrosive contaminants (126). Above the bed is a system for
distributing the inlet water. This can vary from a split header

and splash plates to a radial lateral system. To reduce the capital
cost of vessels split flow mixed beds have been designed. Water
enters at the top and bottom of the bed and is extracted via a
central lateral system (127, 128).

In  externally regensrated beds the resins are removed from the

bed at or very close to the bottom of the unit. A dished bottom

design ensures more efficient resin removal than a flat bottom design

as the resins can be washed towards a central point. Resin extiraction may
be via a central hole through the base of the vessel or, in older

designs through a downward facing pips terminating a few centimetres

abova the base of the vessel. This last method is more likely to

leave resin in the vessel. In many CPP repeated transfer of resins

to and from vessels results in bed volumes becoming unequal‘and

pericdic adjustments have to be made.
2.6.2 EXTERNAL REGENERATION

As noted earlier the majority of CPP mixed beds and some make up
plant mixed beds are regenerated externally. Resins are transported
to and from the various vessels in a resin/water slurry that is
propelled either hydraulically or pneumatically. External regenera-—
tion systems can be either one vessel (Figure 2.06) or two vessel
(Figure 2.07) systems and there may be an additional reasin storage
vessel for a regenerated charge of resin. The single vessel
regenerator is very similar to the in-situ regenerated mixed bed
(Pigure 2.04) while the two vessel regenerator is essentially the
same as the original regeneration scheme devised by Kunin and McGarvey
(90). External regeneration vessels are taller and narrower than
the service vessel which gives deeper beds of separated resins and
hetter backwash water and regenerant distribution. The units can

be designed purely for regeneration and not as a compromise between

operation and regeneration.
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2.6.3 BACKWASHING

In CPP mixed bed regeneration backwashing has a dual role of separ-
ating and cleaning the resins. Cleaning is necessary to remove
particulate oxides that may have accumulated on the resin and is
often accompanied by air scouring of the rasin/water mixture (100,
101). The use of ultrasonic waves to remove debris from resins has
also been applied (129).

2.6.4 CROSS CONTAMINATION

One of the major problems in mixed bed regeneration is contamination
of the exchangers by the wrong regenerant. One or both resins may
become contaminated leading to long rinses down after regeneration,

ionic leakage in service and loss of operating capacity.

There are a number of causes of cross contamination. Poor resin
separation will lead to a gone of mixed resin around the nominal
separated resin interface. The volumes of resins in the vessels may
not be correct so that the separated resin interface does not
correspond with laterals or resin extraction points. Poor efficiency
of resin transfer in two vessel regeneration system may leave anion
exchanger on top of the cation exchanger (130). The injection
pattern of the regenerant distributors may pass a regenerant onto

the wrong resin.

The effects of cross contamination depend on the mode of operation

of the mixed bed. In neutral operation, with H/OH form exchangers,
the major problem has been acid leakage from acid contaminated anion
exchange resin. Either hydrochloric or sulphuriec ac¢lid contaminated
resins exhibit a prolonged rinse out of acidic ions, attributed in
part to hydrolysis of chloride or.sulphate form weakly basic groups
on the anion exchanger (18). Such sulphate released near the base of
mixed bed may not be completely exchanged and thus released into the
treated water. The presence of organically fouled resins serves to
exacerbate this leakage giving extended rinse periods before or during
service (14,51). Sodium hydroride contamination of the cation

exchanger may cause loss of cation exchange capacity but does not
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give rise to significant leakage in H/OH operation. However in
/OH form operation a small amount of sodium form cation exchanger

can give rise to unacceptable sodium leakages in service (see 2.5.5)

therefors considerable efforts have been made to overcome sodium

hydroxide contamination of the caiion exchanger.

A pumber of solutions to cross contamination in NH4/0H form beds have
been proposad. Most have concentrated on mitigating the effects of
contamination and only recently have several developments attacked
the fundamental problema ¢f resin separation and resin transfer.
Engineering solutions to isolate the mixed resin iﬁterfacial layer
have included double centre laterals (131) or interfacial layer
isolation and removal {132). Chemical engineering solutions seeking
to convert the contaminated resin to a more acceptable ionic form or
to isolate it from the bulk resins have been widely used (120, 133,
134). A combined regeneration, service, repeat regeneration process
has also been described (118).

More recently the problem of poor separation of the exchangers has
been addreased by the resin manufacturers who have produced triple
resin systems consisting of specially size graded resins that
spparate completely and an inert resin, alsc specielly size graded
and of intermediante density, which forms an intermediate barrier
layer betwsan the separated anion and cation exchangers. The concept
was proposed by McMullen in 1953 (135) but was first adopted in 1976
at Doel in Belgium (136, 137, 138). To complement resins which
separate completely a new design of resin separation vessel with
bottom transfer of the cation exchanger has been developed (51). A
different approcach to avoiding c¢ross contamination is the use of
separate beds for cation and anion exchangers (139).

2.6.5 RE-MIXING OF RESINS

Aftor the resins have been regenarated and rinsed free of excess
regenarant they are remixed. In a single vessel regenerator mixing
takes place in the same vessel. In two vessel regensrators the
resins are recombined in one of the vessaels or, alternatively, both

transferred to a third vessel which is the spare charge storage vessel.
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Resin mixing is achieved by lowering the water level to a few centi-
metrea above the top of the bed and passing low pressure air through
the bottom distributor system. This agitates and mizes the resin
water slurry. Arden (25) noted that air distribution must be uniform
to achieve good mixing and the amount of free water above the resin
has a great influence on the final resin mixture (140). The latter
is hard to control in CPP where resin levels vary and mixing may

take place in a vessel remote from the operator. Failure to achieve
vroper mixing may result in ionic leakage as trace regenerants are
leached from the resins but are not exchanged within the bed.

2.7 MIXED BED PERFORMAKNCE

As mixed beds are the final purification stage in make up oxr conden=
sate purification plant greater emphasis is placed upon the purity of
watar prodﬁced rather than ion exchange capacity. Numerous papers
have been published on the quality of water obtained from high flow
rate mixed beds under various operating conditions but some are
written from a commercial as well as technical basis and give no
insight into the factors influencing mixed bed performance. The
remaining papers can be divided into two groupss: investigations into
full scale operating mixed beds and investigations involving
laboratory or pilot scale columns. In the second grouv the experi-
mental conditliona can be conirolled more closely without the influencs
of plant operating factors.

Mixed bed performance is normally assessed in terms of impurity content
and hypotheses as to the controlling factors have changed as more
accurate analytical information has become available. Electrolytic
conductivity or resistivity has been determined for many years, but

is now normally referred to a 25 °c standard. Analytical determinations
at the}pg kg-l level have become standard practice in recent years.

The sodium responsive glass electrode (141) or flameless atomic
adsorption spectrophotometry can detsrmine sub/pg kg-l concentrations

of sodium but it is only relatively recently that methods for/pg'kg-l
levels of chloride and sulphate have become available (142, 143) and
in particular the very versatile ion chromatograpbic technique,

based on ion exchange (144, 145).
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In this section only H/OH form mixed beds are considered with the
emphasis on high flow rate operation.

2.7.1 OPERATIONAL MIXED BEDS AND ASSOCIATED STUDIES

An early study by Thompson et al (146) compared two bed and mixedbed
performance for make up water production. They showed mixed beds

were capable of producing water of 16 MQ resistivity (0.0625 nS cm-l)
3 n-2 h_l. Their
major concern was not the conductivity but the silica concentration

which wes maintained at < 0.02 mg kg“l with an influent of .

9 g kgt 510,,.

but the flow rates were very modest - about 10 m

As noted earlier CPP mixed beds found their first major application
in once through supercritical pressure boilers. Various studies
monitoring the performance of these mixed pheds showed them to be
capable of maintaining feedwater copper concentrations below the
limit of 3 - 5 pg kgrl Cu (93, 94, 96). Other parameters of concern
ware sodium and silies.

2 -7 el.l Secdium Leakage

0f the three major ions of current interest - sodium, chloride and
sulphate - sodium was the first that could be measured accurately

at ng kg-l concentrations, using a sodium responsive glass electrode
(141). Sodium as sodium hydroxide can rapidly corrode mild steel
and stiress corrode austenitic steels if concentrated to a sufficient
degree. Therefore, early once through boilers had a feedwater

specification of { 5 ug kg-l Na.

A long term survey of a CPP associated with- a once through super-
¢ritical unit showed the sodium leakage to increase from 0.8 to
2.2,ng kg-l over a nine month period, (96, 104), a significant rise
for AGR boilers which are 1limited to a maximum of 2/pg kgrl Na.
The increased sodium leakage was attributed to the physical break-
down of the gelular cation exchanger, giving resin fines that did
‘not separate from the anion exchanger on backwashing. These fines
became contaminated with scdium hydroxide that was subsequently

eluted into the treated water. Whilat sodium hydroxide does elute
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slowly from a cation exchanger more recent laboratory investigations

(18) indicate another contributory cause (see 2.7.2).

The use of radio active tracers on salts simulating a sea water
condenser leak into an operating CPP mixed bed demonstrated that
the traces of sodium at the bed ocutlet did not arise from kinetic
leakage of influent ions, (15) but must have presumably been
equilibrium leakage. It was also shown that in the absence of
condenser leaks the sodium at the bed ocutlet was slightly greater
than that at the hed inlet, again attributable to equilibrium
leakage {137).

In general, CPP mixed beds will operate with sodium leakages weli
below the 2/pg kg"1 target figure until breakthrough at exhaustion

occurs (14, 15, 137).

2.7.1.2 Chloride Leakage

Particularly high kinetic leakages of chloride, up to 80% of the
influent concentration during sea water condenser leaks, (13), led
to the development of an on line chloride monitor for/pg kg-l Cl
determinations (142). The leakage was attributed to fouling of the
CPP mixed bed anlion exchanger by naturally occurring organic species
in the raw water (see 2.8) that passed through the make up plant

and accumulated on the anion exchanger. These organic foulants

were considered to have reduced the chloride exchange kinetics,
theraby increasing the kinetic leskage of chloride which was

particularly apparent in this particular design of CPP.

Radio tracer tests at another CPP mixed bed (using Br82 as the halide
jon) showed significant kinetic leakage (up to 40% of influent) of
halide ions through a mixed bed containing an old and organically
fouled anion exchanger, while a parallel hed with new anion exchanger
gava very little leakage. Cleaning the fouled resins by soaking

in brine improved the old anion exchangers performance when tested
in a pilot column (15).

White and Crits (101) monitored the verformance of two CPP for
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chloride leakage and noted an increase in leakages during condenser
leaks from the mixed bed operating at 125 m h-l 5 but only from
0.3 to 1.0/pg kg—l Cl. Ko information on the state of the anion

exchanger was glven.

Tittle et al (148) used a multi-point probe to sample at various
depths and diameter positions in a 3.05 m dished bottom mixed bed

operating at 98 m h_l

y With &2 231 cationsanion exchanger ratio and

an influent ammoniated to pH 9.3.‘ It was found that during sodium
chloride injection, to simulate condenser leakage, the chloride
exchange front rapidly moved akead of the sodium exchange front, by

a greater factor than'might be indicated by the 2:1 mixed resin ratio.
The inferrence drawn was that anion exchange for chloride was

significantly slower than cation exchange for sodium.

2.7.1+3 Sulphate Leakage

During the radio tracer studies for halide leakage (15) it was noted
that the measured ionic leakages (Na and C1) were insufficient to
account for the observed conductivity at the CPP outlet. The extra
condﬁctivity was found to be due to ionic sulphate and having identi-
fied sulphate at one plant other workers have subsequently found
sulphate as a major ionic leakage from many sulphuric acid regenerated
mixed beds (14, 136, 137, 149).

Further plant associated investigations have shown that as the mixed
bed anion exchanger aged the rinse down after regeneration and
remixing took longer to reach the working conductivity. Once again
sulphate leakage or elution was ldentified as the major contaminant
and in certain cases a long sulphate rinse tail could last for many
hours (150). This either prevented a regenerated bed from returning
to service or released sulphate, a potential éorrodant, into the
boiler feed water. The extension of sulphate rinse out was generally
accompanied by an increase in the background leakage of sulphate ion
during the whole service cycle, up to or exceeding the Z‘yg kg’l S0
1limit for AGR feed water.

4
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2.7.2 LABORATORY AND PILOT SCALE STUDIES

In the 1950's several groups of workers inveastigated the perform-
ance of mixed beds at flow rates up to 250 m h-l in columns varying
from 9 to 500 mm dismeter (92, 151, 152, 153). The main control
parameter was conductivity and conductivities of 0.06 - O.OB‘FS em™?

could be achieved even at the very high flow ratea. Thompson and
Reents (92) noted that at 125 m h-l & freshly regenerated mixed bed
could treat the equivalent of 100 mg kg-l galts (Caco3) in the influent
without affecting the outlet water quality (0.06 uS cm™'), until the
bed was 50% exhausted. After this point the leakage into the treated
water Blowly increased until at 90% exhaustion the outlet conductivity
was 0.2/uS cm-l. Through into the 1960's the greater emphasis on

high flow rate mixed bed investigations was on filtration of partic-
ulate oxides as the outlet conductivitiea then specified, often
$~0.2/ps cm—l, could he relatively easily achisved under normal

operating circumstances.

Blight and Jackson (102) operafed a 150 mm dizmeter pilot column
mixed bed alongside an operating CPP, primarily for filtration tests
but they also monitored sodium leakages during simulated sea water

condensar leaks.

Kunin (154) used radio active tracer techniques to examine the
differences in kinetics between ion exchangers based on gelular or
macroporous matrices and concluded that macroporous resins gave
similar ionic leakages a&s gelular resins but offered advantages in
operational capacity. This view is opposed by Wirth who claims that
gelular resins offer superior performance in condensate purification
(109, 110, 155).

Harries and Ray (18) investigated the effects of regenerant cross
contamination of both anien and cation exchangers on the treated
water quality. The worat effect was due to acid contacting some of
the anion exchanger, resulting in a prolonged acidic anion bleed
from the bed which became worse when aged and organically fouled
anion exchangers were used in the pilot column mixed beds. The
prolongsd acid leakage was attributed to hydrolysis of the acidified
exchange sites, particularly the 5 ~10% of weak base sites that are
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always present on strong base anion exchangers. Sodium hydroxide
contaminated cation exchangers gave few‘prohlems, most of the eluted
sodium being removed within the bed. The only time sodium leakage
increased was when the acidic anion leakage reduced the pH within
the bed and caused an incresse in equilibrium leakage from sodium

form sites on the cation exchanger.

Emmett (51) examined the rinse characteristics of single beds of
sulphuric acid contaminated anion exchangers and showed a large
increase on acid release with the age of the resin. Note that as
anion exchangers age there is a gradual conversion of strong base
groups to weak base functionality (156, 157).

Several groups of workers have recently attempted to compare the

chloride removal performance of anion exchangers by measuring the

dynamic leakage from a small mixed bed operating at the correct

gspecific flow rate (m3 m-3 h-l), giving a within bed residence time
similar to full scale plant but a superficial linear velocity much

lower than normal practice. The interpretation of the results has

been conflicting. Ray et al {158) considered that the polyger/matrix
combinatibn is the controlling factor while Emmett (159),'Harries (19) and
MoNulty (160) considered that bead size is the major influence in
determining the degree of kinetlc leszkage.

2.7.3 MIXED BED THEORY

There have been a number of equations produced to describe the
operation of columns of a single resin (see 2.3.4.5) but very few
attempts have been made to mathematically describe the cperation of
mixed beds. Frisch and Kunin (161) used the results from mixed bed
columns only 13 mm diameter operating at superficial flow rates up
to 250 m bt
NaCl per litre. The model was developed on the bacsis of both

and treating influents containing up to 0.01 equivalents

exchangers operating at the same overall reaction rate and acting as
if there wac only one, amphoteric, exchanger in the system. Conduct-
ivity was the main analytical parameter as suitable methods for low

concentration leakages were not available.



- 45 -

FPrisch and Kunin concluded that the overall exchange rate was film
diffusion controlled at the relatively low influent aoncentrations
used. They developed an assymptotic equation to describe the depth
of the exchange zone for a given leakage, which was dependent on
both flow rate and bead size, and equations for predicting the
working exchange capacity of a bed to a fixed break through concen-
tration, which requires a knowledge of the regenerated capacity of

the exchangers.
2.8 ORGANIC FOULING OF ANION EXCHANGERS

Within 2 few years of the commercial intrcduction of strong base
anion exchangers the literature contained references to the irrevers-
ible fouling of these resina by large organic molecules (162, 163).
The effect of the fouling was to reduce both water quality and ocut-
put between regenerations from beds containing strong base anion
exchangers. Since those early reports there have been many papers

on both the causes and effecis of organic fouling and methods for
overcoming foulingy yet organic fouling remains a major problem in
producing high and ultra pure feed water from ion exchange water
treatment plants (19, 164, 165, 166).

2.8.1 NATURE OF ORGANIC FOULANTS

The main socurce of organic foulants is considered tc be the natural
decay products of vegetation that occcur in natural water supplies,
especially those from peat covered moorland areas. ﬂowever, other
sources may be the large varilety of organic compounds that may bve
discharged t¢0 a river flowing through industrial areas or the wastes
from manufacturing process, lignin sulphonatss from paper making
having received attention (167).

The decay products of vegetation are a group of compounds loosely
termed fulvic and humic acids generﬁlly thought to be polymeric -
aromatic - hydroxy ~ carboxylic acids (168) with molecular weights
varying from several hundred to several hundred thousand (169, 170).
Fulvic acids are differentiated from humic acids by the latters'
insolubility in both mineral acid and alcohol (171, 172). Fulviec

acids are the more common species and are generally of lower
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molecular weight than humic acids {168). The molecular weights and
ratios of fulvic to humic acids will vary both with the water source
and the time of year {(173). Tilsley (166) presented two potential
structures for fulvic/humic acids, one of which incorporated

complexed metzal ions such as iron.

The degradation products from cation exchangers, short chain polymer

fragments that had been released by oxidative attack on the polymer,

were reported to have fouled down stream anion sxchangers (174, 175).
The problem was overcome by using a more highly crosslinked polymer,

more resistant to degradation.

2.8.2 SELECTIVITY OF ANION EXCHANCGERS FOR ORGANIC MOLECULES

Becausze fulvic/humic acids are very complicated and undetermined
structures most of the work on selectivity has been carried out with
simpler species. A review by Semmen (176) showed that strongly basic

anion exchangers can have very high equilibrium selectivity coefficients

for organic compounds compared to inorganic specles eg Kg§== 20,
Karomatic sulphonate ==10,000. Also the nature of both the exchanger

Cl
polymer and the organic anion can have a significant influence. -

The selectivity of strongly basic exchangers for simple organic anions
such as formate or acetate is similar to that for inorganic anions
such aa bisilicate or bicarbonate (177). However, as the aliphatic
chain length of the acid anion increases its selectivity for the
exchanger Increasses and the introductlon of aromatic cheracter further
increases selectivity. The nature of substituents on the aromatic
nucleus can also affect selectivity coefficients (33, 176, 178, 178a).

The high selectivities for large organic anions are atiributed, in part,
to hydrophobic bonding (33) but the interaction is not wholly ionic

ags the basic styrena/DVB volymers ussed for preparing ion exchange

resins act as adsorptive agents for removing organic species from
aqueous solutions (179). There is probably a pi-bond interaction
between the aromatic nuclei in the organic species and those in the
styrene/DVB polymer. Gregory et al (178) showed that anion exchangers
based on an acrylamide polymer had selectivities for carboxylate ions

an order of magnitude less than anion exchangers based on styrene.
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The lower selectivity of the acrylamide based resina has found
commercial application in treating waters that cause serious organic
fouling problems with styrene based resins (180) as the acrylamide

resins release the organics more easily on regsneration (164).
2.8.3 MECHANISM OF ORGANIC FOULING

Most published work on orgaenic fouling relates to the primary anion
exchange bed in water treatment plant, whaereas mixed beds are
secondary or tertiary anion exchange stages. Therefore, the organics
vassing t¢ the mixed bed are those that have not been sorbed or
exchanged by the primary anion exchanger. The polymer/matrix
combination of the primary anion exchanger can influence the sige
(molecular weight) of organic species that are removed or pass
through the bed (170).

Herz (181) considers that the larger organic molecules are only sorbed
onto the bead surface and c¢an block access of inorganic ions to the
bead surface whereas Martinola (182) believes the large organics

do not impede access of small anions. Other worksrs (25,35) have
proposed that fulvic/humic acids are selectively held in areas of
high crosslinking within the polymer by physical entanglement and
therefore resist elution. This argument is used to explain the
claimed resistance to organic fouling of isoporous resins (35). The
greater internal area and shorter pathways from polymer to solution
is claimed t¢ allow better elution of organics zand thereby minimise
organic fouling (183). Ungar (184) believes that on regeneration
with sodium hydroxide the organic anions become more ionised and more
hydrated inhibiting their release from the resin. Wall et al (185),
studying dye sorption onto anion exchangers, proposed an initial
saturation of the bead surface followed by a slower diffusion into
the bead. Arden (186) has proposed that scid insoluble humic acids
would precipitate on an anion exchanger contaminated by mineral acids
and then in the subsequent cycle the humic acids would redissolve and

re-exchange onto the exchanger polymer.

Several workers (181, 186) bave proposed that the ratio of inorganic
to organic anions is important. Low concentrations of inorganic ions

means long service cycles allowing the organics time to penetrate
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the resin matrix while the relatively short regeneration time enly
allows removal of organics near the bead surface. This may be
particularly important for CPP mixed beds that can operate for

several wesks or months without regeneration.
2.8.4 RATE OF ORGANIC FOULING

Whilst there are many reports on organic foulants accumulation for
one particular resin at one particular site there are very few
comparative studies of the rate of organics uptzke by different

typss of resin on one water supply. In one such investigatioq
covering a number of operating cycleg Iblff (187) showed that the net
rate of organic foulant accumulation did not depend greatly on the
polymer/matrix type but more on the basicity of the exchange groups.
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3 THE SEPARATIOR OF MIXED RESINS
BY BACKEWASHING

The success of ths regenerable mixed bed in producing ultra pure water
lies in the utilisation of an intimate mixture of anion and cation
exchangers during the purification stage and then separating the resins
again prior to regeneration. Incomplete separation will lead to cross
contamination by the wrong regenerant, which can subsequently cause
leakage of impurities into the treated water. Therefore, if the

purity of water from mixed beds is to be maintained at very low
contaminant concentrations it is important to ensure that the ion

exchange resins supplied for mixed beds will separate completely.

Resin separation is achieved by backwashing the mixed resins with
water to give controlled fluldiasation. The less dense anion exchanger
separates as a layer above the more dense cation exchanger and within
each layer of resins there is some classification of the beads by size,

smaller beads in the upper reglons of each layer.

Preliminary trial separations of mixed resins in 25 mm dismetsr clear
laboratory columns indicated that the standard size grades of ion
exchange resins (0.3 - 1.2 mm) normally supplied for mixed beds would
not always separate completely. Separation appeared to depend on the
polymer/matrix types of the two resins and their respective ionic
forms. Poorly separating resins produced a middle layer of intermixing

small cation exchanger and large anion exchanger beads.

3.1 ASSOCIATED WORK

When this study of resin separation commenced there was no published
information on the separability of ion exchange resins or the factors
that might infiuwencse or control separation. The advent of triple
regin systems has led to the publication of resin bead terminal
velocity versus bead diameter diagrams by several resin manufacturers
(188, 189) to demonstrate that their systems will work. They give
1ittle information on bead density, ionic form of the resins or the
separation conditions or whether the data is calculated or practically
measured. This information is admitted to being deliberately vague

in some instances to protect commercial interests. In the published
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data Wolff (190) has used Allens approximation (191) to calculate
resin bead terminal velocities and Emmett {159) has measured terminal
velocities of individual beads.

Ion exchange resin separation is essentially a problem concerned
with the fluidiasation of two particulate species with densities
closa to each other and to the fluildising medium, water. Further-
more both species have relatively wide size distributions that are
gimilar to each other. 1In the general field of fluldisation studies
this is an area that has not received any attention. Most investi-
gations have been carried out with monosize monodensity particles,
a few workers have investigated the interaction of two monosized
monodensity particles with various size ratios of the particles and
there have also been investigations of fluidisation of particles of
narrow size diatribution and widely differing densitieas. Many
workers have used glass ballotini as the solid phase and either
water or an organic liquid as the fiuidising medium.

Richardson and Z2aki (193) investigated sedimentation and fluidisation
of single size monodensity particles and derived an empirical
equation to describe the porosity {voidage) of the fluidised bed
(see 3.3.3). Many workers have noted that in a fluidised bed of
closely graded particles axial bulk circulation patterns are set up.
The particle motion is generally upwards in the centre 6f the bed
and downward at the walls (294, 195). Happel (196) attributed this
bulk circulation to lower liquid velocities near the vessel walls
due to viacous drag between the fluid and the wall. Other workers
have developed the concept of axial diffusion to describe bulk
circulation (194, 197).

A number of studies have been undertaken employing mixtures of two or
more discrete size fractions with beads of uniform density. The

term size ratio is commonly used to describe the ratic of maximum to
minimum bead diameter. Richardson and Zaki (193) used mixed glass
beads with a size ratio of 2.02 and recorded separation of the two
components. They alsoc noted that the properties of the two component
fluidised bed could be predicted from calculations on the separate
components. Wen and Yu (198) fluidised two and three component

mixtures of discrete size fractions with a number of different asize
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ratios. They reported that with size ratios less than 1.3 intermixing
of the two components took place. Wen and Yu also claimed thatrthe
expansion of the mixture could be predicted from the expansion of a
gingle equivalent particle diameter given by the Sauter mean

(see 3.6.1.1)., Hoffman, Lapidus and Elgin (199) fluidised mixtures
with two discrete particle sizes and found that with a sizs ratio
of 1.24 intermixing occurred, while with size ratios of 1.58 or
greater the two components seggregated. No intermediate ratios
were studied. Finklestein, Letan and Elgin (200) investigated
mixtures with size ratios of 1.62 to 6.0. They did not establish
equilibrium conditions but considered that the propserties of a
uniform mixture could be characterised by a mean diameter which

equates to the Sauter mean for monodensity mixtures (201).

Scarlett, Blogg and Freshwater (202) examined the fluidisation of
glass ballotini with a Gaussian size distribution, using a parallel
plate apparatus. Scarlett and Blogg (203) alsoc described similar
fluidisation tests in a cylindrical column. In both apparati
samples of the fluidised bed could be extracted at various heights
for subsequent bead size analysis. Overall size ratios between
1.35 and 3.0 were examined and at 1.35 there was virtually no
seggregation ie intermixing occurred. At size ratios greater than
2.0 seggregation was observed. Al Dibouni and Garside (201) mixed
particles from adjacent sleve fractions to give continucus distrib-
utions with size ratios of 2.0 to_6.7. Al Dibouni et al claim that
at gize ratios of 2.0 or less mixing was the dominant feature while
for sige ratios greater than 2.2 classification becomes the signifi-
¢cant féature. They also noted that mixing tended to become more
intense at fluidised bed porosities around 0.70.

Several groups of workers {194, 202, 203) have noted that the design
of the fluid inlet distributor could influence the mode of parficle/
£luid interaction. In particular a poor distributor could induce
turbulence and particle eirculation in the lower parts of a fluidised
bed .

All the work reviewed so far has dealt with the fluidisation of
monodensity particles, wheresas lon exchange mixed beds contain two or

thres components of different density. The nearest approach tc mixed
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bed separation is the backwashing of multimedia filters, which contain
two or more filter media that are closely size graded but of differing
densitiea. The difference in the approach is that the aim is to
prevent the individual media from intermixing on backwashing. A
number of workers have investigated the problem and have proposed a
variety of equations to describe and predict the separability and/or
mixing of any two media (204, 205, 206, 207, 208). These equations
generally deal with media of widely differing densities and closely
graded particle size and may not be sufficiently refined to be
applicable to ilon exchange resins with bead densities similar to each
other and very cloze to the fluldising medium while also having a
relatively wide size distribution.

Cleasby and Woods (205) compared two published models for predicting
intermixing in multi media filters. The difference in the bulk
densities of two adjacent media was proposed by Pruden (207, 208)

and Le Clair (201) as the driving force for separation. The bulk
density concept treats the fluidised particle/liquid mixture as a
single component of composite density. If two particulate species
separate on backwashing the upper component, with lower bulk density
effectively floats on the lower component with a greater bulk density.
The bulk density (B) is defined as

B = Be+ (1 ~E)$
where p ia the density of the backwash fluid
4 im the density of the particles
E 1is the porosity of the fluidised bed

E = Interstitial volume

Total fluidised component velume

The separation model of Camp et al (204) considered that two partic-
ulate media would separate if the particulate density of the upper
medium was less than the bulk density of the lower medium. As this
did not represent the observed state of fluldised multi media filters
Camp et al subtracted a drag term from the density of the upper

component. Cleasby gave Camp's equation as
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2
Blower — % upper - Cp 37 (!;
4dg \E

where c is the drag coefficient of the particle
P is the superficial backwash velocity

d is the particle diameter

& is the gravitational acceleration.

Bulk density calculations take account of the particle diameter
through the fluidised bed porosity term (E) but in Camp's model the
particle size of the upper layer only occursa in the drag term indiéa-
ting particle size has a very minor effect. Cleasby's comparison of
these two models concluded that the bulk denszity model predicts the
general behaviour of any two media while the model of Camp et al
depends on a number of empirical relationships that are not easily
measured. The bulk density azpproach to particle separation was
considered further below (3.3.2)

3.2 CRITERIA FOR RESIN SEPARATION

Muidigation studies on single density particles with a range of
sizes, reviewed in 3.1, have shown that if the ratio of maximum to
minimum particle diameter is above 1.5 to 2.0 then the particles will
classify by size on backwashing to give the smalleat at the top and
largest at the bottom of the bed. However, with size ratios below
1.5 the particles start to circulate and intermix withig the bulk of
the fluidised bed.

In an EQEEL mixed bed the resins should separate into two distinet
layers on backwashing, the upper being the less dense anion exchanger
and the lower the mors dense cation exchanger. The resin particles

in each of the layers will be classifled by size, with the largest at
the bottom and the smallest at the top. A sharp interface will divide
the smsllest cation exéhanger beads from the largest anion exchanger
beads. A typical standard grade ion exchanger has a particle diameter
ratio of 4 (0.3 - 1.2 mm). Therefore, in a fluidised bed of single
density, exchanger beads classification will be dominant and ideally
any small increment of bed height may be conmidered to contain

particles of only one diameter. The beads within that increment may
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be characterised by a calculable separability parameter, P, which
will be a function of both the resin bead properties and the fluid-
ising conditions.

If the cation and anion exchangers have separated perfectly the beads
in the increments elther side of the separated resin interface can be
characterised by PA-max
largest anion exchanger and the smallest cation exchanger beads

and P,_ ..s Where A-max and C-min are the

respectively. A condition for separation can now be defined such
that

PA—max < Pc-min

and the limiting criterion of saparation is defined as

Prpmax = Po-min
If the two rTesins do not separate completely they will overlap to
some extent to form a mixed resin zone which has an interface with

the completely separated portion of each resin. Then

PA-max 7z Pc-min
and it is assumed that within any height increment in the mixed

resin zone the relationship

B = ¢
holds. This will also be the limiting condition at the two mixed

resin/separated resin interfaces.

P

3.3 POTENTIAL SEPARABILITY PARAMETERS

Three parameters have been investigated for their potential to act

as indicators of resin separability. These are the bead termin=zl
velocity approach used by the resin manufacturers, the bulk density
approach as described by Pruden and Bpstein and a third, new,
approach inwvolving the variation in porosity (voidage) in a fluidised
bed of multisiza, mixed density resins.
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3.3.1 RESIN BEAD TERMINAL VEIOCITY

At its terminal velocity, Vo, the gravitational acceleration acting
on a particle falling through a liquid is balanced by the viacous
drag on the particle and its buoyancy in the fluid. This balance
of forces is the same if a2 particle is suspended at a point in an
upward flowing liquid. The latter condition approximates to the
suspension of particles in a fluidised bed. Accordingly, resin
bead terminal velocities are a potential comparative parameter for
resin separability. Terminal velocitierm are strictly apnlicable |
only to single particles in an infinite fluid (ie no effects due to
vessel walls or other particles). However, they are a basic

hydrodynamic parameter and may be a suitable separability parameter,P .

Another hydrodynamic parameter is the Reynolds number at the

terminal velocity, HRe,. Reynolds number is defined by

Reo=- V. dp

7

where 4 is the bead diameter, 7 is fluid denaity and n 1is the fluid
dynamic viscosity. The value of the Reynclds number determines
whether, at its terminal velocity, a particle is falling under
laminar or turbulent flow conditions, At values of Reo < 0.2
laminar flow prevails while for Re°‘7 500 turbulent flow conditions
exist (209). For values of 0,2 < Be < 500, the flow conditions
are intermediate hetween lamipar and turbulent flow.

Due to the combination of size and bead density most ion exchange
resin beads, in water, have values of Rao that place them in the
intermediate zone between laminar and turdulent flow regimes
(Appendix 3, Table A 3.01). Therefore, the standard Stokes equation,
which is applicable only to laminar flow, cannot be used to calculate
terminal velocities. There is no simple squation to derive Vo in

the intermediate flow regime and in thias work terminal velocities
have been calculated using the widely accepted relationships derived
by Heywood (210).

An alternative method for calculating Reo, used by Wolff (190), is=s
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the Allen approximation (191). This assumees that the relationship
betweeon Vo and R°o at the mid point of the 1ntermediate flow regime
holds for all other pointa. This gives a straight line relationship
between bead diameter and terminal velocity whereas the Heywood
derived relationship is a curve. Tha latter effect would be expected
in the intermediate flow regime where the drag coefficient versus
Reynolds number relationship is also curved (209).

Terminal velocities were calculated for resin beads of 0.3, 0.5, 0.7,
1.0, 1.2 and 1.4 am diameter at densities from 1025 to 1350 kg m-3 in
water at 5, 20 and 40 °c (Table A 3.02). The valuea for 20 °c were
plotted on a separation chart (Figure 3.01) in terms of the variation
of terminal velocity with resin bead dismeter at 25 kg m-3 increments
in bead density. According to the criteria set ocut in 3.2 an anion
exchanger resin bead will separate above a cation exchange resin bead
if V0A< Voo "hileif ¥V, , >V, there would be & reversal and the
cation exchanger bead would separate above the anion exchanger.
Therafore, knowing the size gradings and densities of any pair of anion
and cation exchangers the terminal velocities for the largest anion
and amallest cation exchange particles can be determined from a
diagram similar to Figure 1. 1If the condition

v <

0 A-max vo C-min

is satisfied, c¢lean separation of the two exchangers will occur,

otherwise there will be some overlap and interfacial mixing.

An glternative approach is to determine the terminal velocity of the

largest anion exchange bead (V and, knowing the density (Sc)

o A—max)

of the cation exchanger, to ascertain from the separation chart the

cation exchanger bead diameter, d,, that has the same terminal

c
velocity. Comparing dc with the actual cation exchanger size grading
will show whether separation will occur. If dc_min‘( dc then the

two resins will overlap and the percentage of cation exchanger that

separates above the largest anion exchanger will be equal to that

part of the bead size distribution lying between dc-min and dc.
Similarly by repeating the procedure for Vo C-min and determining dA
for a known §,,the amount of anion exchanger remaining below the

A
gmallest cation exchanger bead can be determined.
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Therefore, if resin bead terminal velocity is a characteristic
parameter of resin separability, a simple graphical method can be
used to predict both the degree of separation and the depth of the
mixed resin zone and requires knowledge only of the bead size
distributions and bead densities of the two resins.

3.3.2 FLUIDISED BED BULK DENSITY

As noted above Pruden and Epstein used the bulk density (B) of the
fluidised bed as an index of separability. Using bulk density as
the resin separability parameter, P, the proposition can be made
that two resins will separate if

BA-max < BC:-min'

where B = & - E(§—0r))

Values of E, the fluidised bed porosity, for various resin bead size
and density combinations were determined using the equation of

Richardson and Zaki {(193). This is an empirically derived equation
to describe the rate of sedimentation ¢f a multiparticle system but
wag found by Richardson et al to apply equally well to fluidisation.

The basic form of the equation for describing the fluidised bved
porosity (E) is:

Zf = E ceseacesrsensall)
Y5

or

logV = nlogE"'logV ......(2)

P4 i

i
is the corresponding fluidisation velocity at infinite dilution of

where Vf is the empty column backwash/fluidisation valocity and V
particles. Single particle terminal velocity, VO, is given by:

108 Vi = log Vo - % 000000000(3)

v
where d is the resin bead diameter and D, the column diameter, and,

for the range of terminal velocity Reynolds numbers (Reo) covering

most ion exchange resin beads, ie 1< Reo < 200,
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ol

dy, =0
n - (4.4 + 18 -D—‘?Reo ............(4)

Rearranging

d
log E - log Vr - (103 Vo - 32 000‘000'0(5)

n

Therefore, knowing both the diameter and density of any resin bead,
hence the value of V and Re , the fluidised bed porosity (E) for a

bed of such particles can be ecalculated for any given backwash flow

rate (Vf) and water temperature (Tables A3.03, A3.04). Values of v,
and Reo are determined from the Heywood relationships (210) as in 31.3.1.

A separation chart drawn for calculated values of B at 20 °c and a

3 mm2 h-l in a 100 mm diameter column

typical backwash flow rate of 8 m
is presented in Pigure 1.02. A bulk density separation chart i3 used
in a similar manner to the terminal velocity chart (Figure 3.01) and
the overall trends indicated by both models are similar. However, for
two exchangers of fixed densities the bulk density predicts complete
separation of resins with much wider bead sige distributions than the

terminal velocity medel.

3.3.3 INTERSTITIAL VELOCITY AND FLUIDISED BED POROSITY

From the author's observations of smseparating mixed beda in clear
laboratory columns it was noted that in a perfect meparation the

resin interface remained sharply defined and no resin beazads crossed the
interface despite mild turbulence and circulation within each of the
bulk resins. Any resin beads reaching the interface were rejected

back into their own resin layer.

A third, and new, resin separability index is now proposed, based
on the interstitial velocity of the fluidising liquid, which is
inversely proportional to the fluidised bed porosity.

In any fluidised bed that is c¢lassified by size the fluidised bed
porosity (E) increases up through the bed and the interstitial fluid
velocity shows a comparable decrease (Figure 3.03). If the resins
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TABLE 3.01 COMPARISON OF RESIN SEPARABILITY PREDICTIONS FROM
DIFFERENT MODELS

Separation dA = l.0mm dc = 0.5 mm
Model 5, = 1075 ke 03 5o = 1250 ke n
| b = 1250 kg m™> 5, = 1075 kg u>
Terminal dq = 0.50 4, = 1.00
Velocity -
Bulk Density dc = <0,30 am ' 'dA => 1.2 mm
Fluidised Bed dc n 0,52 d, = 0.96
Porosity A

Backwash Conditions: Temperature 20 °c
Flow rate 8 m h—1

Column Diameter 100 mm
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separsted completely then EA-nax" Ec-nin and there would be a
sharp decrease of intermstitial velocity at the interface, which
would zct to maintain the interface. Any cation exchanger particle
crossing the interface would suddenly encounter a zone of lowasr
interstitial velocity that would not support it in a fluidised statse
and it would fall back into the bulk eation exchanger. Similarly,

2 large anion exchanger bead trying to c¢ross the interface would
encounter a higher interstitizl velocity and be ejected back into

the bulk anion exchanger.

It is proposed theat any fluldised bed of mixed resins will react to
maintain the progressive reduction of interstitial velocity and if
resin overlap Occurs the anion and cation exchangers in any bed
height increment will be characterised by an equal fluidised bed
porogsity giving an equal interstitial velocity. Therefore, the
limiting criterion of meparation is

As noted in 3.3.2, E is dependant on water temperature, backwash
flow rate, vessel size and R°o° FPigure 3.04 is a separation chart
baged on calculated fluldised bed porosities for a typical plant
3072 h"1 at 20 °C in a 100 mm diameter
column. Again the method of using the chart is similar to that

described for the terminal velocity model (3.3.1).

backwash flow rate of 8 m° m

3.4 COMPARISON OF SEPARATION MODELS

Table 3.01 gives examples of the predicted separability for two
resins, calculated from the separation charts for each of the three
models (Figures 3.01, 3.02, 3.04). The method fixes three of the
four parameters, bead size and density of one resin and hbead density
of the second resin leaving the fourth parameter, bead diameter of
the second resin, to be determined. Examination of ths calculated
values (Table 31.01l) shows that the terminal velocity (TV) and fluid=-
ised bed porosity (FBP) models give very similar predictions while
the bulk density (BD) model indicates that the separation margin of
rasins is much grezater. The TV and FBP models also show similarities
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in that all the iso~density lines are parallel but the separation
between them baecomes greater with decreasing density. The ED model
exhibits a different trend: the iso density lines are not parallel
and they become further apart with increasing bead size. The ED
model suggests that almost all standard grade (0.3 -~ 1.2 mm) anion
exchangers would separate quite easily from most standard grade
cation exchangera. This is not the practically observed case and
not the indications from the TV and FBP models,

The FBP model is based upon the assumption of a continuous increase'
in the fluidised bed porosity and, therefore, continuous decrease
in interstitial velocity upwards through a bed of resins during
backwashing. However, if the limiting criteria of separation is
applied to the BD model (BA== Bc) the reverse situation is
predicted ie a decresase in fluidised bed porosity across the
separated resin interface and an increase in interstitial velocity
on passing from the lower cation exchanger to upper anion exchanger
layers. This increase in interstial velocity can be damonstratéd

by considering two resins A and C that just separate wherep<:6A‘< ac.

B, =3 - B (8 -») = (1-E)(35 -rP)+»r
and
Bc-....-zéc - Ec(éc - p) = (l-Ec)( 5c_p)+ P
At limiting separation BA = Bc
therefore
(1-8)( 8, =0} = (1-E)(s,=0)
hence
60.— o - l = EA
if. P l = Ec
since § > 6 > P § = P > § = p
c A ' c A
then l - EA > 1= Eq

ie at the limiting separation conditions the BD approach predicts

Ec > EA whereas it was a condition of the FBP model that Ec < EA’
This inversion of the fluidised bed porosities, which would promote
interfacial mixing, may explain why the Pruden and Epstein (207)

bulk density model was not wholly successful in vredicting the



TABLE 3.02

VARIATION OF PREDICTED RESIN SEPARABILITY WITH BACKWASH WATER TEMPERATURE IN A 100mm COLUMN

~ TERMINAL VELOCITY (TV) AND FLUIDISED BED POROSITY (FBP) MODELS

Fixed Resin Sep'n dA ) dC 0.5; GC 1250 0.6; GI 1175 dI 0.7, 61 1175
Parameter Model
Backwash 12560 GA 1075 §, 1075 GC 1250
Water Temperature
50c v dC .49 dA 1.01 d 0.98 dC 0.57
FBP dC .52 dA 0.97 d 0.950 dc 0.58
200 TV dC .50 dA 1.00 dA 0.98 dC 0.57
FBP dC .52 dA 0.96 dA 0.95 dC 0.58
20°C TV' dC .50 dA 1.00 dA 0.98 dc 0.57
FBP dC .53 dA 0.96 dA 0.95 dC 0.58

A - anion exchanger;
5 - bead density (kg m °).
Backwash flow rate 8m°m 2h™1.

C - cation exchanger;

1

I - inert resin;

d - bead diameter (mm)

- 99 =
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behaviour of multimedia filters on backwashing and led to Pruden
(208) proposing a 'reduced bulk density factor' to account for
discrapencies between ithe model and practically observed case. In
view of the basic anoﬁoly in the bulk density approach the BD model
is not given any further consideration here.

3.4.1 EFFECT OF OPERATING VARIABLES

In resin separation there are a number of plant design and operating
variables that may affect the degree of sevaration achieved. The
three major factoras are backwash water temperature, backwash flow
rate and the diameter of the vessel in.which separation is carried

out.

Both the FBP and TV models can accommodate variations in backwash
water temperature through the water density and viscosity terms,
but the FBP model, through the Richardson and Zaki equation, can
also reflect variations in backwash flow rate and vessel diameter.
The effect of these variables on the predictions from both models
has: been assessed by taking three fixed parameters for any pair of
resins, eg dA’ 6A’ ac, and determining the effect of the variable
on the fourth parameter (dc) using the method described in section
3.3 above.

3.4.1.1 Temperature

The temperature of the backwash water can vary, from less than 5 °¢
for a surface water in winter to 315 = 40 OC for reserve feed watsar.
Increasing the water temperature reduces the buoyancy and drag
induced 1ift on the particles, thus increasing the terminal velocity
and Reynolds number but decreasing the hed eipansion on fluidisation.
Table 3.02 compares separation predictions from the FBP modsl for
temperatures of 5 OC, 20 °¢ and 40 °c at a typicel backwash flow

rate of 8 m h-l. There is no significant variation in the resin
separability predictions over the range 5 = 40 %C with the FBP model,
ie the changes in the variables effectively canecel ocut each other.

Similar calculations with the TV model (Table 3.02) produce a



TABLE 3.0} VARIATICON OF PREDICTED RESIN SEPARABILITY WITH BACKWASH SUPERFICIAL FLOW RATE

AT 20°C IN 106mm COLUMN FLUIDISED BED POROSITY MODEJ

“"“EEEES—EfffTifii_d 1.0; GA 1075 0.5; 85 1250 0.6; 8y 1175 0.7; 61 1175
pyowash 3 -2, -1 8 1250 §, 1075 8, 1075 8 1250
8 d 0.53 0.96 0.95 0.58
12 | d 0.52 0.97 0.95 0.5¢8
A - anion exchanger; C - cation exchanger; 11 - inert resin;

§ -~ resin bead density (kg m-a);

TABLE 3.04 VARTATION

d - resin bead diameter (mm).

OF RESIN SEPARABILITY WITH COLUMN DIAMETER AT 20°C

- FLUIDISED BED POROSITY MODEL

Fixed Parameter dA 1.0; GA 1075 0.5; GC 1250 0.6; 61 1175 0.7; 61 1175
Column '
Diameter (mm) C 1250 A 1075 6A 1075 GC 1250
25 a 0.48 1.06 1.20 0.55
100 dc 0.53 0.96 0.95 0.58
2000 dC 0.54 0.04 0.94 0.58

A -~ anion exchanger;

C - cation exchanger;

§ - resin bead density (kg m—a);

Backwash flow rate 8m

3

m~Zh7t,

I - inert resin;

d - resin bead diameter (mm).

--99-
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similar conclusion with this model, the degree'of resin separability
is not affected by backwash water temperature. Data on variations of
TV and FBP with temperature are given in Appendix 3, Tables A 3.02

and A 3.05 respectively.

3.4.1.2 Backwash Flow Rate

Several factors govern the choice of backwash flow rate. It must be
sufficient to fluidise the whole bed but not so high that small beads
of anion exchangser are elutriated. For condensate purification
plant, ideally, it should induce the removal of particulate oxides from
the resin surface. In practice the backwash flow rate for separation
302 p7t (211). Tabvle 3.03

compares separation predictions at these two flow rates for the FBP

generally lies between 8 and 12 m”° m
model at 20 °C in a 100 mm diameter column. As with temperature
there is no significant effect on resin separazhiliiy due to backwash
3 m.2 h-l. Eénce the FBP
and TV modele remain comparable despite the laiters insensitivity to
backwash flow rate. Data on the variation of FBP with backwash flow

rate is presented in Appendix 3, Tables A 3.03 and A 31.04.

flow rate variations between 8 and 12 m

304.1 +«3 Column Diameter

The Richardson and Zaki equation for fluidised bed porosity includes
the term 18(4/D) in calculating the exponent, n, (see 3.3.2) where d
is the bead diameter and thhé diameter of the column in which
gseparation occurs. In practice the separation vessel diameter may
vary between 0.9 m and 2.4 m (211). Therefore, the term &/D,is very
small - between 1.2 x 104 and 1.3 x 10”3 for the normal range of

bead diameters,

Table 3.04 compares calculated separation predictions for columns

of 25 mm, 100 mm and 2 m diameter based on the FBP model (Data from
Table A 3.03). There is l1ittle difference between the predictions

for a 100 mm and a 2 m diameter column, demonstrating the small effect
of d/Dvin commonly usged separation vessels. However, calculations

for a 25 mm diameter column indicated a significant improvement in

the prediceted separability. The FBP model predicts that in a 25 mm

diameter column complete separation will be achieved by a cation
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exchanger with bead size 10% smaller or an anion exchanger with bead
size 10% larger than in a 100 mm or larger dismeter column. Narrower

columns (<25 mm) will produce even better separation.

It follows from these calculations that the use of small diameter
laboratory columns to test resin separability will indicate a better
separation than will be achieved in full acale practice with the same
resins. Therefore, if a 25 mm laboratory column test indicated that
two resins separated there is no guarentee that they will do so in
practice. If two resins do not separate in a small laboratory column
then separation is llkely to be even worse in practice. Whilst it is
possible to apply corrections to narrow column results, derived from
FBP model calculations, the concept of the separation chart approach
wag to avoid such column tests. The calculationz described above
indicate that a single separation chart will cover all of the full

gcale vessel diameters.

3.5 PRACTICAL SEPARATICN DATA

To teat the validity of the predictions of the FBP and TV models
samples of resin have been taken from full scale and pilot column
separated mixed beds and the core samples analysed for anion and
cation exchanger and inert resin content gnd bead aize distribution

of sach component. -

3.5.1 FULL SCALE MIXED BED TRIALS

These trials took place at Walsall Power Station which had a
conventional cation plus anion exchange water treatment plant
followed by a single, 0.91 m diameter, mixed bed. The mixed bed
contained 0,36 m> each of anion (Amberlite IRA 402) and eation
{Amberlite IR 120) exchangers to give a total bed depth of 1.40 m.
The bed was in situ regenerated with upflow acid injection and the

unit contained unwrapped perforated pvec bottom, centre and top laterals.

This particular mixed bed was exhibiting extremely long poat régener-
ation rinses down, in exceas of 24 hours to reach a conductivity of
(0.2‘ys cm_l. This was not an operational problem at this plant as
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the boiler pressure did not require feed water <:1.0(pS cm-lo_
However, it was thought that cross contamination of the anion

exchanger by sulphuric acid due to poor-separation of the resins

was a poesible cause of the long rinses and to mitigate the effects

of this it was decided to add 0.07 m3 of inert resin (Ambersep 359)

to the bed. It was appreciated that this would not improve the
exchanger separation but the intention was to dilute the mixed
exchangers in the interfacial zone and raise the bulk of the anion
exchanger, due to the presence of the inert resin, so that acid contact

with the anion exchanger was minimised.

To assess the effect of adding the inert resin a vertical sample
core was taken after the bed had been backwashed at 8.8 m h-l for

20 minutes. A core sampler had been made from 225 mm long sections
of 24 mm internal, and 33 mm external, diameter pipe made from
acrylonitrile butadiene styrens copolymer (ABS). Each section was
‘threaded internally at one end and externally at the other and could
be assembled into a core sampler up to 2 m long. Limited head room
within the mixed bed meant the zampler had to be assembled as it was
inserted vertically downwards into the bed. The core sampler could
only be pushed into the bed if there was a sufficient backwash flaow
to just fluidise the whole bed. Even so the bottom of the core
sampler became bridged with resin about 150 mm from the base of the
bed so that the sample core was 150 mm less than the bed height.
After the sampler had been inserted the backwash flow was stopped
and the bed drained completely. A tight fitting rubber bung was
inserted into the top of the sample tube and the whole sample tube
plus resin core then withdrawn from the bed. If was necegsary to
carefully unscrew the sampler after about 1 m was withdrawn, md to
seal both exposed ends of the core with polythenme sheet and tape,

before the remainder of the sampler was extracted.

3.5.1.1 Resin Core Analysis

It was anticipated that the resin core contained just cation exchanger
at the bottom changing to cation exchanger plus inert resin, cation
plug anion exchanger plus inert resin, anion exchanger plus inert

resin and finally anion exchanger at the top of the core. Each 150 mm



TARLE 1.05 SUMMARY OF CORE SAMPLE ANALYSIS.
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TRIAL SEPARATION IN 0.91 m DIAMETER

MIXED BED, THREE RES1N SYSTEM

SAMPLE SI1ZE ANION EXCH INERT RESIN (CATION EXCH
(Height above PARAMETER 3 A-uloao L =1180 3, =1220
bottom of core)
890 = 915 mm Mean (mm) 0.76
Range (mm) 0.48 - 1.17
Ratio (max-min) 2.44
Volume fraction % |97 0 3
675 = 700 mm Mean (mm) 0.89
Range (mm) 0.45 = 1.25
Ratio (max-min) 2.78
Volume fraction 4 |96 4 (Inert 4 Cation)
590 — 620 mm Mean (mm) 0.92 0.48 0.36
Range (mm) 0.59 - 1.4 0,40 = 0,59 | 0.28 ~ 0.52
Ratio (max-min) 2.37 1.48 1.86
Volume fraction 50 32 18
450 = 480 mm Mean (mm) 0.56 0.49
mng’ (m) 0-47 - 0-68 0.35 - 0073
Ratio (max-min) 1.45 2.08
Volume fraction ¢ |2 33 65
370 - 395 mm Mean (mm) 0.60 0.60
BRange (mm) 0.50 - 0.71 | 0.43 - 0.89
Ratio (max-min) 1.42 2.07
VYolume fraction % |0 4 96
190 = 215 mm Mean (mm) 0.65
Rangﬂ (mn) 0.45 - 0.95
Ratio (maz-min) 2.1
Volume fraction % |0 1 99
The range excludes the amallest 5% and largest 54 {volume fraction) of beads.

Backwash flow rates- 8.8 m h-l at 10 %c.
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vertical segment of the core was separated and a sample representing

a 25 = 30 mm depth of separated resin bed removed from one end of

each segment. This gave six samples at approximately 150 mm intervals.
Additional samples from the uppermost and lowest segments, representing
wholly anion and cation exchanger respectively were also.removed for
bead density measurement. A sample of inert resin was retained for

bead size analysis and bead density measurement.

Each resin sample was wet sieved through a stack of sieves with mesh
sizes 1.4, 1.19, 1.0, 0.8%, 0.7, 0.60, 0,50, 0.425, 0.30, 0.125 mm.
If a size fraction contained mixed resins the cation exchanger was
separated from the anion and inert resins by differentizal flotation
in saturated brine. The settled volume of each resin type in each

size fraction was recorded.

Detailed procedures for wet sieving, resin separation and volume
measurement are given in Appendix 3 (A 3.1 and A 3.2). Only one
sample contained significant quantities of both anion exchanger and
inert resin and because the anion exchanger was mosily larger than
the inert resin there was little problem in separating the two bead
size distributions. Where a sieve fraction did contain both resins
a visual estimate of the percentage of each resin was made. This
did not significantly affect the accuracy of the measurements.
Details of the resin size analysis of each sample core is given in
Appendix 3 (Table A 3.07) and a summary of the results is given in
Table 3.05. This gives the Sauter mean diameter of each resin type
(A 3.1) found in each sample, the range of bead dizmeters excluding
the smallest and largest 5% of beads by volume, the ratio of the
maximum to minimum diameters within the 5 - 95% band and the volume
fraction of each resin type in the sample. The upper and lower 5%
of the bead size distribution were eliminated from the range because
the distributions tended to tail out considerably at the exiremities.
In many batches of resin there are a small minority of high or low
density beads and in small sample volumes a few large beads may
distort the distribution. Figure 2.05 gives a size distribution
graph for the core segment containing anion and cation exchangers and
inert resin. The results from the Walsall mixed ssparation trial
will be discussed in section 3.5.3 along with the results from pilot

column trials presented in 3.5.2.
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3.,5.2 LABORATORY PILOT COLUMN INVESTIGATIONS

The sample core taken from Walsall mixed bed is a practical
separation and most core segments contain a mixture of resins. A
laboratory scale investigation into separation could proceed in

two ways. It would be possible to take resins of known density
grade them by sieving and determine the bead size distributions,
particularly dh—max and dc_min where separation just occurred.
Whilst this would be a true test of resin separability it would be
very time consuming in the preparation of the sieved and graded
samples and there is the difficulty of deciding exactly when separ-
ation has changed to marginal interfacial mixing. The alternative
is to mix two resins of known density backwash to separate and sample
them at various points through their depth to establish the size
distribution of each resin and the degree of intermixing. From the
criteria set up in 3.2 they should satisfy the condition PA== Pc.
This second approach was adopted and a 100 mm diameter clear acrylic
column was set up with a suitable perforzted resin support plate
and backwash water inlet and outlet. Plugzged sample ports were
located at 70 mm, 270 mm and 470 mm above the resin support plate
20 that 20 mm diameter resin cores could be extracted horizontally
from & drained bed. Figure 3.06 is an outline of the test column
and full constructional details are given in A 3.3. The 270 mm
sample port corresponded to the upper surface of 2 litres of
settled resin and a trial bed normally contained 2 litres each of

anion and cation exchanger.

3.5.2.1 Separation Trials

A number of trial separations were undertaken with several different
resin and ioniec form combinations. TFor each resin combination
sample cores were -taken for analysis by differential flotation

and sieving as described in Appendix 3 (A 3.1 and A 3.2). Bead
densities of the resins were determined on representative samples
vefore loading or from samples extracted from the bulk separated
exchanger. These separation trials were included in part. of a wider
investigation of mixed bed performance not reported here and it is
not intended to present comprehensive details of the changes in

ionic form involved. IFor the purposes of this discussion it is
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TABLE 3.06 100 mm PILOT COLUMN SEPARATION TRIALS
ANALYSIS OF SAMPLE CORES
TWO AND THREE RESIN SYSTEMS.

ANION EXCH| INERT RESIN |CATION EXCH
Test 1a | Bead density(kg m-3) 1065 1240
Mean (mm) 1.15 0.39
Range (mm) 0.89-1.3 0.33-0.50
Centre | Ratio 1.46 1.52
Port
Volume Fraction (%) 43 - 57
Test 1b | Bead density(kg m >) 1180 1240
Mean (mm) 0.57 0.43
Range (mm) 0.46=0.66 0.35-0.61
Centre | Ratio 1.43 1.74
Port
Volume Fraction (%) 2 64 34
Test 2a | Bead density(kg m"3) 1090 1180 1260
Mean (mm) 1.10 0.49 0.39
Range (mm) 0.77-1.43 0.44-0.58 | 0.35-0.52
Centre | Ratio 1.86 1.32 1.49
Port |
Volume Fraction (%) 58 17 25
mest 2b | Bead density(kg m °) | 1090 1180 1260
Mean (mm) 1.04 0.53 0.45
Range (mm) 0.78-1.3 0.46=0.62| 0,37~0.59
Centre | Ratio 1.67 1.35 1.6
Port '
Volume Fraction (%) 7 47 46
Test 2¢ | Bead density(ke m-3) 1260
Mean (mm) 0.59
Rangs (mm) 0.47-0.75
Centre | Ratio 1.6
Port
| Volume Praction (%) 3 1 96

Backwash flow pate: 1.05 litres per minute ( = 8.8 p pl Yo
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TABLE 3.07 100 mm PILOT COLUMN RESIN SEPARATION TRIALS

ANALYSIS OF SAMPLE CORES

TWO RESIN SYSTEMS Duolite 026/Zerolit FF(ip).

SAMPLE MEASURED | ANTON EXCH CATION EXCH
PARAMETER Zerolit FFip | Duolite C26
Tost 3a Bead density (kg m >) 1105 1200
Mean (mm) 1.13 0.56
Range (mm) 0.70-1.45 0.48-0.68
Centre Port Ratio 2.07 1.42
Volume Fraction (%) 23 11
Test 3b Bead density (kg m ) 1095 1190
Mean {mm) 1.20 0.52
Range (mm) 0.81-1.47 0.45~0.58
Centre Port | Ratio 1.81 1.29
Volume fraction (%) 67 13
Test 3b Besd density (kz m °) 1190
Mean (mm) 0.94
Range (mm) 0.77-1.21
Bottom Port Ratio 1.57
Volume Fraction (%) 0 100
Test 3c Bead density (kg m-3) 1115 1185
Mean (mm) 0.70 0.38
Range (mm) 0.59=0.87 0.34~0.45
Top Port Ratio 1.47 1.32
Volume Praction (%) 96 4
Test 3o Bead density (kg m °) 1115 1185
Mean (mm) 1.09 0.54
~ Range (mm) 0.9-1.3 0.46=0.62
Centre Port | Ratio 1.44 1.35
Volume Fraction (%) 69 31
Tast 3o Bead density (kg m °) 1185
Mean (mm) 0.92
Range (mm) 0.75-1.22
Bottom Port | Ratio 1.63
Volume Fraction (%) 0 100

Backwash flow rate 1.3 litres per minute (X 11 m h'l).




-79—

sufficient to know the bead density and sige distribution of the

sampled resins.

Tests 1 and 2 were part of the Walsall mixed bed investigation.

Test la was a separation of the original Walsall exchangers and

test 1b was a trial separation of the same resins after zddition of
inert resin. Test 2 involved the Walsall anion exchanger plus insrt
resin with a different ( 10% DVB crosslinked) cation exchanger. All
samples wera taken at the centre port with successive additions of
cation exchanger which effectively raised the interfacial and inter-
mixed zones of the bed. A summary of the separation core znalyses
for tests 1 and 2 are given in Table 3.06 and full sieve analyses of
each resin are given in Tables A 3.08 and A3.09.

Tests 3a,b, and ¢ were all carried out with a mixiure of Zerolit FF(ip)
gel anion exchanger and Duolite €26 macroporous cation exchanger.

This combination gave a good visual indication of separation as the

026 was grey and opaque while the FF({ip) was amber and translucent.

The different tests were with the resins in different ionic forms and
the number and position of the core sample depended on the visual
assessment of the degree of separation. A summary of the resin
separations achieved 1in test 3 is given in Table 3.07 and the full
results in Table A3.10.

3.5.3 ASSESSMENT OF PRACTICAL SEPARATION DATA

One factor stands out from all the separation trials listed in

Tables 3.05, 3.06, and 3.07. This is that the maximum to minimum
dizmeter ratio in the core sample is much larger than would be
expected if a standard resin had undergone perfect classification by
size, A 20 mm deep core from a laboratory trial mixed bed represented
about 7% of the total bed depth of each resin, while in the Walsall
core sample a 25 - 30 mm segment represented about 4% of the depth

of each resin., In a standard grede resin of typical distribution

a T% depth segment would have a size ratio of around 1.1 near the mid
point of the size range. As the distribution tailed off towards the
extremes of the éize range the size ratio would become larger. At
the upper size limit the size ratio might be 1.2 = 1.3 while at the
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the lower size limit it might be as large as 1.4 or 1.5. If the
sample core contained mixed, but classified, resins the size ratio
of a2 particular component would be reduced in line with the propor-
tion of that resin in the mixture.

In the samples from the Walsall mixed bed {Table 3.05) smaller size
ratios than those given above would be expected for perfect class-
ification yet the Walsall core samples show larger sample size ratios
than the laboratory column tests. Ancther feature of note is that
where samples are itaken at several depths in a particular test the
#8lze ratios of a particulér resin are generally very similar for all
samples, whether in a mixed resin zone or a predominantly single
resin zone., This is particularly evident in Pable 3.05 for the

Walsall core sample.

345¢3.1 Bulk Circulation

The bead size ratios mostly lie within the 1.5 to 2.0 range that
was quoted by Al-Dibouni and Garside (201) as the change over point
from bulk circulation to classification in fluidised multisize
particulate beds. Therefore, it is considered that the particle
motion in fluidised ion exchange resin beds is a series of over—
lapping bulk circulation cells, each cell containing resin beads
with a diameter ratio between 1.5 and 2.0. There will still be

a2 nett increase in fluldised bed porosity up through the bed and a
stepwise discontinuity across the interface between two separated

resins.

3.5.3.,2 DBead Size Ratio

The larger size ratios in the Walsall core segments could be explained
by poor flow distribution generating turbulence in the bed. In any
in-situ regenerated mixed bed the backwash inlet is also the treated

. water collector. It is designed primarily for the latter role and

is not an efficient distributor. Additionally there are two further
seta of laterals plus support steelwork that could interfere with
uniform flow. The laboratory column had better distribution and no

laterals.



An alternative explanation is that all the beads were not of a
uniform density. This is quite possible in a partly exhausted bed,
but ag it was a mixed bed the density differences would be spread
throughout the sizé distribution. A spread of densities might z2lso
explain why the sigze ratio of the anion exchanger was larger than
that for the cation exchanger in the Walsall core sample. Figure 3.04
indicates that FBP values vary much more for small changes in anion
exchanger denaity than for small changes in cation exchanger density.
Therefore, a aspread of densities in the anion exchanger might enlarge
the bulk circulation cells as assessed purely by bead size. The

more controlled conditions of resin preparation in the laboratory
column tests wotld not give such a great variation in bead densities
and would therefore result in narrower bead size ratios in the sample
cores. The measured bead densities in all cases were average values
for the bulk resin.

The inert resin, used in some of the trials, had a narrower size
distribution (0.35 = 0.8 mm ) than standard grade exchangers and
wag probably of more uniform density. The inert resin still showed
a size ratio of 1.4 to 1.5, indicating that this would be the ratio

for beads of uniform density.

An assessment of the results of Scarlett et al (202, 203) showed

that the size ratio of 1.4 = 1.6 was a common feature of a2 small

bed depth mample taken from a fluidised bed of multisize particles of
uniform density. In some instances Scarlett et al (203) took up to
nine different height samples from a fluidised bed. All samples

bad a sigmoid distribution and the size ratio of 1.4 = 1.6 appeared
to hold for several different backwash flow rates. Therefore, it
would appear that bulk circulation cells with a bead size ratio of
1.4 = 1.6 are a fundamental feature of the fluidisation of mono-

density particles with a disiribution of bead sizes.

3.5+.3.3 Cell Average Fluidised Bed Porosity

Each bulk circulation cell will contain a specified range of bead
diameters and, if the cell were to exist on its own, would have,

effectively, an average fluidised bed porosity. This could be



- 82 =

defined by some average parameter of the bead size distribution within
the cell eg the Sauter mean diameter (209). Therefore, if two resins
are separated on backwashing the FBP's on either side of the interface
are those related to the mean diameters of the bulk circulation cells
adjacent to the interface rather than those equivalent to the limits
of the respective bead size distributions (dA-max’ dC-min)' It
follows that if a FBP model {Figure 3.04) is used for resin separa=-
bility predictions 1t should be based on the mean dizmeters of resins
in the bulk circulation cells rather than the upper and lower size
limits of the anion and cation exchangers,‘reﬂpectively. Predicted
resin separability based on cell meazn diameters will be enhanced

compared with that based on the limits of the distributions.

For exampls, assume that each bulk circulation cell has a maximin
gize ratio of 1.4 and that the FBP model predicts that two resins
will separate when dA= 1.00 mm, dc= 0.6 mm. With the perfect

clansification model originally proposed d, and dc represent the

A
1imits of the anion and cation exchanger size distributions dA—max
and dc-min° In the revised model dA and dc represent the means

of the bulk circulation cells adjacent to the interface. Assuming
that the Sauter mean is equivalent to the median value of the size
ratios then for the bulk circulation model

d w= d x 1.2 = 1.2 mm

dC-min = dc - 1.2 = 0.50 mm.
Thus the bulk circulation model shows an improvement in resin

separability compared to the classification model.

The bulk circulation cell model has been used to describe resin
separation with a sharply defined interface. Unfortunately the data
summarised in Tables 3.05, 3.06 and 3.07 cannot test this directly

ag all samples taken around the interfacial zone deliberately contained
mixed resina. The original criteria of separation, set out in 3.2,
anvisaged that in mixed reein zones the separabiiity parametesr would

be equal for both resins. This can be tested by comparing the
tabulated data with predictions from the FBP separation chart

(Figure 3.04). Since the mean diameter of each resin in Tables 3.05,
3.06 and 3.07 e



TABLE 3,08 COMPARISON OF OBSERVED AND PREDICTED MEAN DIAMETERS OF
INTERMIXED RESINS

TEST FIXED PARAMETERS DIAMETER (2) (mm)
SAMPLE | DENSITY(1)| DIAMETER(1)|DENSITY(2)| OBSERVED { PREDICTED|ERROR
(kg m™) | (mm) (kg ) (%)
Walsall| 1080 0.92 1180 0.48 0.59 | =23
Walsall] 1220 0.36 1180 0.48 0.41 | -14
¥alsall] 1180 0.56 1220 0.49 0.51 -4
Walsall] 1220 0.60 1180 0.60 0.66 | +10
1a | 1065 1.15 1240 0.39 0.54 | -38
1 | 1240 0.43 1180 0.57 0.51 | =10
2a | 1090 1.10 1260 0.39 0.62 | =59
2a | 1180 0.49 1260 0.39 0.41 -5
2b | 1180 0.53 1260 045 0.44 +2
2b | 1260 0.45 1090 1.04 0.80 | =23
3 1115 1.09 1185 0.54 0.81 | =50
3 1185 0.54 1115 © 0 1.09 0.67 -38
4 1095 1.20 1190 0.52 0.79 | =52
4 1190 0.52 1095 1,20 0.77 { -39
4 1105 1.13 | 1200 0.56 .79 | -1

For any pair of intermixed resins (1) and (2) three parameters were
fixed ie Density (1), Diameter (1) and Density (2). The fourth
parameter Diameter (2) was compared between observed snd predicted
data.



- 84 -

represents the mean of a bulk circulation cell the measured and
predicted bead diameters should be comparable. Table 3.08 presents
the obgerved and predicted bead diameters for a number of examples
taken randomly from Tables 3.05, 3.06 and 3.07. An error factoer has
been included representing the percentage difference between the

two diameters relative to the observed value. The error is negative
if the prediction was pessimistic, positive if optimistic.

In a majority of the examples the predictions were pessimistic. Of
the two positive predictions that for Walsall is due to an anomoly
in the measured data, ie both resins bhave the same mean size for
different densities, while that for test 2b is virtually a correct
prediction. The size of the percentage error varies considerably,
although the largest errors do not represent very large differences
in bead diameter terms. It is notable that those resin pairs that
have errors of 10% or less have very similar size distributions,
while the larger errors apply to resin pairs with widely spaced size
distrivutions.

The bulk circulation of moncdensity multisize bead distributions is

a dynamic equilibrium requiring complex description, although certain
average characteristics can be defined by a mean bead diameter. The
interaction of two, or even three, differently sized distributions
will almost certainly eétablish 2 new set of dynamic equilibria that
ars depermdent both on the individual diastributions and the relative
amounts of each in the whole. It is unrealistie to expect two resins
of differing size distribution but similar FBP when fluidised singly
to have the same FBP value when they intermix. The mixing of two resins
with similar size distribution is more likely to have an FBP close to
the predicted value.

3.5.4 MODIFIED SEPARATION NODEL

Deapite the fact that the FBP's of individual components in a resin
mixture do not always correlate with predictions from FBP calcula=
tions it ia considered that a model for separated resins based on
the FBP's of the bulk circulation cells either side of the interface
is realistic. Remembering that one aim of this work was to produce
a2 simple method for predicting resin separsbility from routinely

available laboratory measurements, ie bead size and bead density,
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it is also considered that the use of Sauter mean bead diamster is =n
acceptable parameter for calculating the FBP of a bulk circulation

cell. The data obtained from trial separations indicates

that a monedensity distribution of beads will have & minimum size
ratio of l.4. The smaller the size ratio the more pessimistic the
gsgparation predictions hecome and for the purposes of specifying
practical resin size gradings and bead densities 2 pessimistic

model provides a safety margin.

Since the FBP (classification) and terminal velocity (TV) models
gave very similar separability predictions a TV meparation chart
combined with the mean diameter of the bulk circulation ocell could

also be used.

3.6 APPLICATION TO MIXED BED OPERATION

Ion exchange resins praduced for water treatment combine a number of
physico-chemical characteristics eg porosity, capacity, selectivity,
kinetics, bead density and physical strength. To vary one inevitably
causes changas in several other of these characteristics and not
always in & beneficial direction. Therefore, it is not possible to
optimise bead densities for resin separation whilst maintaining other
desirable characteristics of an exchanger. Fortunately the other
major influence on resin separation, bead size, is essily varied in
rasin production, although there is generally an added cost ﬁremium
to take account of resin wastage in producing narrower bead size
distributions.

Baefore making predictions and specifications for resin bead siges

it is neceassary to consider the state of the resins prior to separ=
ation, ie their ionic forms and likely bead densities. It would be
possible to consider every likely combination of mixed bed resins,
even combinations of different manufacturers products, and produce
individual bead size specifications. Clearly this would produce &
maltitude of head size gradings that no manufacturer would be pre-—
pared to produce or stock. Instead, the approach used hers has been
to examine three common mixed bed applications in water purification
for boller feed and to establish the worst likely conditions for
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resin separation that would occur in normal operation.

It was first necessary to investigate the variation of head density
with both polymer/matrix type and ionic form. The data obtained is
summarised in 3.6.1. Using the bead density data, predictions were
made of the neceusary bead uize gradings to ensure separation for
various types and combinations of resina. This rasultied in a general
specification for two resin mixed beds, with certain noted exceptions.
Triple resin beds require a more detailed analysis as manufacturers
offers a slightly different combination of bead sizes and inert resin
densities (3.6.5.3).

3.6.1. RESIN BEAD DENSITIES

Some resin manufactursers give nominal values for resin bead densities,
generally in the chloride form for anion exchangers and sodium or
hydrogen form for cation exchangers. Resin bead densities for
specific purposes are reported in the literature (212, 213, 214) but
no general study has been published. Therefore, an investigation

wag undertaken into the variation of bead density with counter ionic
form, with polymer/matrix typre and between different batches of the

same product.

Resin bead density (§) is defined as the mass per unit volume of
rolymer plus fixed ionic groups plus counter ions plus moisture within
an envelope formed by the outer surface of the moist resin head.

The sum of the masses of polymer, fixed ions and counter ions is
referred to here as the skeletal mass and the skeletal mass per unit
swollen volume is termed the skeletal density (¥). When one counter
ion is exchanged for another the skeletal mass varies with the
equivalent weight of the counter ion. At the same time the moisture
content varies and the volume of the bead may also change. All

three factors contribute to a change in density of the resin particle.

The bead density, moisture content and skeletal density of any

particular resin typve in a particular ionic form is given by
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8 —_ ¢ + 1000 Mv .......O‘(3.2)
where ) =  Ybead density (kg ﬁ—B)
N =  skeletal density (kg m-3)
Hv = moisture content as a volume fraction of the

moist (swollen) bead volume.

Because Mv is a dimensionless volume fractionm it is necéssary to

multiply by 1000 kg m >,  the density of water.

The more commonly determined moisture content is Mw - moisture con~
tent as a welight fraction of the moist bead, determined by drying the
moist resin at 105 . “w and Ev are related by

Hv = H'x 6 .oooaoo.(3-3)
1000
The procedures used for bead density measurement are cutlined below
together with a general survey of resin bead density variations

with ionic form and polymer/matrix type.

3.6.1.1 Bead Density Determination

Because ion exchange resins contain moisture that is easily lost on
exposure t0 air at ambient temperatures it is necessary to use a
method of density measurement that keeps the beads meist without
leaving residual water on the external surface of the bead. Density
measurenents on single beads would be extremely difficult and may
not be representative. Therefore, an average density of a number of

beads in a single sample has been determined.

Two methods for achieving a sample of moist resin beads free of
residual water have been reported and centrifuging a sample in a
porous base centrifuge tube (215, 216) was chosen in preference to

'blotting® resin on an adsorbent paper (217).

Regin mass i3 easily measured to an accuracy of 0.1 mg using a
standard laboratory analytical balance, but accurate measurement of
resin bead volume is not so easgily achieved and two methods were

used. Initially an existing device for measuring resin volumes by



TABLE 3.09 SULPHONATED STYRENE/DVB CATION EXCHANGERS.

VARIATIONS OF BEAD DENSITY (kg m‘3) WITH

COUNTER ION AND POLYMER/MATRIX TYPE.

MATRIX

GELULAR

MACROPOROUS

DVB CROSSLINKING 8% 10% 124 20%
MANUFACTURER ReH |D-1 | D-1 | RBH [ D -1 -1 | p-1 l|rem | mam
DESIGNATION IR120} C20 | C225] IR132| TG-650C[ C255 2625 c26 |1R252 IR200

Y 1180 1215 | 3207 1181 | 1206

+*

NE 1184 1250 | 1232 | 1227 | 1500| 1184 |1184 | 1213

Na* 1245 |1286] 1282] 1318 1277 1251 1257 {1241 | 1254

ug?* 1303 1262

caZ? 1336 1284

x* 1356 1296
D D -1 R&H
Dow Duolite International Rohm & Haanm
(Dowex) (Duolite) ‘

(Amberlite)
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displacement was used and the resin sample recovered but latterly

a specific gravity bottle has been used to determine the resin bead
volume by weighing using the standard specific gravity measurement

technique (see A 3.4). The displaced volume method gave a standard
deviation of less than X 1% while the specific gravity method gave
a standard deviation of <1x107°% (Table A 3.11)

3.6.1.2 Cation Exchanger Bead Density Variations

Two resins, one 10% gelular (Duolite C255) and one 20% DVB macro-
porous {Amberlite IR200) were converted to six different ionic forms
likely to be encountered in water treatment, H*, Nd*, K*, NHZ ’ Caa*
and H32+. The bead densities in sach form were measured for both
resins and densities in the more common H*, Na¥ or NHZ' forms
measured for a wider variety of sulphonated polystyrene resins, both
gelular and macroporous (TPable 3.09). A general trend in density
variation with counter cation was found, with increasing density in
the order

HY < N‘H; < §a < ug™ < ca®t< x*.

There is no direct correlation between bead density and counter cation
equivalent weight, because the differences in hydration of the various
cations lead . to swelling or shrinking of the matrix on conversion

from one form to ancother as well as changés in skeletal mass,

From Table 3.09 it can be seen that there is a spread of densities
amongst polymer/matrix types. The 10% DVB gelular resin has the
higheat density while the 8% DVB gelular resin has densities similar
to the macroporous types. The latter will be influenced by porosity.
There are also variations between polymer/matrices of the same type
and there are variations between different production batches of the
same product. All manufecturers quote a range of moisture values

for a particular resin and this can result in bead density variations
of up to 30 kg m"3. All these variatlions in bead density can affect
resin separabilityy it is not sufficient to rely on a manufacturers

average value for bead density.
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VARIATION OF BEAD DENSITY (kg m >)

WITH IONIC FORM AND

POLYMER/MATRIX TYPE.

POLYMER PS/DVB | PS/MB PS/DVB PS/DVB PA/DVB
MATRIX Gelular| Isoporous| Macroporous | Macroporous| Gelular
MANUFACTURER] R&H D-I R&H D-I1 R&H
TYPE IRA400 | FF(ip) IRAS00 MPF IRA458
om” 1100 1075 1062 1054 1086
cl 1106 1094 1085 1071 1091
cog‘ 1112 1102 1077 1070 -
3310; 1120 1107 1089 1075 -
Hco; 1141 1109 1094 1079 1104
soi‘ 1144 - | 1118 1100 1087 1116

PS - Polystyrene.

PA - Polyacrylamide.

R & H;Rohm & Haas (Amberlite)
D - I;Duclite International (Duolite formerly Zerolit)

DVB -~ Divinylbenzene
MB - Methylense bridge.

Zerolit FF(ip) and MPF are no longer manufactured.




TABLE 3.11 ANION EXCHANGER BEAD DENSITIES (kg m
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3

VARIATIONS BETWEEN POLMER MATRIX TYPES FROM

DIFFERENT MANUFACTURERS.

POLYMER PS/DVB PA/DVB
MATRIX GELULAR

CROSSLINKING | HIGH LOW MEDIUM HIGH | LOW LOW
MANUFACTURER | R&H R&H R&H D D-I RaH
DESIGNATION | IRA400 | IRA402 | IRA420 | SBR-C All13 IRA458
Cl~ form 1106 1072 1060 1097 1081 1091
sof' form 1144 | 1119 - - 1124 | 1116
POLYMER PS/UB PS/DVB PA/DVB-
MATRIX ISOPOROUS MACROPOROUS GEL
CROSSLINKING | MEDIUM [ LOW MEDIUM | HIGE | MED/HIGHE | MEDIUM
MANUFACTURER { D-I D-I R&H D=1 { DI D-1
DESIGNATION\ A101D | FFip IRA900 | A161 | MPF A132
€1~ form 1085 1094 1085 1081 | 1071 1089
soi“ form 1116 1118 11100 1110 | 1087 1118

PS - Polystyrene

PA - Polyacrylamide

D - Dow (Dowex)

DVB -~ Divinylbenzene
MB - Methylene bridge

D-I - Duclite International (Duolite formerly Zerolit)
R&H - Rohm & Haas (Amberlite)

Zerolit FF (ip) and MPF are no longer manufactured.




- 92 -

3.6.1.3 Anion Exchanger Bead Density Variations

In 2 similar way anion exchangers showed bead density variations
with both counter anion and polymer/matrix type. Anion exchangers
are not so eagily characterised by % DVB and this leads to certain
minor variations. Anion exchangers based on five different polymer/
matrix types were each converted to six different ionic forms
representing anions commonly found in water treatment. Bead density
measurements were made on each form and are given in Table 3.10.
Counter anions can be placed in order of increasing bead density:

- - o- - - o-
0H < C1 ( 003 < H3103 £ H003 < 804

although the order was not as clearly defined as with the cation
exchangers. This is because a much smaller spread of densities
- 3.

4
and any minor variations due to the effects of crosslinking become

35 =45 kg ﬁ"3 covers the range of counter anions from OH to SO
more apparent.

Variations of bead density with polymer matrix type are not so easy

to characterise for anion exchangers because of the differences in cross—
linking  due to the presence of methylene bridges. Table 3.l11

compares the bead densities for chloride and sulphate forms of a

number of polymer/matrix types and manufacturers versions. Cross-
linking has been loosely grouped into high, medium and low. The

high crosslinked gelular siyrene/DVB anion exchanger has a higher

denaity than other iypes and the macroporous styrene/DVB resins

generally have lower bead densities. As with the cation exchangers

thers are also production batch differences, which can result in

3

variations of up to 20 kg m - and manufecturers sometimes alter the
polymer/matrix slightly or increase the capacity marginally, both of

which can increase the bead density.

3.6.2 MAKE-UP MIXED BEDS

Most mixed beds in make-up water treatment plant are used only to
'nolish' the low concentrations of impurities leaking from the
preceding two stage cation-anion exchange beds. In the power
industry there are very fsw mixed beds that. operate directly on the

raw water, although they may be more common in smaller installations
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in other industries. The ionic load onto make up mixed beds is low
and is derived from two sources. From the preceding anion exchange
unit the major inorganic ions are Né+ ’ HSiOE and HCOS. There may
also be some naturally occuring organic anions eg fulvic acids.

From within the mixed bed itself Na® and SOE- ions arise from
unrinsed regenerants (NaOH and 32804) and from cross contamination by
the wrong regenerant. Those resin beads that undergo cross contam-
ination will be converted fully to the Nat or soi‘ forms whereas

other resin beads in the bed may contain a mixture of ions.

At the end of an operating cycle the most dense anion exchanger is
likely to be fully sulphated beads from cross contamination and these
are also likely to be large beads from near the interface. The

least dense cation exchanger is likely to be some hydrogen form, ie
regenerated, cation exchanger that has not been utilieed during the
operating cycle. This is quite common in mixed bed operation as

many beds are run to a fixed through put rather than a breakthrough of
influent ions. Therefore, in make up mixed beds the worst likely

combination of bead densities is SO4 form anion exchanger, HY form

cation exchanger.

3.6.,3 COMBINED MAKE=-UP AND CONDENSATE RECOVERY BEDS

In some modern power stations mixed beds in the make up water treat-
ment plant have a dual reole of polishing water from the preceding

two stage deionisation plant and purifying recovered condensate

and stored reserve feed water. The latter waters intrcduce 2 wider
range of ions to the mixed beds. The main additional cation is NH?,
from the ammonia used to condition the feed water to the steam/water
circuit. Additional anions may be C1°, Hcog, SO 4' and possibly No;
derived from ingresses of impurities into the steam/water circuit or
the reserve feed water tank. The pdssibilitles of crosa contamination

by Na¥ and soj‘ during regeneration are also present.

As with the straight make up mired bed the anion exchanger with the poor-
est separation 1is the high density sulphate form. The low density
forms of cation exchanger likely to be present are H* or NHI, both

of very similar density.
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3.6.4 CONDENSATE PURIFICATION MIXED BEDS

In condensate purification mixed beds that are not protected by
cation exchange units the major ionic load is NHz, although the
utilisation of the available capacity is poor at the high flow rates
employed so that significant amounts of hydrogen form resin may
remain prior to regeneration. The anion exchanger load iz normally
small, largely HCOS /CO§- due to €O, from air ingress into the
condensate and the breakdown of organic species in the boiler.
There may also be small quantities of ions from the make up mixed
beds and the usual possibilities for trace regenerant uptake and
cross contamination during regeneration. During condenser in
leakage of cooling water additional ions reaching the condensate
purification mixed beds. At sea water cooled plants the major
additional ions are Na¥ and €1~ with less soi' and minor amounts of
other anions and cations. At inland power stationas the additional
ions will reflect the analysis of the cooling water ie river water

rather than sea water.

If there are cation exchange units protecting the mixed beds, the
latter see a very small cation load end will remain largely in the
H* form. If the mixed beds operate on the ammonium cycle the cation
exchanger will be virtually 100% ammonium form. In both these

cases the anion exchanger will be very similar to the unprotected bed.

The nett result of these considerations is similar for all types of
CPP mixed beds. The densest anion exchanger is, once again, the

2
SO4

NHZ or H* forms, both of similar density.

T form while the least dense cation exchangers are either the

In all the instances described above sulphuric acid has been the

cation exchanger regenerant, giving the SO ~ form resin on cross

contamination. If hydrochloric acid were 3sed instead this would
result in the lower density C1~ form resin as a result of cross
contamination. Although sulphate ions are still present in the
influent to mixed beds in certain circumstances they would be
distributed over a range of bead sizes and w;uld be in equilibrium

with other anions, so as not to form 100% S0, form beads. However,
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in Britain, the USA and a number of European countries sulphuric

acid is the commonly used regenerant.

3.6.5 BEAD SIZE SPECIFICATION

From the discussion on mixed bed exhaustion conditions it is clear
that the ionic forms on which separation predictions must be based
ares

Anion exchanger ~ sulphate fornm

Cation exchanger - hydrogen or ammonium form.

Inspection of the bead density data in 31.6.1.2 and 3.6.1.3 indicates
that the minimum cation exchanger density for 8% DVB gelular resins
and most macroporous resins is around 1185-1200 kg m-3. Only the

10% DVB gel cation exchanger appears 1o have greater density but

some batches of this type of resin have hsd H? form densities as low
as 1205 kg m-3. Similarly the data in Tables 3.10 and 3.1]1 indicatesa
that for many types of anion exchanger gelular and macroporous the
sulphate form density lies in the range 1100-1120 kg m-3. The major
exception to this is the high cross linked gelular anion exchanger,
eg IRA400, which has SOE- form densities up to 1150 kg m-3. There-—
fore, as common limits for specification purposes, the following
densities have been usedt-

Anion Exchanger 1120 kg m>

Cation Exchanger 1185 kg m-3. ,

The case for the higher density anion exchanger is considered

separately.

3.6.5.1 Method of Prediction

In separation predictions the largest anion exchanger diameter
(dA-max) and the smallest cation exchanger (dc—min) must be
gpecified as well as ths overall size range of each resin bead
distribution. If the overall sige range is less than 1.4 then the
resin will act as & single bulk circulation cell on backwashing
characterised by its Sauter mean diameter. If the ovérall size
ratio is greater than 1.4, classification by means of overlapping
bulk cireulation cells will occur. The method of prediction is
similar to that described in 3.5.3.3 and used for the compariscns

~ in Table 3.08. Three parameters, the two resin densities and one
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TABLE 3.12 SEPARATED RESINS ~BEAD SIZE PREDICTIONS FOR CATION
EXCHANGER 1185 kg m > AND ANION EXCHANGER 1120 kg m -.

1. |Fixed Cation Exchanger Calculated Anion Exchanger

dC—min dc-mean dh—mean rdA-max
(mm) (bulk cire) (bulk cire) (mm)
0.3 0.36 0.48 0.58
0.4 0.48 0.60 0.72
0.5 0.60 0.79 0.95
0.6 0.72 0.91 1.09
0.7 0.84 1.07 1.28

2. | Fixed Anion Exchanger

Caleulated Cation Exchanger'

dA-max dA-moan dc—mean dC—min
(mm) (bulk cire) (bulk cire) (mm)
1.2 1.0 0.76 0.63
1.1 0.91 0.71 0.59
1.0 0.83 0.65  0.54
0.9 0.75 0.58 0.48
0.8 0.67 0.53 0.44

Calculations based on Fluidised Bed Porosity Separation Chart Calculated

for Backwash at 8 mh, 20 °C in a 100 mm Diameter Tube. (Figure 3.04)

-1
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bead diameter are fixed and the FBP separation chart is used to
calculate the fourth parameter ie the second resin bead diameter that
will just separate. The bead diameters are the means of the bulk

circulation cells adjacent to the separated resin interface and are

calculated from dA—mean’ dA-mtx + 1.2
dc-mean =  Yc-min * 1-2
For example &, = 1120 kg n-3, 8o = 1185 kg 2> and
de_pmipn™ 05 om are the thres fixed parameters leaving d, ~ - to be

calculated.

dc_mean:Il 0.5 xl.2 = 006 om

From the FBP separation chart (Figure 3.04) = bead of 0.6 mm diameter
and density 1185 kg 5"3 has an equivalent FBP to a bead 0.79 mm
diameter with a density of 1120 kg m-3.

dA-mean = 0,79 mm

dA-mlx = 0.79 x 1.2 = 0.95 mm.

3

Therefore a cation exchanger of density 1185 kg m - and minimum

bead diameter 0.6 mm will just separate from an anion exchanger

maximum bead diameter 0.95 mm and a density of 1120 kg m73.

Similar calculations have been made for the apecified densities of

5, =1120 ke >, 8 = 1185 kg m~> for cation exchangers of 0.3, 0.4,
0.5, 0.6 and 0,7 mm diameter and anion exchangers of 0.8, 0.9, 1.0,
1.1 and 1.2 mm diameter. The results of these calculations are given

in Table 3.12.

3.6.5.2 Two Resin Mixed Beds

The first conclusion from Table 3.12 is confirmation that standard
grades of resins (0.3-1.2 mm) will not separate completsly. The results
for standard resina ~ also demonstrate another facet of intermixing

resins. If the zeparation bead sizes are written vertically as if

classified, Anion Cation (mm)
0.30
0+58 0.30
1.20 0.63

1.20
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it wiil be seen that whilst only 3 small size range of cation
exchanger, 0.30 = 0.63 mm, does not separate from the anion exchanger,
the smallest cation exchanger bead has penetrated a long way into

the anion exchanger zone. However, the large anion exchanger beads

do not descend very far into the bulk cation exchanger. This has
been confirmed by practical observations and from the data in

Tables 3.05 and 3.07 where small amounts of small diameter cation

exchanger are found distributed well into the anion exchange resin.

From Table 3.12 a number of cation and anion bead size ranges can
be defined to ensure separation. Rounded to the next higher or
lower 0.1 mm for anion and cation exchangers respectively the two
main possible size Tranges ars

i) = Anion, 0.3 = 0.9 mm; Cation, 0.5 - 1.2 mm
or ii) = Anion, 0.3 - 1.0 mm; Cation, 0.6 - 1.2 mm.
As anion exchangers are more than twice the cost of cation exchangers
it is more cost effective to narrow the size range of the cation
exchanger by a larger amount. Increasing the minimum cation exchanger
size will also reduce the risk of any below size limit resin beads
separating well into the anion exchanger. Therefore, the preferred

size ranges are those given .in(ii).

It was noted earlier that whilst these bead sizes will apply to
the majority of combinations of polymer/matrix tyves there may dbe
problems with the higher density high crosslinked gelular anion

exchangers. These resina have SO2- form densities up to 1150 kg m-'3

and calculations, sgimilar to thosﬁ described, indicate that a

maximum anion exchanger diameter of 0.80 mm is necessary to separate
from all types of cation exchanger, with 2 minimum diameter of

0.6 mm. However, if a 10% gelular cation exchanger, (H* form
density > 1205 kg m-3) is used with the high crosslinked gelular
anion exchanger the size specifications in (1i) will achieve complete

geparation.

Thersfore,the recommended bead size ranges for mixed bed resins ares
Anion exchanger 0.3 = 1.0 mm
Cation exchanger 0.6 ~ 1.2 mm

with the restriction that a highly crosslinked higher density
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TABLE 3.1) MANUFACTURERS SPECIFICATIONS FOR TRIPLE RESIN SYSTEMS.

ANION EXCHANGERS

Manufacturer D-I |D-I |R&H R&H R&H B S S

Resin A113|A161| IRA400)| IRA420| IRA900|MP500| 345 | 3a

Polymer/matrix 't} M G G ¥ M ¥ G

Size Rango min 0.4 0.4 0-35 0‘35 0035 0.4 Oo3 003

{mm) max | 0.8 |0.8 {0.85 [0.85 [0.85 [1.0 [1.0 |1.0

Bead Density(kg m °)| 1120|1120] - - - 1070|1070

Jonic form 304 304 Cl Cl
'INERT RESINS

Manufacturer D=1 D-I R&H B S

Resin S3TR{ SSTR| 359 |1039TR{ 275BZ

Size Range min | Q.7 | 0.7 | Cd4 (0.4 0.4
(mm) max 0.9 0-9 0.7 1.0 0.85

Bead Density (kg m-3) 1150| 1170} 1160-[1160 1140-=

1180 1150
CATION EXCHAWNGERS
Manufacturer : D=-I [=I |D-I R&H (R&H R&H (B ) S
Resin €26 (£225)C255 |[IR120| IR132]IR200| IR252 SP112|C-250| CFZ
Polymer/matrix M-129G-8%| 6-1046-8% | G~10%|M=20%|M-12¢] ¥ G=-10%| M
Size Range min 0.7 0.? 006 0.5 0-6 006 006 0.63 006 0.6
{ mm) max {1,2 f.2 (1.2 [1.2 |1.2 1.2 J1.2 1.2 (1.2 |1.2
Bead Density(ke m“3) 1220 1220{1240 | = - - - 1320 {1300
Ionic form NHz B*| n* Na* |Na*
KEY B -~ Bayer Trennschicht D=I = Duolite International - Triobed

R&H Rohm & Haas = Ambersep
S Sybron/Resindion Blue Zone G - Gelular x% DVE M - Macroporous
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gelular anion exchanger should only be used with a 10% DVB croas-

linked gelular cation exchanger.

Examining the various triple resin size grades for exchangers (Table 3.13)
indicates that almost all the cation exchangers, except Ambersep 120,

and all the anion exchangers meet or improve upon the required
spacification. As the Ambersep anion exchangers have an upper size

limit of 0.85 mm,Ambersep 120 (dc-min== 0.5 mm) will separate from

all of them except Ambersep 400, the high crosslinked gelular anion

exchanger.

As a result of this work it is now recommended te¢ all mixed bed
users . that they purchase triple resin grade exchangers, without
the inert resin, for use in mixed beds: the restrictions applying
1o high density anion exchangers alsc being noted. It is also
recommended that triple resin systems are only used where there is
a ¢lear need to overcome identified problems of regenerant cross

contamination.

3.6.5.3 Triple Resin Beds

The concept of a layer of inert resin to separate between the

two exchangers and thus avoid cross contamination was proposed by
YeMullen in 1954 (135) but was only put into practice in 1976 (137).
Since then most major reain manufacturers have produced an inert.

resin plus graded exchangers to form triple resin beds.

Examination of Table 3.13 indicates that different manufacturers
have set different standards for their size gradings of exchangers
and inert resins. Maximum anion exchanger diameters vary between
0.8 and 1.0 mm while minimum cation exchanger diameters vary between
0.5 and 0.7 mm. The inert resins have Qensities within the range
1140 - 1180 kg mf3 and their size ranges vary from 0.7 = 0.9 mm to
0.4 — 1.0 mm. As all manufacturers offer similar types of resin
with comparable densities there is either some gross overestimation
of the narrowness of the bead s8ize ranges needed to achieve separ-
ation or some equally optimistic estimation of the ability of

resinas to separate.
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BAYER .- SYBROX ~ DUOLITE
Trennachicht Blue Zone Triobed
A A A
|
1
1
C C C
A Anion Exchanger | Inert Resin
C Cation Exchanger
ROHM & HAAS ROHEM & HAAS
Ambersep : Ambersep 120/359/400
(except Ambersepd00 :
A A
H
|
C C
FIGURE SEPARABILITY OF VARIOUS TRIPLE RESIN SYSTEMS

No. 3.07
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It is not practicable to propose a set of standard size gradings

for all triple resin systems as different manufacturers have
approached the problem in slightly different ways. Therefore, the
triple resin systems offered by four manufacturers have been assessed
for potential separability into three distinet layers using the same
bead density criteria as in 3.6.5.

The first requirement of any three resin system is that the two
exchangers should separate completely. If the separation is
marginal the addition of an inert resin of intermediate density will
only give interfacial dilution, but not triple layer separation.
Figure 3.07 is a representation of the predicted separability
of a number of triple resin systems under the worst likely conditions.
The Bayer and the Sybron systems have exchangers that just meet

the head size specifications for exchanger separation and both have
inert resins with a wide size range. In the Bayer Trennschicht
system both sxchangers will penetrate into the inert layer, a
‘feature ohbserved in laboratory column tests. In the Sybron Blue
Zone system the inert is of lower density and will not form an
effective barrier but will remain largely mixed with the anion

exchanger, although it will separate from the cation exchanger.

The Rohm & Haas Ambersep system has exchangers that will separate,
apart from the high density anion exchanger noted in 3.6.5.2. The

3

inert resin density, up to 1180 kg m y is very close to the lower

density HY form cation exchangers of 1185 kg o2, However, the bulk
circulation ensures that all Ambersep cation exchangers will separate
from the inert resin, although when dC-minELO's mm the separation is
marginal. The Ampyersep anion exchangers are unlikely to separate
completely from the inert resin, but a c¢lear zone of wholly inert
resin should be maintained. The system Ambersep 120/359/400 with low
density cation exchanger and high density anion exchanger will not
sevarate completely as currently specified. There will be a broad
centre zone of intermixed anion and cation exchanger and inert resin.

This was observed in a laboratory column (25 mm diameter) trial.

The Duolite Triobed system has the narrowest bead size ranges and

two inert resins are specified; S3TR for macroporous exchangers and
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TABLE 3.14 BEAD SIZE AND DENSITY DATA FOR

DOW MONOSPHERE RESINS

ANION EXCHANGER

Batch B% Besd Diameter (mm) Bead Deneity (kg m >)
Range Mean c1” soi’

XPS 43379 0.52 = 0.68 0.60 1075 1113

841125 0.50 — 0.62 0.58 1082 1120

850102 0.48 - 0.62 0.57 1084 1124

CATION EXCHANGER

Batch N* Bead Diameter (mm) Bead Density (kg m-3)
Range Mean Y Na® |

XFS 43285 0.61 = 0.77 0.70 1229 1309

841014 1 0.60 - 0.80 0.72 1227 1312

841228 0.60 - 0,78 0.71 1227 1314

INERT RESIN

Batch N® Bead Diameter {mm) Bead Density (kg m-3)

Range ¥ean
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S5TR for gelular exchangers. S3TR has a slightly lower density
than S5T7R (Pable 3.13). Both inert resins have size ratios of 1.29

which means they will form a single bulk circulation cell on back-
washing and their separation properties can be characterised by
the Sauter mean of the distribution. All ion exchanger/inert
combinations in the Triobed system should separate completely into
three distinct layers.

3.6.6 VERY CLOSELY GRADED RESINS

The Dow Chemical Co. have recently introduced a new method for resain
bead production (218) that produces uniformly sized beads with a

vary narrow bead size distribution. Table 3.14 gives the manufact-
urers data and size measurements made on early samples together with
bead density data. All the resins have size ratioa less than 1.4

and should each form a single bulk circulation cell on backwashing.
Bulk eirculation predicts separation should be achieved by two resins
with the same narrow size distribution and only a difference in

density.

A trial separation of H* form cation exchanger, inert resin and
2

SO4_ form anion exchanger in a 50 mm diameter column showed virtually
complete separation of the three components. There was no cation
exchanger in the anion exchanger and < 0.24 of the cation exchanger
was dispersed within the inert resin. There were pronounced bulk
circulation currents in all three components, the whole of each

layer acting as a single bulk circulation cell. This is in accord-
ance with the bulk circulation model of resin separability outlined
earlier, and confirms that density differences can effect separation

of very closely graded resins.

Wet sieving is not practicable for sizing closely graded resins.
A HIAC particle size analyser has been used for thias and other

resin size measurements (A3.5).
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4 MIXING OF RESINS BY AIR INJECTION

In order to obtain the highest quality water from a mixed bed the two
exchangers must be thoroughly mixed. This ensures that the exchange
equilibria are driven to virtual completion, with pure 320 as the
product, and that residual regenerants which may eslute from the resins
are exchanged within the bed. Harries and Ray (18) have shown that
poorly mixed beds rinse down more slowly after regeneration and
mixing, generally due to the elution of regenerants from unmixed

rasin near the bed ocutlet.

4.1 MIXING PROCEBURE ON PLANT

After regeneration and rinsing the two exchangers are recombined in
a8 single vessel, if they were not regenerated in the same vessel.
Normally the cation exchanger lies below the anion exchanger, but

in systems where resins are transferred from one vessel to another
the anicn exchanger may lie below the cation exchanger. The more
common case — cation below anion - is dealt with here with refersnce

to any differences in the text.

The method of mixing is essentially the same as that first described
by Kunin and McGarvey (91). The vessel containing the separated
resins is drained until there is a small head of 'free' water above
the resina. Low pressure air is then injected into the bhottom
collector system and passes up through the bed as discrete bubbles
before venting to the ouiside of the vessel. The passage of the
bubbles agitates and mixes the resins until, after a suitable time
(10 - 20 minutesl the air flow is atopped and the mixed resin bed ia
settled. The vessel is then filled with water and a final rinse to

achieve the operating conductivity is commenced.

4.2 CONTROL OF MIXING ON PLANT

Thare are practical problems in the control of resin mixing that

can be difficult to overcome. The air flow rate may fluctuate,
especially if the supply is drawn from a common compressed air main,
but the major problem ias in ths conirol of the free water lsvel above

the unmixed resins.
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Manual control of the water level is by observation through a sight
glass (Figure 2.4) located at the design level of the settled resins.
The free water level achieved in practice is individual to the
operator and if thea surface of the resins is above or below the limitas
of the sight giass all control is lost. Under automatic control

the water level is drained %o a pre-set height on the vessel above

the nominal resin level, without the opportunity of visuzl correction.
Particular problems c¢an occur in externally regenerated systems where
resin transfer takes place. Resin transfer is rarely 100% efficient
and if the. regenerator serves several mixed beds of resins the
individual charges exhiblt inequalities of volume over a period of
time; some greater and some smaller than the design values. There-
fore, the settlel resin level and free water level vary from one

regenerztion to another.

In certain externally regenerated mixed beds the resmins are mixed a
second time after return to the operator vessel, but this will be

under rzmote control with no visual checks posaible.

Settling the bed after mixing is asslsted by draining water from the
bottom of the bed whilat filling the vessel from the top. Howsver,
because the air enters through the same lateral system as the drain
water exits there is inevitably some delay while valves are closed
and opened. On automatlic plants a deliberate delay may occur to
ensure the closing valves are fully seated. Any delay may result in

some reseparation of the resina.

4.3 PREVIOUSLY PUBLISHED WORK

Thers is very little published data on resin mixing. Arden (25) notes
that a small misalignment of the bottom lateral system relative to

the horizontal will result in poor air distribution and poor mixing.
Mishenin (219) studied mixing in 2 3.8 m diameter vessel with 1.6 m
depth of resins. He noted a minimum air flow rate (0.85 n mﬂzminuto-l)
and a minimim free water depth of between 50 and 100 mm to ensure

good mixing throughout the bed. A two stage mixing procedure was
proposed with reduced free water in the second stage. Harries and

Ray (140) using a 0.6 m deep bed in 2 0.1 m diameter pilot column

with 25 mm free water reported a minimum air flow rate of
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1.0 o> a2 minute

(Pigure 4.01). A survey of installed mixed bed plant revesled

and a minimum mixing time of three minutes

that all mixed beds met these mixing criteria but there

were variations by a factor of 2 or 3 in both air flow rates and
mixing times. Brost and Martinola (63) have recommended a free
water depth of 300 = 500 mm is necessary for good mixing.

-

4.4 LABORATORY INVESTICGATIONS

Having identified variations in free water level as a major variable

in resin mixing a series of mixing tests were undertaken using a c¢lear
acrylic column to observe the mixing process. The column (95 mm internal
diameter) contained sanmple poris from'whibh horizontal resin cores

could be extracted at three different heights, 70, 270 and 470 mm

above the resin support plate. An equal volume mixture of anion and
cation exchangers was used with a settled bed depth of 0.6 m. A series
of eight mixing tests were run, each with a different head of free

water varying from O - 190 mm. Mixing was achieved by passing low
pressure nitrogen gae through the perforated bed'support plate at

1.25 m> m 2
allowed to settle freely. Sample cores were then exiracted from a

minute for ten minutes, after which time the bed was

drained bed, the component resins separated and the mixed resin ratio
determined for the thres sample pori heights. Full details of the
column arrangement and experimental procedure are given in the
‘appendix to chapter 4 (A4.1).

4.5 VARIATION IN FREE WATER LEVEL

All the beds with an initlal free water depth of 10 mm or nrore
achieved thorough and free mixing during injection of the mixing gas.
With less than 10 mm of free water the mixing was sluggish and not
uniform throughout the bed. This is discussed in 4.6.

Figure 4.02 illustrates the vertical mixed resin fatio profiles
obtained with differing depths of free water (10 mm - 190 mm) after
mixihg and natural settlement. (Tabulated results are given in
Appendix 4). As the bed settles four zones of mixed resins can form.
The lowest zone is thoroughly mixed resins, above this 2 zone rich

in cation exchanger, then & zone rich in anion exchanger and an
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uppermost layer of pure anion exchanger. The relative position and

proportions of each zone vary with the depth of free water.

4.5.1 DIFFERENTIAL SEDIMENTATION

When the mixing gas: flow is stopped the mixture of resin beads is
left in suspension in the combined interstitial and free water and
immediately starts to settle by sedimentation. BRBecause the two
exchangers are of differing densities {cation exchanger greater than
the anion exchanger) sedimentation of each resin will occur at
different rates, giving rise to the imbalanced mixed resin ratio
profiles depicted in Figure 4.02.

The description of the differential medimentation of anion and cation
exchange resins is complex due to their having differing densities
and wide size ranges. For multisize, single density dispersions of
varticles it has been noted that the smaller particles can‘have
negative sedimentation velocities due to size megregation during
settling (220) but the tendency towards segregation reduces as the
dispersion of particles becomes mors concentrated. Richardscn and
Meikle (221) investigated the sedimentation of mixtures of particles
of differing densities but with monosized components. They produced
an equation to describe the sedimentation rate of each component

which can, in principle, be applied to ion exchange resins

vsed(.&) - VO(A). GA - PD of(E) 00.00000(401)
5 = 9
A
and v“d(c)= Vo(c)‘ 8, =~ 3 +£(B) sessacee(de?)
5c -

where V s v are the anion and cation exchanger bead

ped(A)’ "sed(C)
sedimentation velocitiess Vo(a)' VO(C) are the terminal velocities for
free settling particless §A’ Gc are the exchanger bead densities;
p i3 the liquid densitys PD is the density of the mixed resin/water
dispersion on cessation of mixing and £(E) is factor to represent the

effects of particle concentration.

For a mixture containing equal volumaes of anion and cation sxchanger
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by = PB4 (? - B ( GA + Gc) cesasesne{del)

S ————

2
where ED is the voidage factor of the disversion.

Despite f£(E) being unknown it is presumably an equal value, for a
‘given set of conditions, in both equations (4.1) and (4.2). Therefore
application of these equations will give information on the relative
rates of sedimentation, if not the actual values. Two examples

will serve to illustrate this.

Example 1 Laboratory mixing tests.

5, = 1080 kg m >3 S, = 1275 kg m 5 » (20 °C) = 998 kg u
Settled bed depth = 600 mm; Free water = 20 mms

Settled bed voidage Es = 0.35.

Mixed resin dispersion voidage ED =

Eq (settled bed height) + free water height .....(4.4)

settled bed height 4 free water height
substituting values intc equations (4.3) and {4.4)
By = 0.371 and Py = 1111 kg n™> |
Incorporating these values into equations (4.1) and (4.2)

vsed(C) =  0.592 VO(A) £{B)

Therefore, irrespective of the bead size of the resins that would

influence VO(A) and VO(C)’ the value of V ) is negative ie the

movement of the anion exchanger is upward?edégis is because the cation
exchanger displaces water upwards as it settles and the interstitial
velocity of this waterris sufficient to overcome the natural tendency
of the anion exchanger ito gsediment ie it is fluidised. As the

voidage of the dispersion increases with greater depths of free water
the interstitial velocity of the waterdisplaced by the cation exchanger
will decrease until there is no longer any tendency for the anion
exchanger to move upwards. This point is reasched when vsed(A) =0

and PD 45A.
t0 a free water depth of 255 mm over & 600 mm resin bed. At values
of ED 7 0.543 both resins will =mediment.

In gxample 1 this occurs when Eb== 0.543, equivalent
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The conclusions drawn from the application of equations 4.1 and 4.2
apply only to the moment the mixing gas supply 1s terminated. As
soon ag some of the resin has settled the voidage of the remaining
suspension increases. Nevertheless resin segregation due to differ-
ential rates of sedimentation will continue. Vsed(c) will always be

greater than V if the two resins have been chosen for their

sed(A)
separation characteristics on backwashing ie vO(C) > VO(A) (see

chapter 3).

Curve 2 in Figure 4.02 corresponds to example l. The majority of

the bed has remained mixed in equal proportions with a sharp
iransition fo a thin layer of pure anion exchanger at the upper
surface of the bed. Mixing with‘small depths of free water results
in & resin dispersion with small voidage which settles rapidly as a
complete mixture but the negative sedimentation velocity of the anion
exchanger is sufficient to give a thin layer of anion exchanger at
the top of the bed. Curve 1 in Figure 4.02 = 10 mm free water -

shows a very sharp transition from mixed resin to pure anion exchanger.

As the depth of free water increases ithe dispersed bed takes longer
to settle and there is a progressive reduction in the amount of fully
mixed bed that has settled before significant segregation occurs
(curves 3.7, Figure 4.02). This gives rise to the four zones within
the mixed resin profile noted in 4.51 a lower zone of fully mixed
resina; a zone of faster sedimenting anion exchangeri an upper zone
of pure anion exchanger separated out by a nett upward displacement.
For curves 6 and 7 in Figure 4.02 the lowest, fully mixed, zone is
very shallow and is envisaged as a rapld setitlement only of those

resinse at the base of the column.

Exanple 2 Condensate Purificatiom Plant

The macroporous resins used in ccndensate purification plant have
different densitles to those described in example 1. Example 2 is
to determine if the density differences have any appreciable effect
on differential sedimentation.

5, = 1060 kg "3 5 = 1200 kg m™

Settled bed depth = 600 mmy Free water = 20 mm
Settled hed voidage ES= 0.35

35 P(20 °C) = 998 kg m~>
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From equations (4.3) and (4.4)
By = 0.371; A, =1081 kg w3

Substituting into equations {4.1) and (4.2)
Voed(4) = -0.323 VO(A)I(E)

vs‘d(c) = 0.589 vn(c)r(E).

Exactly the same behaviour is found in example 2 as was found for
example 1,ie the anion exchanger exhibits separation by a net upward
movement on cessation of mixing., The diaspersed bed voidage at which
both resins start to sediment ED== 0.530 is also very similar to
example 1. Therefore, resin bead density, within the limitations
found in normal water treatment practice, does not affect the
mechanism of resin segregation during free settling after mixing.
Differences in bead density will cause variations in the value of

v

0
to alter the proportions of resin in each of the four settled resin

and hence the absolute value of vsed’ but this will only serve
zones not the basic patfern of separation.

4.5.2 MIXED RESIN PROFILES FROM OPERATING MIXED BEDS

When samples of resin are taken from operational mixed beds this is
best done by sampling the resin during mixing to obtain a represent-
ative sample. However, this is often not convenient and, instead,
samples are taken from mixed resin in the operator vessel by extract-
ing vertical core sample from a drained bed, using an auger.
Depending on the bed depth three or four samples, each from a
separate depth, are normally supplied by the operators. In four
instances these samples have been analysed for the mixed resin ratio
and the mixed resin profiles are plotted in Figures 4.03 and 4.04.
Full data is given in Appendix 4.

The profiles in Figure 4.03 represent two identical in-situ regenerated
mixed beds each containing a 1:1 mixture of anion and cation exchangers.
The profiles in Figure 4.04 represent cored samples from a single
condensate pufificatidn mired bad after two separate remotely

controlled mixings in the operator vessel. The precise mixing
conditions are not known for either pair of mixed bedas but the general
form of the mixed resin profiles is the asame as that found in the

laboratory columns ie excess cation exchanger in the lower bed and
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excess anion exchanger in the upper bed leading to pure anion

exchanger at the top of the bed.

The two mixed beds in Figure 4.03 show very similar patterns
indicating a fault of common magnitude on both beds. The mixed resin
profiles for the beds in Figure 4.04 show different shapes. This

is probably due to two factors influencing the depth of free water;
-variable resin volumes in externally regenerated beds and a lack of
visual confirmatlon of the free water level in & remotely controlled

mixing procedure.

4.6 RESIN MIXING MECHANISM

The visual observations of the mixing process have heen linked to
the concepts of bubble tranaport of particles and bulk circulation
in fiuidised beds. The mixing of resins has been likened to the
fluidisation by air of a resin/water slurry.

4.6.1 BUBBLE TRAFSPORT OF SOLID PARBRTICLES

In a bed of solids fluidised by = gas rapid mixing will occur under
aggregative (bubble flow) conditions. Rowe and Partridge (222) and
Murray (223) have shown that the mixing gas bubbles carry with them
tails of particles which ars continually shed and reformed. The
nett effect is the transport of particles from the lewer to upper
regions of the fluidised bed and mixing ensues. Reuter (224)
injected gas bubbles into the base of a ligquid fluldised bed of
s0lid particles and found a similar bubble transport mechanism to
that in a gas fluidised bed. However, he noted that sclid particles
could rise right through the bed in association with one bubble or if
the bubble became unstable and collapsed the particle load would be
depogited at the point of collapse within the bed. The nett effect
is still transport of solids upwards through the bed.

The air mixing of a resin/water slurry contains elements of both the
aggregatively fluidised gas/solids system and the bubble in liquid/
solids fluidised bed. As the bubble transport mechanism is essentially
the same in both cases the concept can be applied to rasin mixing. .

fstergaard (225) has reported the rapid mixing of 1 mm diameter
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particles in a bed fluidised by gas and liquid and noted that the
size and stability of the bubbles played an important part in the
rate of mixing.

4.6.2 BULK CIRCULATION

When bubble transport of resin beads and water upwards through the
bed commences more resin must move downwarda to fill in the voids
left at the bottom of the bed. This resin comes from higher in the
bed and soon a bulk circulation of resin/water slurry is set up
upwards through the cenire of the bed and downwards at the walls.
This is a typlcal bulk circulation pattern observed in fluidised
beds (196, 226).

Figure 4.05 is a schematic representation of the progress of mixing
of two resins. In stage A cation exchanger is being itransported

into the anion exchanger and more cation exchanger replaces it at

the base of the bedj anion exchanger is being drawn down at the wallsa
with the descending annulus of cation exchangs resin. In stage B
cation exchanger has been transported to the top of the hed and a
layer of mixed resin is present at the top of the bed. Cation
exchanger is still being drawn into the bottom of the bed and the
annulus of anion exchanger is slowly moving down the walls. At

stage C the annular anion exchanger has reached the bottom of the
bed and anion exchanger is now being drawn into the bubble stream and
transported upwards. The whole central core of the mixing bed now
consists of mixed resins. Finally in stage D all the anion exchanger
hag been drawn into the mixing bubble flow and the whole bed consists
of mixed resins. Mixing was then continuaed to ensure an even

" distribution of the component resina.

4.6.3 FREE WATER LEVEL

The amount of free water above the bed influenced the fluidity of
the mixing resins which, in turn, governed the freedom of bulk
circulation. When the mixing air was first introduced to the base
of the celumn it pushed the interstial water cut of tha lowest
layers of resin and tried to force the bed upwards as a plug. The

low air flow and pressure was insufficient to support the bed, so
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the plug collapsed and several large slugs of air passed up through
the bed. This started the bubble transport mechanism and if there
was sufficient free water available a resin /water mixture would
flow down the sides of the column to fill the momentary void at

the base of the column. Once water reached the hase of the hed
discrete bubble generation would start and the bulk ciroulation
rattern described above would be set up.

When the free water level dropped below 15 mm above the 600 mm
separated bed there was insufficient water to establish total
fluidity and bulk circulation. Interatitial water at the bhottom of
the bed tended to be pushed into the upper layers to maintain fluid
mixing there while the air slugged through the lower bed. With zero
free water slugging was very vronounced and bulk circulation was
almost none existant. Complete mixing could be achieved given
sufficient time but on stopping the air flow the lower bed contained
many voids that would lead to liquid chanelling and poor exchange
performance in service. A general feature of a low free water level
was the presence of unmixed cation exchanger at the bottom of the bed.
Mishenin (219) noted this after a three minute air mix with zero

free water level.,

4.6.4 OBSERVATION OF MIXING ON PLANT

It is difficult to observe the true resin mixing process in full
scale mixed beds as the only observation peoints are two small windows
and occasionally an open manhole cover in the top of the unit. There
are often complicating factors in the presence of a centre lateral
and support steelwork that will interrupt the fres passage of tha
mixing resins. Neverthseless, the author's experience iz that whers
sufficient free water is present mixing starts with the bed heaving,
corresponding to the initial plug rise and collapse, followed by

the gradually increasing downward movement of resin past the obser-
vation window at centre lateral level. Observation through a top
manhole showed the centre of the bed to be 'boiling' indicating the
majority of the air and resin/water movement was upwards in the centre
of the bed. Therefore, it is considered that the basic mechanism
described in 4.6.1 and 4.6.2 is an accurate description of the air

mixing of ion exchange resins.
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4.7 PROPOSED MIXING CONDITIONS

The investigations above showed that for the common case of cation
exchanger below anion exchanger either 100 much or too little free
water above a sepaiated bed prior to mixing leads to essentially

the same fault, an excess of cation exchanger at the bottom of the
bed. If the anion exchanger is below the cation exchanger prior to
mixring too 1ittle free water would give an anion exchanger rich

layer at the boittom of the mixed bed while too much free water would
result in a cation exchanger rich lower layer. Whichever resin ls in
excess near the base of the hed means that any residuzl regenerznt
eluting from that resin will not be effectively removed due to the
ahgsence of the opposite exchanger. For the most common case of excess
cation exchanger any residual acid regenerant, normally sulphuric
acid, is likely to bleed into the treated water. This could caﬁse

an extended rinse down period to reach an acceptable operating
conductivity and a subsequent prolonged trace leakzge of acid into
the purified water. A lower anion exchanger rich layer would give an

alkaline bleed of residual sodium bydroxide regenerant.

Thereafore, for the production of high and ultra pure water it i=
necessary to choose mixing conditions that ensure a good mixture of
resins in the lower part of the bed. Reference to Figure 4.02

shows that mixing conditions 1,2 and 3 produce an almost perfect
mixed resin ratio in the bottom half of the bed. As condition 2 is
the borderline between good bubble mixing and air slugging with too
little free water it is proposed that 2 free water level equivalent to
condition 3 is adopted as a standard mixing condition. Because it is
the voidage of the dispersed bed on cessation of mixing that governs
the degree of reseparation that occurs, the chosen mixing conditions
can be extrapolated from Pigure 4.02 to a standard level of free
water per unit separated bed depth.

The recommendsd level of free water prior to air mixing is 50 om
water per metre of settled bed of separated resins. This will ensure
free bulk circulation during mixing whilst preventing undue resepara-
tion of the exchangers due to free settling of the bed when mixing
ceases. Unless the level of resin in the regenerator can be guaran-

teed for successive regenerztions the only succesgsful and simple
method of control of the free water level is by visual observation.
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5 ANION EXCHANGE KINETICS 1IN
MIXED BEDS

5.1 INTRODUCTION

As noted in section 2 many power stations employ high flow rate
condensate purification plants to ensure boiler feed water quality
is maintained with very low impurity levels. The current CEGB
standards for AGR bollers are conductivity (O.OBIuS c:uf-1 with
concentrations of Na*, C1™ and soi' each 4(gpg'kg-1, while in the
USA the feed water quality for some PWR boilers has been set as low
as conductivity <0.06 uS en~ and concentrations of Na*, C1~ and S0°~

- 4
less than 0.2 ng kg 1 each anion. (9, 11, 12.)

A1l condensate purification plants utilise ion exchange for the
removal of ionic impurities, either as deep mixed beds or as
powdered resin mixtures applied to pre coat filters. In the CEGB
all CPP have desp mixed beds as the main anion removal stage and
in the majority of plants, without preceding cation exchange units,
mixed beds are also the cation removal stage. In the CEGB all CPP
currently operate on the hydrogen/hydroxide cycle. (242)

There are very few instances where the cation exchanger has failed

to verform satisfactorily either in removing ammonia used for steam/
water circuit conditioning or sodium arising from condenser leaks

and any shortfalls in capacity have been attributed to poor flow
distribution (148)., The major problem area has been the deterior=-
ating performance of the mixed bed anion exchange resins after a
relatively short service life, 2s little as six monthe. The first
obgserved instance of this deterioration was the increase in chloride
leakage fron CPPs under condenser leak conditions (13, 15, 148).

This was attributed to fouling of the anion exchange resin by large
naturally occurring organic molecules present in the raw water supply
which are not completely removed by the make-up water treatment plant
and find their way into the boiler feed water. Further investizations
into feed water gquality showed that inereasing sulphate leakage from
mixed beds was also a problem as the resina aged. The effects were
extended rinse down times following regeneration and a progressively

higher steady background bleed of sulphate in service (14, 51).
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Cross contamination of the anion exchanger by sulphuric acid during
cation exchanger regeneration bhas already been identified as one

cause of sulphate leakage (16, 18).

Most CPP in the CEGB use macroporous resins (242) for their superior
physical strength in withstanding high pressure drops and transfer
from the service to regeneration vessels and back. The penalty for
high physical strength was a reduction in exchange capacity compared
to gelular resins, but in the majority of cases capacity was not a
primary concern. In the USA about 40% of all CPP mixed beds use
gelular resins. This was not based on any techmiesl merit but was
due to the marketing policies of wvarious resin manufacturers.
However, thers have been a number of conflicting claims as to the
relative merits of gelular or macroporous anion exchangers, vartic-

ularly with respect to their kinetics of exchange.

At the start of this work there were no published comparisions of
the performance of exchangers based on different polymer/matrix

types carried out under controlled conditions. Neither were there
any comparative assessments of the effects of organic foulants on

anion exchange kinetics.

The investigations described below have examined the characteristics
of the exchange of hydroxide ion with either chloride or sulphate
ions in solution for a number of type I anion exchangers based on
different polymer/matrix types, both gelular and macroporous.

The evaluation technique used was a mixed bed column test where the
leakage of chloride or sulvhate dosed to the bed inlet was monitored
at the bed outlet. The bed operating parameters combined with the
test results ylelded a mass transfer coefficient which was used for
comparative purposes. The influence of operating flow rate on

mixed bed performance was also monitored. Additionally the effect
of the presence of organic foulants was investigated by deliberately
fouling anion exchangers of different polymer/matrix type on the same
water supply and then assessing them in the same way as used for new
resins. The change in mass transfer coefficient was used as a
measure of kinetic deterioration. Samples of used anion exchanger

taken from operating CPP were also assessed by the same method.
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5,2 EARLIER STUDIES

5.2.1 POLYMER/MATRIX TYPE

Wirth (155) noted that the direct replacement of gelular resins by
macroporous types in CPP mixed beds gave a 30% loss in exchange
capacity. He also noted that as the influent concentration of
sodium increased the leakage from the macroporous resin was higher
than from a gelular type. Kunin (227) employed a radiotracer
technique to follow the uptake of sodium onto test mixed beds with
either gelular or macrovorous resins znd concluded there was no
marked difference in cavacity under CPP operating conditions.

Wirth (109) has also claimed that gelular resins are more resistant

to oxidation than macroporous types.

Ray, Ball and Coates (158) used small laboratory column mixed beds
(100 ml resin in a 25 mm diameter column) operating at specific flow
rates (m3m-3h_1) equivalent to full scale CPP. They assessed anion
exchanger performance by dosing sodium chloride into the bed influent
and monitoring the chloride ion leakage. Ray ef al observed that
gelular anion exchangers gave smaller leakage concentrations of
chloride than macroporous types and concluded that gelular exchangers
had superior exchange kinetics, although no account was taken of
differences in mean bead size of the different resins. Bevan and
McNulty (228) employed a very similar techniocue to Ray et al and
concluded that gelular and macroporous resing had very similar kineties

when bead size was taken in account.

5.2.2 EXCHANGE KINETICS IN PACKED BEDS

A large number of workers have investigated the kinetics of the
exchange processes occurring in packed beds. Much of the early work
involved strong acid cation exchangers and the B* = Na¥ exchange

reaction at ionic concentrations around 0.01 to 0.1 X.

Boyd, Adamson and Myers (74) considered three possible rate
controlling steps, liquid boundary layer diffusion, particle (within
bead) diffusion or exchange reaction rate. They used a shallow bed

technique to investigate H-Na exchange on a phenol-formaldehyde
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based resin and concluded that at influent concentrations >0.1 M
particle diffusion was rate controlling while for concentrations
£ 0,003 M boundary layer diffusion was the dominant factor. They
also noted that ion diffusion within the exchanger was an order of
magnitude slower than diffusion of the same ion across the liquid

boundary layer.

Michaels (75) set out the basic premises from which many subsequent
descriptions of ion exchange c¢olumn performance have been derived.
He monitored the increasing Na' concentration at the bed outlet
during " - Na' exchangse and found an S shaped concentration profile.
He assumed this profile had progressed down the bed as the exchanger
was exhausted and, knowing the capacity of the resin, he calculated
an exchange zone, defined as the region of bed necessary to reduce
the influent ion concentration from 95% to 5% of its initial value
{Pigure 5.01)., The limits of the exchange zone could be set at any
pair of concentration values, but Michaels chose 95% and 5% for
analytical convenience. Michaels noted that the exchange zone
should be dependent on temperature, bead size, ionic concentration
and superficial fluid velocity but for a fixed superficial velocity
it should be independent of hed diameter and bed depth. Michaels
plotted the exchange zone height (2) versus superficial velocities
(Vi)between 1.8 and 29 mh-l and derived the relationship

z =.KVL where K 13 a constant.

Giliiland et al (66), Lapidus et al (77) and Moisson et al {76)
followed Michaels approach employing different bed depths, bead
diameters, influent concentrations and flow rates. Gilliland
examined flow rates up to 83 mhfl and gave an empirically derived
squation for the boundary layer thickness, 7 ,

--0 .84

Y: d 0.049 Re 0-007000(5.1)

relating the mean bead diameter, 4, and the Reynolds number, Re.
Moisson et al noted that the shape of the concentration profile in

the exchange was fixed as time progressed and that boundary layer
diffusion was rate contirolling below 0.01 M influent ion concentration
Lapidus et al proposed that an asymptotic solution could apply to the
boundary layer diffusion model of exchange rate control. The
agymptotic solution was adopted because ion exchange is generally

an equilibrium process and complete exchange of an influent ion is
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not possible. However, there is an asymptotic approach to complete
exchange with increasing bed depth (Figure 5.01), hence the need to
define the limits of the exchange gzone.

Glueckauf (67) adopted a different approach to defining the kinetic
characteristics of a packed bed. He used an analagous approach to
the description of distillation columns and defined an effective
height of the theoretical plate for exchange.

Carberry (78) pointed out the difference between the hydrodynamic
boundary layer and the effective diffusion boundary layer thicknesses
in packed bed ion exchange. A slowly diffusing species may have a
boundary layer within the hydrodynamic layer thickness while a fast
diffusing species may have a boundary layer of greater thickness

than the hydrodynamic layer. The effective diffusion boundary layer
varies with fractional power of the Schmidt number (Sc)

3 = 9 y where n is the viscoasity, D is the diffusivity
¢ /p{

of the ionic species and p the fluid density.

Cooney et al (79) confirmed the applicability of the asymptotic-
solution in dilute solution boundary layer diffusion controlled
exchange provided certain conditions were satisfied. These were
uniform bed porosity, uniform initial bed composition {ionic dist-
ribution), uniform temperature, constant feed rate, constant feed
composition and plug flow. Bunzl (80) adopted an experimental
technique based on these c¢riteria with an addition that only a small
amount of exchange took place to provide minimum disturbance to

the system.

Frisch and Kunin (161) applied the asymptotic solution to mixed

bed ion exchange. They used beds up to 960 mm deep but only 12 mm
diameter at flow rates up to 200 mh"1 and influent concentrations
down to 0.0002 ¥ NaCl (4.6 mg 1™ Na* and 7 mg 17F €17). The resin
mixture was treated as a single salt exchanging species releasing

an equivalent amount of water. The outlet conductivity was monitored
and the exces=z conductivity above the conductance of pure water was
attributed to NaCl leakage, assuming that the anion and cation

exchange processes were proceeding at the same rate. Frisch and
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Kunin proposed a mass transfer equation to describe the exchange

process
ln.g. _— .——E—-.-H S' ' L 0..00(503)
c v '
)
where € = column outlet concentration (eq. 1-1)

C,= column influent concentration (eq. 1-1)

M = liquid boundary layer mass transfer coefficient (ms-l)

S'= specific surface area of resin per masa of molst resin
mixture ( m? kg_l)

8! = bulk density of moist mixed bed resin (kg m-3)

L =bulk packed volume of mixed bed resin (m3)

V' =fluid mass flow rate (kg 8_1).

¥hilst this equation containas the elements of a mass transfer
equation it does not balance dimensionally. The left hand side has

3

no dimensions, the right hand side has units kg’l m”.

Frisch and Kunin used this equation to calculate an exchange zone
of Michaels type from knowledge of the mass of mixed resin, hence
bed denth, necessary to achiave a certain leakage. From this an
overating capacity could be estimated for various total bed depths,
Analyeis of the variztion of the exchange zone depth with flow rate
confirmed the relationship M = KVL held for exchange at 15, 25
and 45 °¢. Frisch and Kunin concluded that liquid boundary layer
diffusion was the rate conirolling mechanism in mixed bed exchange

with dilute influent concentrations below 0.01 M.

Pittle (17) measured the passage, hence concentration profile, of
Nat , NHZ and €1~ ion exchange fronts as they progressed down an
operating H/0H form CPP mizxed bed. He applied a general equation

of the type C= Go e—qx

where q is a constant and x is the bed depth at which ionie
conceniration € occurs. Tittle calculated a term D/r y equivalent
to a mass transfer coefficient.For cation exchange he found general
agreement with previously published results but for chloride
exchange the Value of D/; was an order of magnitude lower than
anticipated from diffusion coefficient data. This discrepancy was
attributed to 2 layer of foulant on the anion exchanger bead surface

which inhibited diffusion of chloride ions between the bulk liquid
and the exchanger surfacs.
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Harries and Ray (19) used a modified, dimensionally correct, version
of Frisch and Kunin's mass transfer equation to investigate anion
exchanger performance in a mixed bed. They studied OH exchange for
€1” and SOE", on a numﬂer of different anion exchangers, both new
and organically fouled resins. They noted that exchange of divalent
ions was inherently slower than for monovalent ions and this effect
was enhanced on organically fouled resins. This work is presented in
greater detail in the following sectiona, where the exchangs zone

concept has been applied to predicting the performance of full scale
CPPis.

53 EXPERIMENTAL PROGRAMME

5.3.1 EXPERIMENTAL APPROACH

The basic experimental method was to prepare a mixed bed in a test
column with a standard cation exchanger and the anion exchanger in
question. The mixed bed was operated at a fixed temperature at flow
rates typical of operational CPP's. 3Solutions containing known
concentrations of chloride or sulphate ions as ihe sodiunm =alts

were dosed into the column influent and the leakage of chloride or
sulphate measured at the column outlet. The performance of different
anion exchangers was compared by calculating a mass transfer coeffi-

cient for chloride or sulphate exchange.

The flow through a packed bed can be described as the suvperficial
(empty bed) linear flow rate, expressed as fluild volume per unit area
cross section of bed per unit time (m3m-2h-1L or as the specific flow
ratey, fluid wvolume per unit volume of packed bed per unit time
(m3m-3hf1). Both flow parameters of a full scale bed can only be
simulated in a single test column if the latter is equal to the full
bed depth. PFor comparative testing of exchange kinetics it was
considered essential to reproduce the correct hydrodynamic conditions
in the test column by opersting at linear flow rates typical of

CPP operation, rather than at the correct specific flow rate, as used

previously (158, 228), which gives low linear flow rates in short
laboratory c¢olumns.

The settled volume ratio of cation:anion exchanger (CtA) in the



TABLE 5.01 - PHYSICO-CHEMICAL DATA FOR NEW STRONG BASE ANION EXCHANGE

RESINS

Moisture |Skeletal Total Sauter
Revin Designacion| Folmer/acrin | Soutent | Denaity | prnee | ewn

Fraction) (kgm_3) (meq ml-l) (o)
Amberlite IRA 402 | Styrene/DVB Gel. 0.588 489 1.2 0.66
Amberlite IRA 458 | Acrylic/DVB Gel. 0.655 413 1.1 0.74
Amberlite IRA900 Styrene/DVB Macro. 0.655 417 1.0 0.79
Duolite A1QID Styrene/Isopdrous Gel, 0.559 520 1.3 0.6%
Duolite Al6l Styrene/DVB Macro. 0.591 496 1.2 0.63
Zerolit MPF Styrene/DVB Macro. 0.654 415 1.0 0.77

- 821 -
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mixed bed was set at 211, This is a typical figure for CPPs with
mixed beds alone and, for a given bed depth there will be greater
anion leakage from a 2:1, CtA bed than a 1311, C:A bed due to the
smaller volume of anion exchanger. The test column bed depth was set
at 0.55 m (800 ml cation exchanger plus 400 ml anion exchanger) as
preliminary trials indicated that this would give measurable leakage
with new resins without excessive leakage with fouled resins. The
influent concentrations of chloride and sulphate were chemically
equivalent, as ion exchange is based on charge equivalents, and were
chosen to give measurable leakages while being of the same order as

those likely to be found in actual practice.

5e¢3.2 CHOICE OF NEW ANION EXCHANGE RESINS

Six new strong base (type I) anion exchangers were selected to

represent a variety of polymer/matrix types. The resins were samoled
from material delivered to CEGB power stations and represented

standard production quality. The resin types are listed in Table 5.01.
Four of the exchangers were based on styrene/DVB copolymers, one on

a styrene/methylene bridge polymer and one on an acrylamide/bVB

structure. Three were gelular and three were macroporous.

The choice of resins was made with the aim of including all major
polymer/matrix types and those versions that looked as if they would
continue to be available for several years. Three macroporcus types
were included as they represented the most common tyve of CPP anion
exchanger. The acrylamide resin would not normally be considered for
CPP use because it has a temperature limit of 40 °¢ in operation and
gives higher pressure drops than comparable styrene resins. Its
inclusion was vurely comparative. Since the work was carried out,
mergers and take overs amongst ion exchange resin manufacturers

means that Zerolit MPF is no longer manufactured, although it is still

in use.

The cation exchanger used in all the column tests was from a single
batch of Amberlite IK200 macroporous resin with 20% DVB cross linking.
This is the most commonly used cation exchanger in CPP in the UK.
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5.3.3 CHARACTERISATION OF THE ANION EXCHANGERS

If there proved to be differences in exchange kinetics attributable

to polymer/matriz type the latter would need to be characterised.,

A number of standard physico-chemical measurements were made on each
anion exchanger, including total exchange capacity on a weight and
volume basis, moisture content, skeletal density and scanning electron
micrographs of the surface and interior of the different polymer/matrix
types.

Moisture content and skeletal densities were determined as described
in A3.4. Total, strong base and weak base exchange capacity were
determined by a standard method (229) on a dry weight basis in the
chloride form. Volume based exchange capacity was calculated from
the weight based determination and tﬁe skeletal density.

Table 5.01 gives the physico-chemical data for the six anion exchangers.
The scanning electron micrographs are presented in the Appendix to
chapter 5 (A5.1) and clearly illustrate the difference between
macroporous and gelular matrices. At the magnifications used

(x 10,000) no structural features could be observed with the gel

resins but differences betweenlthe macroporous types could be seen.

5¢3.4 CONDITIONING AND REGENERATION OF NEW RESINS

All new ion exchange resins require conditioning before use, especially
in comparative tests, to minimise the amount of manufacturing residues
that are always present and to ensure all the resins are in a

standard ionic forme.

About three litres of each of the six new anion exchangers were
separately conditioned by three cycles of succéssive conversions to
the hydroxide and chloride forms with sodium hydroxide and sodium
chloride solutions respectively. Each resin was rinsed with
deionised water after each conversion and the resulting chloride
form resin was seived to remove beads above 1.0 mm and below 0.5 mm
diameter in an attempt to minimise bead size variations between the
different resins. BEach conditlioned and graded chloride form resin

was sampled for bead size distribution measurementis by wet seiving
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and the remaining bulk resin was atored in a moist condition in a

sealed five litre polyethylene container. Seive analyses are
presented in Table A5.09.

Prior to use in a mixed bed one litre (setiled volume) of the
appropriate anion exchanger was regenerated with eighty grams of
gsodium hydroxide made up as a one molar solution. The details are
given in A5.2.4. The rinse volume was several times that used in full
scale practice and reduced the residual regenerants/regeneration
products to an acceptably low value. If not used immediately the
regenerated resins were stored under deionised water in a litre
polyethylene bottle with screw cap. It was not policy to store
regenerated anion exchangers for more than a month as they can slowly
absorb carbon dioxide from the atmosphere that has diffused through
the polyethylene container and they also degrade slowly in the
hydroxide form.

A single batch of macroporous Amberlite 200C catidn exchanger was
used in ali mixed bed tests. It was conditioned by three cycles of
conversion between the hydrogen and sodium forms using hydrochloric
acid and sodium chloride solutions with intermediate rinses. Eight
litres of IR200C were conditioned in itwo four litre lots and the
sodium form resin was regenerated with seventy gram of hydrochloric
apid per litre of resin as a one molar solution. Fach four litres of
resin was rinsed with deionised water until the rinse outlet conduct-
ivity was below IOJpS cm-l. The regeneratzd resin was stored in

sealed five litre polyethylene containers.

Full details of the conditioning, regeneration and seiving procedures

and the apparatus used are given in AH.Z2.

535 COLUMN TEST APPARATUS

Figure 5.02 is a diagramatic outline of the mixed bed test column

and its associated water storage, pumping, dosing, measurement and
gsampling arrangements. PFurther details of the test column construction
and operation are given in AS.3

Deionised water in the 200 litre bulk storage tank 'A' was maintained
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at 20 °C +0.5 °c by circulation through the cocler and heater units
B and C. Water from tank A was pumped {D) to the 60 litre header
tank E and overflowed back to A. TFrom tank E water could be taken
by the booster pump F and passed through the 50 mm diameter test
column 'G', containing the mixed bed under test, and returning to
tank A. At the same time water from tank E passed through column, S
(95 mm diameter), which contained a 2.5 litre H/OH form mixed bed,
and returned to the bulk storage tank, A. The mixed bed in S
continuously polished the bulk supply water and maintained the
impurities in the influent to the test column below 5/pg kg each of
Na*, C1 ,and SO 4'.
monitored continuously for conductivity and was maintained at less

than 0.1 )JS cm-l.

The ocutlet from the volishing mixed bed was

Figure 5.03 gives more detail of the test column and associated valves,
pumps and monitoring equipment. Deionised water from tank,E, passed
through the industrial pH cell,H, then through the conductivity cell,
J, and via the booster pump, F, into the top of the test column, G.

The dosing solution, K, was pumped by a variable speed peristaltic
pump L into the deionised water flow before the pH cell, which acted

as a2 mixing chamber.

The test column, G, was a clear acrylic tube 51 mm internal diameter
and 1200 mm loﬁg. The resin support, M, was a perforated acrylic disc
covered with a fine mesh stainless steel acreen and was located 30 mm
above the base of the column to ensure uniform flow through the resin
support. After leaving the test column the water passed through a
flow controller, N, an outlet conductivity cell, Py, and was returned
to the bulk storage tank, A. A tee off the column outlet line, R,
enabled a sample of outlet water to be taken directly to a sodium ion
analyser. Inlet and outlet conductivities from the test column and
the polishing column outlet conductivity were monitored and recorded

continuously.

5.3.6 MIXED BED PREPARATION

The test column was located in position in the rig, with the bottom
connections made and the top end cap removed. 800 ml (settled volume)

of regenerated IR200 cation exchanger were measured in a 1 litre
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measuring cylinder and transferred to the test column. The cation
exchanger was backwashed and drained several times to remove
particulate manufacturing residues that had diffused out of the resin
during storage. The rinse procedure proved necessary as the residues
could contribute both chloride and sulphate ions to the effluent.
(See 5.5.2). 400 ml of the appropriate regenerated anion exchanger
were measured out and added to the cation exchanger in the column.
The water level was adjusted to give 50 mm free water above the
gurface of tha settled resina.

The resins were mixed by inserting a stainless steel sparge tube,

1.5 mm internal diameter, down to the resin support plate. Nitrogen
gas, from a compressed gas cylinder, was passed through the sparge
tube at 3 litres per minute for 20 minutes. The sparge tube was then
gradually withdrawn whilst slowly draining the column to the upper
surface of the resin, thus obtaining a settled, mixed bed. The column
was then carefully filled with deionised water to cause minimum
disturbance to the resin mixture, the top plate replaced and the column
reconnected intoc the water circuit. The mixed bed was then rinsed

with deionised water from the header tank until the outlet conductivity
1 9t 20 °¢. This rinsing
normally took place without the booster pump in circuit at a linear

flow of around 50 mh-l.

reached a stable value below 0.06/p8 cm

5.3.7 TEST PROCEDURE

Each test mixed bed was operated at three separate flow rates, 1.85,
3 and 4 litres per minute which were equivalent to 55, 88 and 118 mh-1
linear flow rates. This covered the range of linear flow rates found

in most CPP. The tests were run with the booster pump in circuit and
the flow was adjusted by means of the flow regulator (N in figure 5.03).
The flow was measured by the time taken to colleet one litre of

water at the rig outlet in a previously calibrated measuiing cylinder.
The flows are quoted as 55, 90 and 120 mh_l which represents the

accuracy of setting up a flow rate of 88 or 118 mh L,

At each flow rate the outlet conductivity was allowsd to stabilise
bafore dosing commenced. Then a 0.2 M solution of sodium chloride

wag dosed to the column inlet via the peristaltiec pump. The dosing
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pump speed was adjusted to give successive influent concentrations

of 1480, 2960 and 5920/pg kgrl Cl, the influent chloride concentration
being monitored by the influent conductivity. Table A5.05 gives

the conductivities at 20 °c corresponding to the various influent

concentrations.

At each influent concentration the column outlet conductivity was
monitored. IJIonic leakage was indicated by a rise in ocutlet conduct-
ivity and when this had stabilised a sample of the column outlet
water was collected in a 500 ml screw capped polyethylene bottle that
had been conditioned by soaking in deionised water for several weeks.
The column outlet conductivity had normally stabilised within five

minutes of dosing being introduced.

When the sample from the first influent concentration had been taken,
the dosing pump rate was stepped up to give the second chloride
concentration and after this had been sampled the dosing was stepped
up to the third concentration. When the three chloride influent
concentrations had been completed deionised water replaced the dosing
solution to flush the line and the column outlet conductivity allowed
to gtabilise in the undosed condition. The procedure outlined above
was then repeated with an 0.1 ¥ sodium sulphate solution to give
influent concentrations of 2000, 4000 and 8000/pg kg-l SO4 y which
were chemically equivalent to the chloride influent concentrations,

and column outlet samples taken.

When the three chloride and three sulphate influent concentrations
had been completed at the lowest flow rate, the flow was increased to
g0 mh-'1 and the chloride and sulphate dosing and sampling programme

repeated, followed by the same bprocedure at 120 mh-l flow rate.

5¢3.7+1 Analysis of Qutlet Samples

Each test run on a particular anion exchanger gave 18 column outlet
samples taken during dosing and a further 3 outlet samples taken
during the undeosed stabilisation of each flow rate. These samnles
were analysed for chloride and sulphate by means of high pressure ion
chromatography (HPIC) using a Dionex 10 analyser. HPIC separates ions

of a given charge on an ion exchange column and the eluted ions are
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detected by conductivity (144, 145). Full details of HPIC analysis

are given in A5.4.3.

During each test run a sample was continuously taken from the column
outlet via a tee (R in Figure 5.03) and fed to a continuous sodium
ion monitor which utilised a sodium responsive glass electrode.

Details of the godium ion monitor are gliven in A5.4.2,

Fel.7.2 Leakage Tests for other Anions

A single test was carried out, using Amberlite 900, to examine the
leakage of nitrate and phosphate ions in addition to chlorids and
sulphate. PFor this test the IRAS00 was conditioned to the bicarbonate
form with 5 litres of 0.5 M NaHCO3 ver litre of resin, to remove
residual chloride that might give equilibrium leakage of chloride ions
(230). The bicarbonate form resin was regenerated in the standard
manner. The column was operated at the 90 and 120 mh-l flow rates

and dosing of either NaCl, Na 804, NaN03 or NaHPO4 was restricted to
the equivalent of 4000 ng kg 304. Inlet and outlet conductivities

were monitored and ocutlet samples taken as before.

5.3.8 DELIBERATE ORGANIC FOULING OF ANION EXCHANGERS

Organic fouling of mixed bed and CPP anion exchangers usually takes
place in the presence of low influent concentrations of both organic
and inorganic species with exhaustion cycles lasting between several
days and several wecks. To make a realisiic compariscn of the effects
of organic foulants on different polymer/matrix tyves it is necessary
to obtain resins fouled on the same water supply. This i= not
possible on a full scale plant whiéh usually employs 'a single type

of resin. Therefore, it was neceasary to deliberately foul the six
types of anion exchanger used in the study of new resin polymer/matrix
types on a single water supply. This was most conveniently carried
out at an operating water treatment plant where organic fouling was

known to be 2 problem.

Such a plant was at Staythorpe PS which draws its raw water from the
River Trent and treats it successively by lime/ferric sulphate

floceulation, sand filtration, counter current regenerated cation
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TABLE 5.02 COLUMN CPERATING DATA - DELIBERATE FOULING

Exposure to

Total Volume

Anlon Exchangers

- 66T -

Cycle Date Fouling . Notes
No. Environment . Throgghput Installed
(hrs) (m™)
1 20, 9.79 - 693 302.4 1IRA900 Al61 Resins in upper part of column coloure
19.10.79 * INA402 Al01D dark brown.
Fungal growths in resin bed.
2 24.10.79, 651 282.8 IRADOO Al61 Columns protected from light.
20.11.79 ) IRA402 Al101D Alr andjfor CO, bullding up in free
board above rgsins.
3 23.11.79 - IRA900 Al61
20.12.79 649 251.1 IRA402 A101D
4 15, 1.80 - 1052 413.4 IRAS00 AlGt Run length extended to 1000hours
28, 2.80 : IRA402 Alo1D
5 2. 4.80 - 1173 343 .8 Z-MPF Alég1l Particulate fouling by algae which
21, 5.80 - IRAA02 Alo1lD blocked porous resin suppori plate and
severely reduced flow rate towards end
of run.
6 2, 6,80 - 550 144.5 Z-MPF IRA458 Run terminated due to disintegration
25. 6.80 * IRA402 Al01D of pump impeller. Algal fouling also
present.
7 3. 7.80 - 812 261.5 Z-MPF 1RA458 Run terminated because of algal fouling
G. 8.80 : INA402 Al101D of resin support plate which severely
reduced flow rate.
8 19, 8.80 - 1007 420.6 Z-MPF InA458 Algal fouling present but not
30, 9.80 ) IRA900(II) Al01D sufficlent to significantly affect flow
rate.
] 9.10.80 - . IRA900(II) TRA4S8
19.11.80 982 453.6 IRA900(11) A101D
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then anion exchange followed by mixed beds (231). Between the anion
3 holding
tank. This tank held an adequate supply of partially demineralised

exchange unit and the mixed bed the water passes into a 15 m
water to feed a four column rig for fouling anion exchangers.

Figure 5.04 outlines the column arrangement for fouling the anion
exchangers. The rig was of simple, robust construction as it received
attention only once every two weeks. The new anion exchangers placed
in the columns were drawn from the conditioned and graded chloride
form resin described in 5.3.3. To simulate operational practice the
fouling resins were regenerated and cleaned every four to six weeks.
Regeneration was similar to that described in 5.3.4.

Physical cleaning of the resins, necessary because of algal and

fungal deposits, was achieved by repeated air scouring and backwashing.
Occasionally algae partially blocked the porous polythene support
discs and reduced the duration and/or throughput of some cycles. The
polythene support plates were replaced after each cycle. The algal
problem was reduced but not toially overcome by sheathing the columns

in black plastic sheet.

Samples of each exchanger were taken at the end of each cycle, both
before and after regeneration, for determination of the accumulated
organic foulants (See A5.4.4). When a particular exchanger had
accumulated a predetarmined level of extractable foulants (2 weight
vercent fulvic acids on a dry resin) it was removed from the test
apparatus, cleaned and stored in a sealed container in an exhausted
férm. Because the test rig had only four columns two of the six
anion exchangers were placed in the fouling columns after the first
two resins had become fouled. Table 5.02 gives the dates, water

through puts and resins installed in the rig for each cycle.

At the fortnightly inspection of the rig, samples of the t~st column
influent and common effluent were taken for total organic carbon
(TOC) analysis. The average inlet TOC concentration was 0.7 =

0.8 mg kgal carbon, but varying between 0.3 and 1.5 mg kg-l carbon.
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5.3.9 IONIC LEAKAGE TESTS WITH DELIBERATELY FOULED RESINS

Anion leakage tests with the deliberately fouled resins were carried
out in mixed beds with exactly the same experimental parameters as
were used for the new resin tests (see 5.3.7). The fouled resins
taken from the fouling rig columns were not converted to the chloride
form prior to final regeneration as this could have eluted some of

the organic foulants. The deliberately fouled resins were regenerated
according to the procedure outlined in A5.2.4, from the exhausted

state as removed from the fouling rig.

5¢3.10 IONIC LEAKAGE TESTS WITH USED RESINS

The test procedures outlined above were quite comprehensive with
three chloride and three sulphate dosing concentrations for each of
three flow rates but proved very time consuming for the semi-routine
asgessment of resin samples taken from operating CPP. Therefore a
simpnlified test procedure was introduced together with some small

modifications to the apparatus {Pigure 5.05).

The total volume of the mixed bed was reduced from 1200 to 900 ml

ie 600 ml cation exchanger plus 300 ml anion exchanger. This gave
largar ionic leakages, especially for new resins; with the 1200 ml

bed some new small resins gave leakages approaching the limit of
detection of HPIC. The polishing mixed bed (S), that was originally
on a separate loop, was installed betwesn the header tank (E) and

the dosing point. This ensured the feed to the test column was

fully deionised. The third addition was a flow meter (T) on the
column outlet. Although nominally calibrated for water at 20 % it
proved inaccurate and was only used as a flow indicator. Bead sigze
measurements on used resin samples were carried out with a HIAC
particle size analyser (A3.5).

The mixed bed test column was only operated at one flow rate, 100 mh-l,
as tuis was the typical value for modern CPP, The influent dosing
was retained as sodium chloride or sodium sulphate but the influent
concentration was adjusted to give leakages that we;e both measurable

but not excessive ie <£20 pe kg-l Cl or <50)1g kg 804. Influent

concentrations used were any consecutive group of three from
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100, 250, 500, 1000, 2000 or SOOO‘Pg kg-lcl and the squivalent
135, 338, 676, 1352, 2760 or 6760 ng kg-1804. The poorer the resin's
kinetics the lower the influent concentrations that were used.

5.4 MASS TRANSFER EQUATION

Prom the kinetic work reviewed in 5.2 the mass transfer equation of
Frisch and Kunin {161) offered the greatest potential for use with
the experimental data generated by the column tests. However,
Frisch and Kunin's equation used the specific surface area per

unit maass of moist mixed resin, the bulk density of the mixed resins
expressed as mass of moist resin per unit settled volume and mass
flow rate. If determined accurately these parameters would give

a very precise appreciation of the flow rate and head surface area
within the mixed bed. However, as noted earlier (3.6.1), measure-
ments on moist resinas are not véry accurate unless carefully
controlled. Also measurements of settled volume are liable to
variationa in the packing of the beds.

The mass of the moist resin in a mixed bed is not an easily determined
parameter and will vary with the skeletal density of the resin which
in turn can vary with ionic form or polymer/matrix type. Thus two
resins with the same settled volume and bead size distridution but
differing skeletal density would have different specific surface

areas in the Prisch and Xunin equation.

Therefore, a modified version of the Frisch and Kunin equation is
proposed, dimensionally balanced,based on resin volume and volume
flow rather than resin mass and mass flow. In addition a term R is
introduced, the volume fraction of either anion or cation exchanger
in the mixed bed so that the equation now becomes specific for a
particular exchanger. The new squation is
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c
in */ = -MSZAR coase(5al
c, — (5.4)

where @
Go ~ c¢olumn influent concentration
C = column outlet concentration
M - mass transfer coefficient (ms-l)
3 = specific surface area of resin beads
(m2m-3 settled volume basis)
2 - depth of exchange zone (m) for Co-—*C
A = cross sectional area of test column or bed (m2)
R = wvolume fraction of particular exchanger in bed
Vv = wvolumetric flow rate through column or bed (mBS-l)

For a resin with a distribution of bead sizes the specific surface
area (S) is calculated from the Sauter mean bead diameter d  allowing

a vorosity factor of 0.35 for a packed bed.

1
g = X eesss(5.5)
3

d

where xi is the volume fraction of beads of diameter 4, in the overall

i
gsize distribution.

Then S=(1-E)4w(§g)2 '— 6. (1L =€)

d \3 d
4 _8 8
?”(2)

where €& is the porosity factor of the settled bed.

eesse(5.6)

5.4.1. ERRORS

5.4.1.1 Specific Surface Area (3)

It was noted earlier that the Frisch and Kunin mass transfer equation
could introduce an errvor in comparisons of resin types by relating the
snpecific surface area to the mass of moist resin, rather than the
volume of resin. As reported in section 3 the determination of the
mass of moist resin, without residual moisture, is a difficult
process, for several ml of resin let alone several hundred ml.

However, it is equally difficult to measure the displaced volume of
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PABLE 5.03 SETTLED BED POROSITY

ANION EXCHANGE MEAN SETTLED BED
RESIN TYPE DIAMETER POROSITY
(mm) (€)
Amberlite IRA900 Q.75 0.36
Duolite Al61C 0.68 0.35
Ambersep 900 0.66 0.35
Monosphere TG550A 0.60 0.13

Average for anion exchangers £ =2 0.35

CATIOF EXCHANGE MEAN SETTLED BED
RESIN TYPE DIAMETER POROSITY
(zmm) (€)
Ambersep 200 0.85 0.34
Amberlite IR120 0.72 0.31
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resin on a large scale. In all the column tests the resins were
measured on a settled volume basis and an average voidage factor
applied. Thus, the voidage (€) used in the equation for the specific
surface area should be that in the measuring cylinder when measuring

out the resins, not the voidage of the mixed bed itself.

The voidages given in the literature for settled resins or mixed
spheres vary between 0.32 and 0.41 (232, 233, 234). The recorded
value will depend on whether the beads were allowed to settle
naturally from a suspension or were tapped down to minimum volume

after settling.

The settled resin voidage under the experimental conditions used for
the column tests was measured for a mumber of resin samples and an
average value taken. About 300 ml settled volume of resin were added
to water in a 500 ml measuring cylinder, lightly tapped and the
settled volume noted. The resin was washed into a Buchner funnel

and vacuum applied to remove residual water but leave a moist resin.
The displaced volume of this resin was measured by adding it to a
known volume {250 ml) of water in a 500 ml measuring cylinder and
noting the increase in volume. The measured voidages are presented in
Table 5.03 and an average factor of £=0.35 was used in subsequent

calculations.

A similar problem arises when the experimentally determined mass
transfer coefficient is used to estimate plant verformance. A design
figure for settled volume is generally all that is known, not the
actual volume loaded, hence an average vorosity factor must be applied.
Although these errors cannot, simply, be avoided the comparison

between mass itransfer coefficients of different iona is valid for a
given resin in a particular column test. Comparisons between

different resins will be subject to a small error, as discuzsed in
5¢5elels

5.4.1+2 Depth of Exchange Zone (Z)

The mass transfer equation is of the first order type C==coe-kt,

although the time term (t) is incorporated in the flow rate term (V),
and gives rise to an - asymptotic exchange front concentration profile
(Figure 5.06). For the purpose of calculating M from the experimental
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data the depth of the exchange zone is the full depth of the test

column as the only two ionic concentrations known are those at the

inlet to and outlet from the column.

In the column tests each flow rate-dosing combination was run for
only as little time as was necessary to establish the dynamic
equilibrium leakage. In this way only a small fraction of the total
anion exchange capacity was used. If each dosing combination were
continued for five minutes a total of 25.6 milli equivalents (m eq)
of anions (Cl + 804) were dosed onto the 400 ml of anion exchanger
in the column. The total anion exchange capacity of the resin was
approximately 450 m eq. Thus the dosing used 5.7% of the total
capacity and it was assumed that the depth of exchange zone (Z) for
Co—e C was always equal to the column bed devth.

In the mass transfer equation the group ZA represents the mixed bed
settled wolume and the group ZAR is equal to the volume of exchanger

under investigation.

5e4+1.3 Other Parameters

The errors in the inlet and outlet concentirations, Co and C, are
those of the analytical methods and are fairly well defined (A5.4.3).
The crosz sectional area, A, of the column is accurately measurable.
The flow rate through the column, measured by timing the collection
of 1 litre of water was accurate to < 0.1 seconds in 15 seconds at

120 mh~ 2,

In the case of calculation of leakages from full scale units the
design flow rate for the plant can be substituted into the equation.
In practical examples there are also vroblems in knowing the exact
resin ratio in a particular bed, the depth of the bhed or the bead
size distribution of the resins in the bed. If the resins were not
examined when newly loaded the resulis gained from a single sample

of resin cz2n be misleading.
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TABLE 5.04 MASS TRANSFER COEFFICIENTS FOR CHLORIDE AND SULPHATE

EXCHANGE IN¥ A MIXED BED = NEW RESINS

Mass Transfer Coefficient (10-4ms-1)

Chloride Ion Sulphate Ion

Exchange Exchange

Reain Designation 1
Flow Rate (mh ")

90 120 90 120
Amberlite IRA40?2 1,88 2.39 L 1.90 | 2.33
Amberlite IRA458 1.97 2.51 1.97 2.36
Amberlite IRA900 | 2.05 2.42 2.01 2.41
Duolite A101D 1.85 2.29 1.92 2.37
Duolite A161 1.76 2.12 1.75 2.23
Zerolit MPF 1.98 2.41 1.92 2.18
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5.5 KINETICS OF NEW ANTON EXCHANGERS

5.5.1 CHLORIDE AND SULPHATE LEAKAGE

The mixed bed test column leazkage resulis are given in full in

Table A5.10 for chloride dosing and Table A5.11 for sulphate dosing.
The mass transfer coefficients calculated from this data are given in
Tables A5.12 and A5.13 based on a typical porosity factor of 0.35.
Table 5.04 summarises the mass transfer coefficients for the CH - Cl
and OH - SO4 exchange reactions by taking the'm;an value of the three

dosing concentrations at the 90 mh-land 120 mh™ © flow rates.

5.5.1.1 Evaluation of Errors

Before proceding further with analysis and discussion of the results
it is worth examining the source of errors in greater detail and

putting numerical values on the likely errors.

As an example take an anion exchanger with a mean bead diameter 0.8 mm,
operating under the 'new resin' test conditions with a column flow
rate of 4 litres per minute (=120 mh-l) and with a chloride ion mass

transfer coefficient M= 2,36 x 10-4 ms-l.

The standard value of vorosity factor £ was 0.35. This could vary as
much as % 0.02, but more probably by * 0.01, and Table 5.05a
demonstrates the variations that can occur. A range of + 0.01 on
porosity factor gives a varistion of i=4x10-6ms-1 on the mass

transfer coefficient.

Variation in flow rate could also affect the value of M. The nominal
flow rate was 1 litre in 15 seconds, 6.67 x 10-5 m38-1, but this’
could vary between 14.75 and 15.25 seconds, giving flow rates of

6.78 x 10~ and £.55 x 1077 nis~1 respectively. Table 5.05b
indicates that this flow rate variation would also result in a

+4x 107%ns7) £luctustion in M.

The third parameter likely to cause errors in M is the column outlet
analysis. Chloride concentrations were accurate to iO.leg kgHICI.

At an influent level of 5920Jpg kg_l Cl under standard conditions
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TABLE 5.05 ERROR CALCULATIONS

€= 0.35¢

Standard Test Conditions dE = 0,8mm

V=6.67x 1077 e~}

(a) vVariation of £ fixed mean bead dismeter

£ s M
mzn-3 10“4113-1
0.33 | 5025 2429
0.34 4950 2.33
0.35 4875 2.36
0.36 4800 2.40
0.37 4725 2.44

(v) Variation of V at fixed leskage concentration

v |
10 5m33-1 10-41:3‘1
6.55 2.32
6.67 | 2.36
6.78 2.40

(¢) Variation of column leakage at fixed influent concentration

Inlet Outlet M

pe kg-101 e kg-ICI 10" 4as™1
1.3 2.41

1480 1.5 2.36
1.7 2.32
5.7 2.375

5920 549 2.36
6.1 235
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(£20.35, V=6.6T7 x 10-5 m3s-1) the leakage would be 5.9lyg kg-l Cl.
A 20.2)1g kg-l Cl error in analysis would give a s 0.015 ms-l
variation in M. However at an influent level of 1480 ng kg™ o1
the leakage would be only 1.5 nug kg—l and a % 0.2 ng kg-lcl

variation has a larger effect on M ie I.5x10-6

ma L (Table 5.05¢).
These calculated errors in the value of M represent the variations
between column tests with different resins. The differences hetween
the mass transfer coefficlents of different ions on the same resin at

the same flow rate would only be subject to the errors in analysis.

5.5.2 POLYMER/MATRIX TYPE

From Table 5.04 it can be seen that the mass transfer coefficient is
nearly constant for all polymer/matrix types at a particular flow
rate for either chloride or sulphate exchange. The value of M is
lower for the lower flow rate because the 'film thickness',r, and
therefore the diffusion path increases as the flow rate decreases.
The correlation between polymer/matrix types is poorer at 90 \rnh_1
beczuse the leakages are mostly in the 0.5 = 1.5/pg kgrl range and any
small background leakage from the column or analytical error has a
relatively large effect onVM. For this reason no values of M are
given for the 55 mh-l flow rate where the majority of leakages were
{l'yg kngCI or SO '

4°
The data indicate that within the limits of experimental error, the
mass transfer coefficients for chloride and sulphate were indevendant
of the influent concentration. The similarity in mass transfer
coefficients for all nolymer/matrix types and the reduction in mass
transfer coefficient with reduced flow rate are both conditions that
" satisfy the condition M=D/r indicating that liquid film boundary
layer diffusion is the rate controlling mechanism for all new anion
exchangers, irresvective of polymer/matrix type, at the influent

concentrations'ahd flow rate conditions found in CPP operation.

There is an obvious excention to these general conclusions drawn from
the Tesults in Table 5.04. The low mass transfer coefficients for
both chloride and sulphate exchange with Duolite Al1861 were dus to
high background leakages of botin chloride and sulphate ion from this



TABLE 5}06 AVERAGE CHLORIDE TO SULPHATE LEAKAGE RATIOS

— NEW AND DELIBERATELY FOULED RESINS

DUOLITE. | AMBERLITFE

ZEROLIT
MPF

AMBERLITE

DUOLITE

458 Al0ID

AMBERLITE
402

lonic pe

Leakage Ratio

Anion Exchanger

Albl 900

1.2

t.3

Sulphate : Chloride
New Exchangers

0.8

1.6

2.7

2.4

Sulphate : Chloride
Organically Fouled
Exchangers

2.6 2.9

2.4

Chloride Leakage
Fouled : New Exchanger

0.8

3.0 2.4

Sulphate Leakage

Fouled : New Exchanger

2.6

conditions.

84uequ_|
IG?uequhl

at 90 and I20mhr-—I

at 55, 90 and’ 120mhe !

The values quoted are average values of the individual leakage ratios for the following
Leakages are expressed in chemically equivalent concentrations,

- €61 -
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particular column. The impurity leakages were traced to the washing

out of manufacturing residues from the macroporous cation exchanger.

A1l newly manufactured ion exchangers release short chain oligomers
and colloidal species after standing for a period of several weeks.,
These are manufacturing residues that diffuse to the bead surface.
Macronorous resins also release slightly larger particulate sgpecies.
Cation exchangers are swollen in a chlorinated hydrocarbon before
sulphonation. Therefore both chloride and sulphate ions are
potential residues. A sample of dark brown residuss was 1isolated
from ths IR200 cation exchanger used in these tests. Dispersing
125/pg of these residues in 10C0 ml of deioni;ed water produced a
804. Subsequently the

experimental procedure was modified to rinse the cation exchanger

solution containing 8/pg kg-ICI and 20)ug kg
immediately prior to adding the anion exchanger and mixing the resins.
4 subsequent column test with a different batch of Duolite 4161

confirmed that this resin fitted the pattern of liquid boundary layer

diffusion control. Letails of this test z2re ziven in Tadble AS.14.

5.5.3 RELATIVE RATES OF EXCHANGE FOR CHLORIDE OR SULPHATE

Lnother factor to emerge from tuis study is that the mass transfer
coefficient for sulphate exchange is slightly, but consistently,
smaller than that for chloride exchange, ie sulvnate exchange is
slower. Because of the relative insensitivity of the logarithmic C/CO
term in equation 54 . 1o small changes in C,the effect is more
marked if the chloride and sulvnate leakages are compared in terms

of percentage influent concentration. Table 5.06 lists the ratio of
sulphate to chloride leakage for the six new anion exchangers. As
exvlainzad above the results for Duolite Al61 are anomolous, but the
other five polymer/matrix types have sulphate:chloride lezkage ratios
.of . between 1.2 ahd l.6 with an average of 1.4. This indicates
that OH - SO4 exehange is an inherently slower proceéss than 0 - C1

exchange.

If 1liaquid boundary layer diffusion is the rate controlling process
the diff erence in maszss transfer coefficients bhetween chloride and

sulphate exchange should reflect differences in diffusion rates of

the exchanging species. Table 5.07 lists the ionic equivalent
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TABLE 5.07 CONDUCTANCE AND DIFFUSION DATA

A,

B. Ionic Diffusion Coefficient (D,) at 20 %¢ (1079 m

C.

Data from Robinson and Stokes (65)

Limiting Equivalent Conductances N (cn2 g -1 equiv-l)

Jon Temperature Ion Temperature
20 °¢ 25 % 20 °¢ 25 °c
BY 324.9 349.8 NO, 64.9 1.5
Na* 44.9 50.1 HEPOZ (29.7) 33
c1” 69 76.4 $apos | (51.3) | 57
oF" 182.5 | 199.1 #5057 | 1.7 80.0

25-1)

Ion Di(20 oc) ﬂ Ion Di(20 oc)
gY 8.50 No; 1.70
+ -

Ha 1.17 HQPO4 0.78
c1” 1.80 %HPOE- 1.34
oH™ 4.7 h ésoi’ 1.88

0 -9 2 =1

Molecular Diffusion Coefficient (Dn) at 20 ¢ (10 7 n"s

Molecule Dm(20 °C) Molecule Dm(zo oc)
NaCl 1.42 HCl 5e23
NaRO3 1.39 H2504 2.30
KaOH 1 088 N‘2304 1 408
NaH2P04 0.94 Na2HP04 0.94

Lange (235)
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conductances and ion and molecular diffusion coefficients for the
range of species likely to be involved in the H/OH mixed bed exchange
of sodium chloride, sodium sulphate, sodium nitrate and sodium
phosphate. Diffusion coefficients were caleulated from electrolytic

conductance data using the Nernst - Hartley equation (65).

Examination of ionic diffusion coefficients shows that chloride ion
diffuses more slowly than sulphate ion. This is the opposite of the
observed trend and indicates that simvle ionic diffusion is not the
rate controlling mechanism. In order to preserve electroneutrality
in the boundary layer cations will accompany the diffusing anions but
will be deterred from close approach to the exchanger by the electiric
charge double layer at the head surface. Molecular diffusion
coefficients certainly indicate that sodium sulphate diffuses more
slowly than sodium chloride, but the ratio of diffusion coefficients
gives a greater difference between chloride and sulphate exchange
rates than is observed in practice. Even if the relationship

M o D2/3 (78, 236) is used the ratio of chloride:sulphate diffusion
coefficients (1.20) is greater than the observed difference in mass
transfer coefficients (1.033).

However, if it is assumed that the practical diffusion coefficient

is the mean of the exchanging and sxchanged species, ie NaCl or N32804
and NaOH respectively, the diffusion coefficient for OH=-Cl exchange
becomes 1.65 x 10 7ms™" and the diffusion coefficient for OH - S0
exchange becomes 1.48 x 10-9ms‘1. Applying the M D2/3

gives a factor of 1.11 for the ratio of chloride:sulphate mass

4
relationship

transfer coefficients. This is much nearer the observed values
calculated from Table 5.04, ranging between 1.0 and 1.11 with an
average of 1.033.

However, Hobinson and Stokes (65) note that diffusion coefficients
derived from conductance data do not always agree with practieal
observations. This is because in conductance measurements the
positive and negative ions move in opposite directions whereas in
diffusion both ions move in the same direction along the concentration
gradient. Yhe disparity between calculated and observed diffusion
coefficients is more noticable for 'unsymmetrical' salts, such as
Na2804, where the observed diffusion coefficient is slightly faster

than the calculated value.



TABLE 5.08 CORRELATION BETWEEK MASS TRANSFER COEFFICTENT AND PLOW RATE

NE¥ RESIKS
FLOW RATE CORRELATION FACTOR
Kauv? x 105

FLOW RATE RESIN Chloride Sulpbate

(mn~1) Exchange Exchange
90 TRA458 2,08 2,08
90 \IRA900 2.16 2.12
90 Z MPF 2.09 2.02
120 IRA458 2.29 2.15
120 IRAG00 2.2 2.20
120 Z MFF 2420 1.99

DELIBERATELY FOULED RESINS

FLOW BATE CORRELATION FACTOR

k= w ¥ x 100

FLOW RATE RESIN Chloride Sulpbate
(mh'l) TYPE Exchange Exchange
90 IRA458 1.97 1.78
90 IRA900 2.03 l.52
90 2 MPPF 2.03 1.79
120 TRA458 2.04 1.83
120 IRA900 2.13 1.78
120 Z MPP 2.05 1.80
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TABLE 5.09 VARIATION OF MASS TRANSFER OQOEFFICIENT WITH INFLUENT

CONCENTRATION FOR NEW RESINS; 120 mh—l FLOW RATB

MASS TEANSFER COEFFICIENT (10~4 ms™1)

Chloride Exchange Sulphate Exchange

Influent (pg xe}) | 1480/ 2960 5920 2000 | 4000 | 8000
Amberlite IRA458 2.49| 2.49| 2.54 2,391 2.35| 2.33
Zerolit MFF 2.41| 2.42| 2.40 2.11 ] 2.21| 2.21

TABLE 5.10 MASS TRANSFER COEFFICIENTS FOR NEW IRAQOO REGENERATED
FROM BICAREONATE OR CHLORIDE FORM EESIN.
(Influent 83.3 neg kg ~ 1)

MASS TRANSFER COEFPICIENT (1074 me™)
Resin Form Bicarbonate Chloride
_Flow Rate (zb™1) 90 120 90 120
—“Influont Anion
Chloride 2.18 2.57 2.05 2.42
Nitrate 2.16 2.50
Sulphate 1.97 2.27 2.01 2.41
Mono hydrogen 1.59 1.88
phosphate
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An additional complication in attempting to describe anion exchange
in a2 mixed bed is the cation exchange process occurring concurrently.
Thus the exchanging species may be either the sodium salt of the
anion or the acid. The product of anion exchange of an acid is water
but this also must be dispersed from the surface of the bead and may

interact with the rate controlling diffusion processes.

5.5.4 EFFECTS OF FLOW RATE

Various. groups of workers hoave concluded that the mass transfer rate,
exchange zone height or mass transfer coefficient are proportional

to the square root of the linear supeificial fluid velocity. This

has been shown for § - Na cation exchange {75) mixed bed exchange {161)
and the triple Cl= 30,=- PO, system (83). The relationship M = KV

4 4
has been tested for the new resin leskage data at 90 and 120 mh 1

L

flow rates with good correlation (Table 5.08).

As the flow rate through a bed increases there is an increase in mass
transfer coefficient because the boundary layer thickness decreases.
At the same time there is a decrsase in the residence time of the
water within the bed. Since the residence time (tx'l/VL).decraases
more rapidly than the mass transfer coefficient (o J”VL) increases

there iz an inecrease in ionic leakage with flow rate.

5¢5.5 INFLUENT CONCENTRATION

Jf liquid boundary layer diffusion is the rate controlling step
there should be no effect of influent concentration on the value of
M. Table 5.09 compares the calculated values of M at the three
influent concentrations used at the 120 mh flow rate. Within the
bounds of experimental error there is no variation of ¥ with
concentration indicating that boundary layer diffusion is the rate

controlling process,

5.5.6 EXCHANGE OF OTHER ANIONS

" The new anion exchagers tested for chloride and sulvhate leakage were
all regenerated from the chloride form. As the anion exchanger

exhibits a much higher selzetivity for sulphate over chloride, there

was a spall equilibrium dispacement of chloride during sulphate
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1 Cl at the lowest flow

rate and l.l-yg kg-1 Cl at the higher flow rate with the largsr
resins. To establish whether this leakage of chloride was influencing

injectiom. This varied between 0.4 g kg~

the exchange processes a single test was run with new IRA900
conditioned to the bicarbonate form prior to standard regemeration.
This test was only operated at the 90 and 120 mh1flow rates and only
a single dosing concentration was used (83.3/peq kgrl). In addition
t0 msodium chloride or sodium sulphate equivalent concentrations of
sodium nitrate or disodium hydrogen phosphate (N12HP04) were injected.
This represented a larger monovalent lon and a divalent ion similar

in size to sulphate. As dosed the disodium hydrogen phosphate gave

a pH of 9.7 and the phosphate was mainly divalent but any leakage
would be at near neutral conditions which favours the presence of

monovalent dihydrogen phosphate.

Table 5.10 gives the mass transfer coefficients for the chloride,
sulphate, nitrate and phosphate exchange reactions. The two
monovalent anions, Cl and N03 have very similar values of M which

is to be expected as their iocnic and molecular diffusion coefficlents
are almost identical (Table 5.07). Leakage data for the regenerated
bicarbonate form resain are given in Table A5.15.

The divalent phosphate has a significantly lower mass transfer
coefficient than sulphate, which in turn is lower than chloride,
as previously obaserved. The ionic and molecular diffusion
coefficients of HPOE- or HZPOZ are both lower than for sulphate
(Table 5.07) but, as with 304/01 y the ratios of 504: PO4 diffusion
coefficients do not correspond with the ratio of the mass transfer

coefficientss HSQ4’ Mpy = 1.22 while DN‘ S0 : D 4=:.- 1.15,

4 504  “Ha,HPO

In the exchange of divalent ions there would appear to be more

factors than boundary layer diffusion influencing the exchange rate.

Comparing the mass transfer coefficients for chloride and sulphate

on resin regenerated from the bicarbonate and chloride forms

(Table 5.10) there are slight differences that are outside the

likely errors in the method. Chloride sxchange is a little faster
with bicarbonate form resin than with chloride form resin while
sulphate exchange is a little slower. Reasocns for this are considered
in section 5.5.7. More recent work has confirmed the greater
difference between chloride and sulphate kinetics on regenerated

bicarbonate form resin (236a).



- 161 =

5.5.7 EXCHANGE MECHANISMS

5¢5+.7.1 Ion Hydration

In liquid boundary layer control of the rate of exchange an anion in

the bulk soluticn, and its sssociated cation(s), diffuse down =
concantration gradient towards the exchanger surface. At the head
surface anionﬁ associated with the exchange groups are attempting to
move into the solution phase, to satisfy their hydration requirements
(21). This rapidly sets up the Donan double charge layer (20}, pesitive
on the bead surface, negative in the adjacent liquid layer, which

prevents the anions from leaving the area adjacent to the bead surface.

As the incoming anion approaches the positively charged exchanger
surface the associated cation(s) will be prevented from too close an
approach by eleciroatatic repulsion, although they must remain
adjacent to maintain electroneutrality. The incoming anion, attracted
by a positive charge, will associate with an exchange site, perhaps,
as an activated complex of exchanger site, solution anion and
exchanger anion (71, 85). In order to a&ssociate closely with the
quaternary ammonium exchangs group the solution anion must lose part
of its hydration sheath requiring an increase in free energy. If
elither anion should leave the activated complex there will bhe a
decreaase in free energy as that anion becomes fully hydrated in the
bulk solution. Chu et al (58) have proposed that a nett reduction

in free energy of exchanger and solution is the driving force behind
ion selectivity by the exchanger. Therefore the ion with the largest
free energy of hydration will prafer the sclution phase to the resin
phase and will depart from the activated complex at the exchanger
surface. The OH ion has a higher hydration energy than most other
anions, therefore an anion exchanger ias selsctive for other anions
over hydroxide. Similarly, a cation exchanger is selective for other
cations rather than the H* ionm.

Once the incoming anion is exchanged it will then migrate into the
matrix of tho‘resin and a further hydroxide ion will migrate to the
surface. The driving force for this migration is similar to that for
exchange, 1e the exchanger will ha#o & lower free energy if hydroxyl

ions are at the bhead surface where their greater hydration requirement
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can be more nearly satisfied. Inside the exchanger matrix, the
irregularity of the crosslinking is likely to produce individual

aites of differing melectivity. A high cross linked zone with low
moisture content, therefore a low potential for hydration, will be

less selective for hydroxyl ions than a low crosb linked zones.
Therefore, the exchanged anions are likely to migrate to aress of

high crosslinking. The mechanism of migration may well be similar

to the exchange process, moving beiween adjacent sitas. The conclusien
from this argument is that in dilute sclution with liquid boundary
layer diffusion control all exchange takes place at the bead surface.

5.5.7.2 Steric Factora

. The exchange of monovalent, monatomic ions ( eg €1”) for hydroxide
should present few problams as the incoming anion is capable of close
approach to the exchange site. DPolyatomic ions genearally carry the
charge on a satellite atom. For a symmetrical ion such as nitrate
the charge may reside on any of the oxygen atoms so that orientation
with the exchange group would present less of a problem than with a
more bulky less symmetrical anion, (eg H2P°Z Y.

The exchange of divalent, polyatomic icns is more likely to give
problems of steric orientation. A sulphate ion has tetrahedral
symmetry with a fixed distamce between the two charged oxygen atoms.
Thersfore, for sulphate exchange tc occur there must be two adjacent
and available sxchange sites with approximately the right separation.
If the site mpacing is not correct sulphate exchange may be slowed
while sites of the correct orientation are located. It has been
reported {237) that by altering the spacing of the N atoms of the
anion exchange groups the sslectivity sequence for H03 - SO4 can be

-

reversed. The less symmeirical, more bulky divalent HPO4 ion would
2

4 ion.

be expected to have a greater steric problem than the . S50

5.5.7.3 Selectivitz

The observed differences in exchange rate for an exchanger regenerated
from the bicarbonate or chloride form can be explained by examination
of selectivity and sterlc considerations. On a regenerated
bicarbonate form resin both sulphate and chloride will exchange for
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TABLE 5.11 MASS TRANSFER COEFFICIENTS FOR NEW AND DELIBERATELY

FOULED ANION EXCHANGERS

FLOW RATE 120 mh~ >

MASS TRANSFER COEPFICIENT (10~% ms™1)
Anion Chloride Exchange Sulphate Exchange
Exchanger New Fouled New Fouled
Amberlite IRA402 2.29 2.37 2.33 2.07
Amberlites IRA458 2.5 2.23 2.36 2.01
Amberlite IRAQ00 2.42 2.32 2.41 1.95
Duolite A101D 2.29 2.38 2.37 2.08
Duolite A161 | 2.12 2.23 2.23 1.95
Zarolit MPP 2.41 2.25 2.18 1.97

FLOW RATE 90 mh T

MASS TRANSFER COEFFICIENT (10~ ms™1)
Anion Chloride Exchange Sulphate Exchange
Exchanger New Fouled Hew Fouled
Amberlite IRA402 | 1.88 1.92 1.90 1.77
Amberlite IRA458 | 1.97 1,87 1.97 1.69
Amberlite IRA900 | 2.05 1.92 2.01 1.65
Duolite Al101D 1.85 1.96 1.92 1.75%
Duolite Al61 1.76 1.78 1.75 1.59
Zerolit MPR 1.98 1.92 1.92 1.70
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bicarbonate whereas on the regenerated chloride form resin only
sulphate will exchange for chloride. A trace chloride leagage during
sulphate exchange was noted in the latter case. Therefore the rate
of chloride exchange on the regenerated bicarbonate form resin may

be 8lightly enhanced dus to the additional exchange with bicarbonate

that was not available on the regenerated chloride form resin.

Howasver, whilst HCO3 - soi' exchange may also occur, there would be
some difficulty in accommodating HCOS and SOZ groups around a
quaternary nitrogen atom. Such steric hindrance may marginally

reduce the sulphate ion exchange rate on the bicarbonate resin.

95¢6 OKGANICALLY FOULED ANION EXCHANGERS

5.6.1 DELIBERATELY FOULED RESINS

The deliberate organic fouling of the six types of new anion
exchanger, described in section 5.3.8, was continued until each resin
had accumulated 2% by weight of organic foulants expressed as fulvic
acids (Table 5.11). The rate of accumulation varied for the
different polymer matrix types. PFigures 5.07 is & graphical
illustration of the uptake of organics versus time. As the concen-
tration of organics in the influent to the test resins varied with
time the comparison is not fully quantified, but it is noticable that
the threse macroporous resins accumulated organic foulants more
 quickly than the gelular resins. The acrylic gel resin only
accumulated 1.14 by weight of organic species in the time available
for this resin to remain in the fouling rig.

Table 5.1]1 summarises and compares the average mass transfer
coefficients for new and deliherately fouled resins at 90 mh-l and
120 nh_lo Full experimental results for the delibarately fouled
rosins are given in Tables A5.16 and A5.17 and the calculated mass

transfer coefficients in Tables A5.18 and 45.19.

5.6.1.1 Polymer/Matrix Type

The differences batweean the effect of organic foulants on the various
polynor/matrix types is small, and almost within the experimental

error of the method. Certain minor trendis can be discarned. The
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three macroporous exchangers all have similar mass tranafer coeff-
icients that are slightly smaller than the values for the styrens -
gel types. The acrylic - gel resin has shown a larger reduction in
mass transfar coefficients than the other resins, but as will be
discussed in section 5.7 all these variations are very small
compared with the variations found in used resins from operating

plant.
5.6.1.2 Flow Rate

The relationship M==KV% was tested for the deliberately fouled
resing at the 90 and 120 1:nh"1 flow rates. The correlation was poorer
than with new resins more particularly for sulphate ion exchange.

The comparisons are given in Table 5.08.

Fe6s1.3 Relative Deterioration of Chloride and Sulphate Kinetics

An examination of the results given in Tables 5.06 and 5.11 reveals
one very important factor. In a3ll cases the sulphate exchange
kinetics have showm a larger deterioration due to the organic

foulantas compared with chloride exchange kinetics. This can be

seen more clearly in the sulphate:chloride leakage ratios {Table 5.06)
which average 2.5 for the fouled resins compared with 1.7 for the

new resinas. A different expression of the same data shows that the
average chloride leskage from the deliberately fouled resins is 1.5
timeas greater than that from the new resins while the sulphate

leakage has increased by a factor of 2.6.

The falativoly larger deterioration in sulphate exchange kinetics
helps to explain why sulphate leakage is the most commonly observed
feature of mixed beds containing aged and organically fouled resins.
Howevaer, the examination of anion exchangers from operating mixed
bads gives a much wider picture (5.6.2) and the influence of

"~ foulanta on the exchange meckanisms is discussed in section 5.6.3.



TABLE 5.12 MASS TRANSFER COEFFICIENTS FOR IN-SERVICE FOULED CPP ANION EXCHANGE RESINS
(100:nh-1 flow rate) '

CPP Location Anion Time Extractable | Extractable | Mass Transfer Cosfficient (10-4“_1) Ratio
Exchanger in Organics Iron Chloride Influent | Sulphate Influent 9
Type Service | Foulants {wt % Fo) 500 );gkg"l(n 676 ng kg‘lso4 3
(Years) | (% dry wt) ‘ : Moy
- Typical New - 2.40 2.20 0.92
Didcot” IRA900 0.5 1.68 1.16 0.52 0.44
Fawley Al61 4 0.51 0.07 1.57 1.07 0.68
Hartlepool IRA900 4 0.44 N.D. 1.77 1.26 0.7
Hinkley Point 'B' A161/Z MPF 6 0.60 N.D 1.83 1.49 0.81
(Mixturs)
Pembroke 1RA900 2.5 0.83 0.09 1.55 0.95 0.61
Vandellos (Spain) | IRA900 6 0.94 0.28 1.36 0.78 0.57
Wylfa (i)' IRA900 1.1 1.07 0.19 1.71 1.42 0.80
Wylfa (ii) IRAS00 1.1 1.60 0.17 1.35 '0.84 0,62
Test Resins IRA900 2.0 ~ N.D. 2.06 1.73 0.84
Deliberately Al161 2.1 N.D. 1.98 1.74 0.87
Fouled at Z MPP 2.0 N.D. 2.00 1.75 0.87
Staythorpe

®combined make-up and CPP mixed beds

N.D. Not dotemined.

- 19T -
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5.6.2 KINETIC DETERIORATION OF IN~SERVICE ANION EXCHANGERS

A number of samples of anion exchangers taken from condensate

purification plants have been assessed by chloride and sulphate
leakage tests. The anion exchangers were of various ages, from
6 montks to 6 years in service and contained varying amounts of

extractable organic and iron foulants.

The method used for resin assessment was & modification of that used
for the new and deliberately fouled resins, as described in section
5.3.10. The mixed bed volume was reduced from 1200 to 900 ml in
order to produce larger leakages that could be more accurately
-determined and the flow rate was limited to 100 mh-l, typical of
modern CPP. New resins were conditioned through the bicarbonate form
and used resins were washed with dilute (0.05 M) sodium bicarbonate

solution to exhaust them fully prior tc regeneration.

Table 5.12 gives a list of used anion exchangers taken from a number
of different operating CPP. The table #lsoc includes values for a
typical new resin at 100 mh-l and the deliberately fouled resins
recalculated to 100 mh > using the M = KV% relationship. Table 5.13

gives the full mass transfer data for the in-service resins. (19)

Two important conclusions derived from Table 5.12 are s~

i) in the majority of casem thsre is a much greater deterioration
in exchange kinetics with the in-service resins despite the resins
having much smaller amounts of sxtractable organic foulants than

the deliberately fouled resins, and

ii) the relative deterioration between chloride and sulphate is much
greater for the in-=service resins than the deliberately fouled resins
and the ratio of sulphate to chloride mass transfer coefficient also

varies quite widely.

The influent concentrations used for the in-=service fouled resin tests
are up to an order of magnitude lower than for new resins, otherwise
the poorer kinetics would give rise to very large leakages that wers
outside the linits of determinstion by the lon chromatograph used in
this work.
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There is no apparent correlation between either the amount of
‘extractable organic foulants, expressed as fulvic acids, or the
amount of extractable iron and the degree of kinetic deterioration.
Neither is there any correlation between kinetic deterioration and
the length of time a resin has been in service. The resin with the
least deterioration (Hinkley Point, B) had been in service over six
years while the resin with the greatest detsrioration {Didcot) had
been in service only six months. There can also be quite large
variations betwsen resins taken from the same station but from
differsnt polishing plant mixed beds as shown by the two resins from
Wylfa CPP.

Feedwater monitoring at several of the stations listed in Table 5.10
had shown that sulphate leakage from the CPP was a seriocus problem.
Anion exchanger kinetic aasessment showed that serious deterioration
in sulphate exchange kinetics was the cause. The way in which the
teat results can bes used to predicot mixed bed performance is

diacussed in section 5.T.

5+6.3 THE INFLUENCE OF FOULANTS ON EXCEANGE MECHANISMS

The considerable differences in néss transfer coefficients hetween
deliberately and in-service fouled resins suggests that different
types of foulant, from different sources, may influence the exchange
processes. Identification of individual fouling species was beyond
the scope of this work, but a discuesion on the possible effects of

foulanta is presented below.

Be6.3.1 Nature of Foulants

The foulants likely to be found on CPP anion exchangers can be
divided into three groups.

The natural decay products of vegetation, humic and fulvic acids,
are found in many surface water supplies and were describad in
section 2.8.1.

Secondly, the degradation products of cation exchangers, short chain

arcmatic sulphonates, have been recorded as fouling the succeeding
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anion exchanger (aoe section 2.8.1). The manufacturing residues
from cation exchangers, noted earlier as a source of anion leakage,
are also sulphonated polystyrene entities. These slowly eluted
species are a aource of potential organic fouling within a mixed bed
and anion exchangers exhibit a very high selectivity towards
aromatic sulphonates (176).

The third source of foulants for CPP sanionm exchangers is the boiler
and turbine plant itself which can introdice particulate metallic
oxides from the various heat exchanger surfaces and lubricating eils

from pumps or the turbine into the condensate.

5¢6.3.2 Kinetic Mechanisms on Fouled Reasins

The large molecules of the organic foulants are unlikely to diffuse
very far into the structure of the head and are more likely to form
& layer at the surface that inhibits the exchange process (17).
This will even apply to resins with macroporous matrices as there
appears to be a skin over the surface of the macroporous structure
(A5.1,1)

The organic species may act as a physical barrier to be penetrated
or circumvented by the exchanging ions, with larger ions, such as
sulphate, finding this more difficult.

The foulants, being large multivalent and acidic, may occupy or

hinder access to many exchange groups and a divalent ion, such as
sulphate, could find it more difficult to orient itself onto two
adjacent and available exchange sites, while monovalent chloride

can exchange more easily.

As netural organic foulants are polyvalent acidic species those on

the bead surface are likely to have some free acid groups pointing
towards the bulk solution. These will, in effect, be carboxylic

cation exchange groups which could set up a potential barrier with

& negative charge at the bead surface. This would repel approaching
anions, the double charged sulphate more than the single charged
chloride. Such an effect has been deliberately used to prevent
precipitation in cells used for the electrodialysis of ses water (238).



TABLE 5.13 VARIATION OF MASS TRANSFER COEFFICIENT WITH INFLUENT CONCENTRATION FOR IN-SERVICE
(= 104%™y

FOULED RESINS.

CPP LOCATION DIDCOT | FAWLEY | HARTLEPOOL| HINKLEY | PEMBROKE |VANDELLOS WYLFA WYLFA
‘ | POINT 'B' (SPAIN) i i1
ANION EXCEANGER TYPE | AMBERLITE | DUOLITE | AMBERLITE | DUOLITE | AMBERLITE | AMBERLITE AMBERLITE | AMBERLITE
IRA900 | A161 IRA900 A161/MPF { TRA900 | IRA900 IRA900 | IRA900
CHLORIDE INFLUENT |
100 (ngkg 1) 0.82 - - - 1.25 0.98 - 1.03
250 n w 1.00 1.44 1.64 - 1.42 1.20 - 1.22
500 n 1.16 1.57 1.7 1.83 1.55 1.36 1.77 1.35
1000 " - 1.69 1.89 1.89 - - 1.92 -
2000 " w - - - 1.95 - - 2,02 -
5000 ® » - - - - - - 2,12 -
SULPEATE INFLUENT
135 ()xgkg-1804) 0.26 - - - 0.63 0.43 . ;’ 0.50
338 % =» 0.8 0.92 1.11 - 0.82 0.63 -24 0.69
676 n W 0.52 1.07 1.26 1.49 | 0.95 0.78 1.42 0.84
1350 " on - 1.20 1.42 1.57 - - 1.53 =
2700 v w - - - 1.65 - - - -

6760

- T -



- 172 =

Coating the anion exchange membrane with a negatively charged

poly-electrolyte produced a system that allowed the preferential
passage of monovalent anions but rejected divalent anions.

Sulphonic acid degradation producte from cation exchangers could have
& sinilar effect if they were polyvalent oligomers or sven fine
particulate species.

The pH of the bulk solution may also play a part. Sulphonic acids
are strong acids and would be fully ionised at all pH walues likely
to ocour in CPP mixed beds, ie pH 6.0 = pH 9.6 . The ionisation of
carboxylic acids will increase as the pH increases and these would
have a larger effect in alkaline conditions eg a mixed bed operating
in the ammonium form. Overall, sulphonic acid speclies would have a

more significant effect than carboxylic acid species.

The presence of o0il on a bead surface is only likely to act as a
physical barrier. The finely divided iron or copper oxides may have

a small negative charge on them, by which they are atiracted to the bead
surface. However, 1t is practice in those plants where oil or oxide
fouling are known to occur to include detergent washes and alr scours

in the regeneration procedures to minimime the build up of these
foulants,

5+6.3.3 Influent Concentration Dependance

The calculated mass transfer coefficients, Mobs’ for the used,

fouled anion exchangers show quite a marked dependance on the influent
concentration (Table 5.13). The value of Hobs declined with =
reduction in influent concentration and the rate of decline was

different for chloride and sulphate ions.

If liquid boundary layer diffusion is the rate controlling process
it is assumed that the ions ars exchanged at the bezd surface faster
than they are iransported across the boundary layer. Thersfore,
the concentration of exchanging solution phase ions at the bead
surface, C,, tends to zero. Similarly the flux, J, of exchanging
ions across the boundary layer, defined by

J - ¥M(c, - cb) tends to J = NC_.

This is the prevailing situation for new, unfouled exchangers and the
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value of Ho 8 equals HL, the boundary layer mass transfer coefficient.

b
When & foulant is present on the bead surface it presents s resistance
to the transport of lons to the berd surface and a concentration of
jons will build up adjacent to the fouling layer. Cb no longer

tends to zero and the ionic flux is now J 0‘-00 = Gy ie it is

reduced. A lower ionic flux will result in an elongation of the
exchange zone to a fixed length column and, consequently, a lower

mass transfer coefficient than for an unfouled resin.

The mass transfer resistance st the bead surface due to foulants is
a fixed quantity and it is likely that as co decreases the ratio
C,/Co increases. Therefore the ionic flux will decline at a faster
rate than Co decreases with the nett result that the c¢alculated

mass itransfer coefficient decreases with decreasing influent
concentration. A single packed bed operation can he considered as

a2 large number of shallow beds, each bed forwarding its leakage as
the influent for the next stage. With new resins under boundary
layer diffusion control the masa transfer coefficient will be constant
at any point down the bed. However, with fouled resins the value of
M will be decreasing at each successive stage. The calculated value
of M represents an overall value for the particular column depth

and influent concentration. Use of thiz value of M to predict
leakages at lower influent concentrations or longer bed depths would
lead to errors indicating a better bed performence than would be

achieved in practice.

5+6.4 SODIUM ION LEAKAGE

Whilst not strictly influenced by organic fouling the exchange of
sodium ions showed interesting trends, that were more apparent when

operating with the deliberately fouled anion exchangers.

The sodium lon leskages wera independent of flow rate indicating
that kinetic leakage was not a significant factor. However, it was
noted that sodium ion leakage increased with anion leakage and this
was more apparent with the deliberately fouled resins, as the
leakages were greater (Tables A5.17, A5.18) than for new resins
(Tables A5.11, A5.12).
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TABLE 5.14 TYPICAL CPP DESIGN, OPERATING AND RESIN DATA

Bed Dianmeter:
Resin Ratio:

Resin Volumes:

Bed Depths

Flow Rate:

Influent Quality

2.8 m

2 1+ 1 Cation : Anion Exchanger
Anion Exchanger 1.85 33

Cation Exchanger 3.7 n3

0.9 m

3 -1

0.171 n3 &~ (2100 a° a2 171y

Condenzate containing IOOOng kgrl HH3 plus a sea water condemser

1

lesk giving 325 g ke & ¥a, 500 g kg™~ C1 and 70 g kg 80,

Qutlet Water Quality

Less than 2 yig kg™ ) each of Na, Cl, SO K

Anion Exchangex

Total anion exchange capacity 1000 eq n2
Regenerated capacity 500 eq m—3

Packed bed voidage & = 0.35

Cation Exchangesr

Total operating capacity to sodium or ammorium break point

2500 equivalenta.

equals

This would give an operating cycle time of

5.7 hours for combinsd ammoniuvm plus sodium influent.
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Cation exchange will also 6perate under liquid boundary layer
diffusion econtrol, and probably at very ‘similar rates to anion
exchange. However, the larger volume of cation exchanger in the
mixed bed would produce a shorier exchangs zone for sodium ions so
that when anion leakage oceurs the lower parts of the bed would be
slightly acidic. This would give‘rise to equilibrium leakage of
sodium left on the partially regenerated cation gxchangor in the
lower bed. Larger anion leakages would cause greater acidity hence
a greater sodium ion leakage.

5.7 PLANT PERFORMANCE PREDICTIONS

"Besides obtaining a graater understanding 6f the kinetic mechanisms
invelved in mixed bed ion exchange another aim of the work was to be
able to offer constructive advice to plant operators on the ability

of their resins to perform satisfactorily.

Quality and capacity are the two features required from a CPP mixed
bed. The bed must produce water of the required purity and it must -
de so for a sufficient period of time that allows &n exhausted bed 1o
be regenerated and returned to service t- a minimum of 12 and
preferably 24 hours. Laboratory column generated mess transfer
coefficients can be used t¢ predict plant performance, during
condenser ieaks, albeit idealised, and can provide useful data on

the need for resin replacement. The application of mass transfer
data to plant performance predictions is illusirated by a saries of
examples in which the depth of exchange zone required to achieve a

2 ug kg-l leakage 12 calculated for three anion exchangers of
different diameters and in three stages of fouling. Anion exchangers

only are considered as the cation exchanger rarely gives trouble.

5¢7.1 PLANT OPERATING DATA

Table 5.14 lists the design and operating data of the hypothetical

CPP for this example. The design dimensions are typical of a modern
CPP mixed bed operating directly on the condensate. The linear £low
rate is 100 mh L
contains 1000/ng kg“l NH3 and there is a sea water condenser lezk

s the same as the laboratory columna. The influent

giving 500/pg kg—l €1” and 70 pg kgrl 502" anion contamination as

4
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TABLE 5.15 VARIATION OF EXCHANGE ZONE AND OPERATING CAPACITY WITH
MEAN BEAD DIAMETER FOR KEW AND FOULED RESINS

INFPLUENT CELORIDE SULPEATE

500 pg ke~ 'C1 10 yg kg 50,
YEAN BEAD DIAMETER (mm) 0.60 | 0.75 | 0.90 {0,601} 0.75 | 0.90
NEW RESIN Me2.30 x 20 %ms™| 42,10 x 1074ns"?
Depth of exchange zone (m) 0.31] 0.39 | 0.46 [0.22} 0.27 | 0.33
to 2 pg kg-l leakage
Bed depth available as oper- 66 57 48 16 70 64
ating capacity ($total bed
depth)
Available capacity (eq) 610] 530! 450 | 700} 645 | 590
Hours run to 2‘pg kg_l 64 56 A7 T4 68 62
breakthrough
MODERATELY FOULED RESIN M=1.75 x 10"%us™| M=1.25 x 1074we™?
Depth of exchange zone (m) 0.40 } 0.51 | 0.61 [0.37] 0.46 | 0.55
to 2 ug kg-l leakage '
Bed depth available as op. 55 44 33 59 49 39
cap. ($total bed depth)
Available capacity (eq) 510 { 405 | 300 | 550 455 { 165
Hours run to 2pg kg ! 54 43 32 581 48 38
breakthrough
BADLY FOULED RESIN ¥=1.30 x 10 %ms™! | ¥=0.65 x 107%as"?
Depth of exchange zone (m) 0.55 ] 0.68 | 0.82 10.70] 0.88 |1.05
to 2 ng kg-l leakage
Bed depth availabls as op. 39 24 | 9.2 221 2.7 0
cap. (%¥total bed depth)
Available capacity (eq) 65| 225 | 85 | 205 25 |o
Hours run to 2 jg kg © 38| 24f9.0 | 22|2.6 |o
breakthrough
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woll as 325/pg kg-l Na. It is assumed that the cation exchanger
would exhaust after 55.7 hours under these operating conditions.

5+7+2 NEW RESINS

The baseline for any comparison is the performence of the new resins
in the plant. Therefore it is necessary to know the actual volumes
of resins loaded as well as their mean head diameter. Ths latter
factor is necessary as it is rarely possible to subsequently obtain
a2 reprasentative sample. As laboratory mass . transfer coefficients
are independent of bead siZe corrections for variations in mean bead

diameter can easily be made through the mass itransfer equation.

The example has been worked for three different mean bead diameters
to demonstrate the effect of this parameter. Values of 0.60, 0.75
and 0.90 mm have been used as typical of the range from triple resin
bed to 'C* grade resins.

The depths of exchange zone (2Z) for a 500 — 2 g kg-l Cl and =
70-—92/pg kgrl 304 roeduction have heen calculated for each bead
diameter assuming typical new resin mass transfer coefficients of
2.30 x 10~% ns™! for OH - €1 and 2.10 x 104 us™' for OF - S0,.

4
The results are given in Table 5.15.

The operating capacity and hours run to a 2 ng kgrl breakthrough

are calculated as follows. Figure 5.08 depicts the concentration
profile down a bed as socn as the influent is admitted. The sxchange
zone occuplesg a depth Z of the totsal bed depth H. Assuming the
profile remains stable it will progress through a bed depth (H - Z)
before & 2/pg kg_l leakage occurs at the outlet. Therefore the bed
depth (H = Z) is the active resin. The volume of anion resin, hence
the available capacity in depth (H - 2) can be easily calculated from
the data in Table 5.14.

Operating capacity (equivalents) — Regenarated capacity (eq m-3) x
volume of anion exchanger in depth H = 2 (m3)

The time to 2 ng kg-l breakthrough can then be calculated from @
Bours to breakthrough

= 0p. Cap (eq) =~ Flow rate (n3 h_l) <~ Influent anion conc. (eq n-3)
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As chloride and sulphate exchange are occurring simultaneously it
is necessary to use the total (C1 + SO4) anion concentration when
calculating the time to bresakthrough for the individual anions.

From Table 5.15 it can be seen, for new resins, that chloride ion
breakthrough will occur before sulphate, despite the poorer kinetics
of sulphate exchange. This is because the lower sulphate influent
concentration gives a shorter sxchange zone. The operating capacity
decreases with increasing bead size but this is only important for
the 0.90 mm resin where anion breakthrough (47 hours) will occur
before cation breakthrough {56 hours). Figure 5.09 depicts the
exchange zones (hatched) and resin available for operational

capacity {clear) for the various conditions and bead diameters.
5.T.3 FOQULED RESINS

Two examples of fouled anion exchangers have also been examined. The
moderately fouled case has mass transfer coefficients

3 -Cl=1.75x 10°% ns™! ana 38 - 50, = 1.25 x 1074 as~l. The
chloride exchange zone still exceeds that for sulphate dbut by a

mich smaller margin than for new resins. The operational capasities
have been reduced due to longer axchange zones and anion break-
through occurs first in all instances. The differences between the
large and small diameter resins are becoming more significant.
Whereas with the new exchanger the larger resin had an operating
capacity 26% less than the smaller resin, the difference had increased
to 40% for the moderately fouled resin (Figure 5.09).

The badly fouled example had mass transfer coefficients

OR - c1= 1.30 x 107 ns™! and 0% - 50,= 0.65 x 1074 ma™'.

Sulphate exchange has now become the controlling factor and there

is no operational capacity with the largest, 0.90 mm diameter, resin

lso..

as there is an immediate breakthrough of more than 2/pg kg 4

The 0,75 mm diameter resin has no effective operating capacity,
lasting only 2.6 hours to exhaustion. The smaller, 0.60 mm, resin
however has an operational capacity lesting for 22 hours which is
very near to the acceptable limit. Note that there is still
significant capacity for chloride ion for the two smaller resins
at sulphate breakthrough (Figure 5.09).
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It is clesar that whiie mean bead diameter does not have a very
great influence on new resin performance it Bocomes more significant
28 the exchange kinetics deteriorates. The overall performance of
the smaller resin deteriorates less quickly tham that of the larger
resin, demonstrating the advantages of the trend towards #maller

mean size anion exchangers in CPP mixed beds.
5.7+4 FLOW RATE

Laboratory column tests are normally run at a single flow rate,

100 mh-l. If the full scale plani operates at a different flow

rate the mass transfer coefficient is first recalculated for the new
flow rate using the M = KV% relationship. The process described in
saction 5.7.2 for caloculating exchange zone and operational

capacities is then repeated with the new mass transfer coefficient.
57«5 BED DEPTH

The calculations in sections 5.7.2 and 5.7+3 were baged on a 0.9 m
bed depth, the shallowest normally used. An increase in bed depth
obviously increases the operational capacity but the improvements
can be quite subatantial where the exchange kinetics show signif-
icant deterioration. For example under the conditions used in 5.7.3:
the operational capacity for the 0.75 mm diameter badly fouled resin
in a 0.9 m bed depth is just 2.6 hours but if the bed depth were
increased by 50% to 1.35 m the operational capacity would increase
by an order of magnitude to about 50 hours. Therefore, the deepest
bed conmensurate with an acceptable pressure drop is a desirable

degign feature.

5+7.6 NON IDEAL FACTORS

The calculations described above assume ideal operation of the mixed
beds correct resin volumes, thorough mixing, plug flow. In practice
there are preferential flow paths, poor mixing and incorrect resin
volumes. These unknowne cannot be taken into acoount in a

laboratory simulation test and the 6alcu1ated values are an indication
of the potential performence of the resin. However, failure to

achiasve the performance predicted by lahoratory tests may be
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indicative of'dosign/operating prroblems on the plant. It must be
remembared however, as noted in section 5.6.3.3 that the reducing
mass transfer coefficient with reducing influent concentration

on fouled resins may cause the practical bed to exhibit higher
leakages and lower operational capacities than those caleculated

as descrived in sections 5.7.2 and 5.T.3., Work on the relationship
betwoen mass transfer coefficient and influent concentration is

continuing.
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& CONCLUSIONS

The work described in the foregoing sections was to investigate
various aspects of ion exchange mixed bed design and performance
that could influence the purity of water produced. Particular
emphasis was placed on water purification for use in high vressure
steam raising boilers although the work has relevance to any
application of mixed beds for water purification. Advancea were
made in all three aspects that were studied, resin separation by
backwashing, resin mixing by air agitation and anion exchange
kinetics. The greater understanding of the mechanisme and processes
involved in mixed bed operation has led to new resin bead size
specifioations, revised design and operating parameters and
improvements in fault condition diagnosis and the ability to predict
the reduction in water purity &2 the resins age and deteriorate
kinetically.

6.1 RESIN SEPARATION BY BACKWASHING

Complete separation of the anion and cation exchangers in a mixed
bed, by backwashing, prior to regeneration is & necessary pre-
requisite for the efficient and effective production of ultrapure
water. Otherwise, cross contamination by the wrong regenerant may
lead to an extended post regeneration rinse and subsequent trace
leakage of ionic impurities.

An assessment of existing models for the prediction of the separ-
ability of particles of differing size and density were not
sufficiently accurate for application to anion and cation exchange
resins, which have similar bead size distributions and only slightly
different bead densities. A graphical method was developed for
predicting resin separability from bead diameter, bead density and

a calculated separability parameter. This showed that the fluidised
bed bulk density approach from the backwashing of multimedia filters
and the single bead terminal wvelocity approach of the resin

manufacturers were not suitable.

A new separability parameter, fluidised bed porosity, was developed

on the assumption that there was a progressive increase in fluidised
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bed porosity (FBP) up through s fluidised bed of separating resins
and that there would be a stepwise lncrease in FBP across the
interface between the separated cation {lower layer) and anion
(upper layer) exchangers. The bulk density model was incompatible
with the FBP model as it predicted a reduction in fluidised bed

porosity across the interface.

The terminal velocity (TV) model and FEP model based on a parfectly
clasgsified component resins gave very similar resin separability
predictions and both models iﬁdicated resin separation to bes poorer
than was actually achieved either in full scale beds or in laboratory
pilot columns. Only the FEP model was able to accomodate variations
in backwash flow rate, water temperature and column diameter.
Assessment of these variables indicated that under normal operating
conditions neither temperature nor flow rate’ had a-significant.
effect on resin separability. However, resin separation is

enhanced in a 25 mm diameter column compared with a 100 mm, but-there
is no difference between a 100 mm and & 2 m diameter column.

The practically measured separation data also showed that the range
of bead dizmeters found at any point in a backwashed resin bed was
greater than expected for perfect classification. This led to the
concept of overlappling bulk circulation cells of réeins, each cell
being char&cterised by its Sauter mean bead diasmeter. Practical
data indicated each c¢ell to have & maximum to minimum béad diameter
ratio of 1.4. Each bulk circulation cell had an average FBP
equivalent to its mean bead diameter. Thus two resins would
separate when the uppermost cell of cation exchange resins had an FBP
just greater than the lowest cell of anion exchange resins. This
approach led to separability predictions closer to the practically
observed cases and the FBP - bulk circulation model was considered

to be a close representation of the mechanisma of resin separation,

To apply any separation model to practical situations it was

necessary to know how resin bead density varied with the ionic form

of the exchangers. Cation exchangers increase in density with

‘counter cations in the following order H'~ HHZ £ ¥a' ¢ ng+< ca?*{ kT

Anion exchangers increase in density with counter anion in the order

0H <C1 < co§“< 5310'3' <Hco; <soi' although differences in polymer/
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matrix type led to some small variations in the centre of the order.
Assessment of the various modes of exhaustion of the mixed beds
showed that in all cases separation must be assured between the
lowest density cation exchanger (H* or NH: form) and the highest
density anion exchanger (soi' form) as these are likely to be present
in all mixed beds.

Utilising the FBP = bulk circulation model it wae predicted that

for most likely combinations'of polymer/matrix types used in mixed
beds the following bead size ranges were necessary to ensure

complete separation.

Anion exchanger 0.3 = 1.0 mm

Cation exchanger 0.6 = 1.2 mm

compared with 0.3 = 1.2 mm used previously. Where a high crosslinked,
high density anion exchanger was used a smaller anion exchanger

(0.3 - 0.8 mm) would be necessary. These bead size specifications
are generally satisfied by the triple resin bed exchangers introduced
in recent years by most resin manufacturers and, from this work, it
is now a sfandard recommendation to use triple bed

grade exchange resins without the intermediate inert resin,in all

mixed beds.

A comparison of the separability of various manufacturers triple
resin systems indicated that not all were likely to achieve complets
three layer separation although in most cases the two exchangers
should separate satisfactorily.

The model of resin separability based on the fluidised bed porosity
of bulk circulation cells could have applications in other areas

of particle separation by fluidisation eg backwashing of multi
maedia filters.

6.2 RESIN MIXING

A second feature of a mixed bed, that ensures its success in
producing ultra pure water, is the use of an intimate mixture of
anion and cation exchangers. The investigations into resin mixing
identified the basic mechanisms of mixing when low pressure
compressed air is introduced to the bottom of a resin/water mixture.

Resin beads are transported upwards by a bubble transport mechanism
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through a resin/water slurry fluidised by the mixing z2ir. Super-
imposed on this is & bulk circulation of reseins upwards through the
centre of the bed and downward at the vessel walls. These two
mechanisms combine to progressively intermix the two exchangers.

A minimum time and a minimum air flow necessary to ensure thorough
mixing werse identified in previously reported work. The studies
described in this thesis investigated the other main variable in
mixing, the depth of free water above the settled resins prior to
mixing.

Too little water resulted in ths lower layers of resin drying out

and mixing becoming very sluggish at the bottom while apparently
mixing well at the top. The nett result was unmixed cation exchanger
at the bottom of the hed. Too much free water gave very fluid and
thorough mixing of the resins but, on cessation of mixing the resins
started to re-separate on settling. Down the bed this gave an

upper layer of anion exchanger progressing into a zone rich in anion
exchanger below this a zone rich in cation exchanger and correctly
mixed resins at the bottom of the bed. The degree of re-separation
increased with the depth of free water prior to mixing. An optimunm
condition for free and fluid mixing without significant re~separation
was identified as 50 mm of free water per metre depth of settled

resins.

The knowledge obtained from investigations into the mechanisms of
resin mixing has enabled mixing fault conditions to be identified
from the analysis of vertical resin cores taken from full sczale
mixed beds. Remedial action can then he recommended to the plant
operators. Additionally information has been obtained to improvs
the design of future mixed bed installations by ensuring the correct
level of free water prior to mixing.

6.3 ANIOR EXCHANGE KINETICS

The factors influencing anion exchange kinetics in mixed beds, and
their subsequent deterioration in service, is an area that is satill
receiving considerable attention particularly from the elsctric
power utilities. The work described in this thesis was the first
of a new generation of studies on factors affecting mixed bed

performance and anion exchanger fouling.
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A mass transfer equation has been developed for use with a laboratory
pilot column or full scale mixed bed. A mass iransfer coefficient

is calculated from the physical dimensiona of the bed and its
operating parameters, resin bead mean diameter, mixed resin ratio and
the anion leakage from & known influent concentration. 4The mass
transfer coefficient was independent of bead size and was used as a

measure of anion exchange kinetics and their variation with flow rate,
exchanging counter anion and in service deterioration.

The assessment of six different strong base anion exchangers with
different pdlymer/matrix types, gel and macroporous, styrene and
acrylic, indicated that there was no significant difference in
kinetics between polymer/matrix types. This is in agreement with
the basic assumption of liquid boundary layer diffusion being the

major rate controlling step in dilute solutions.

There were small but significant differences between the mazss transfer
coefficients for chloride exchange and those for sulphate sxchange,
the latter having the slower exchange rate. The differences in mass
transfer coefficients between sulphate and c¢hloride exchange could

not be correlated with differences in aquecus diffusion coefficients

derived from conductivity data.

Steric hindrance is a factor in the exchange of divalent anicns such
as sulphate., It is necessary for the divalent anion to orient onto
two adjacent and correctly spaced exchange groups. Different
divalent anlons eg sulphate or hydrogen phosphate would require
different spacings and would therefore exhibit differing degrees of
steric hindrance. The nature of the counter anion associated with
the exchange group may also influence the rate of exchange. Sulphate
exchange on a resin regenerated from the bicarbonate form, ie a
bulky anion, was marginally slower than on a resin regenerated from
the chloride form.

The general relationship that the masa transfer coefficient is
proportional to the square root of the superficial linear velocity

through the bed was confirmed in this work.
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Anion exchangers that had besn deliberately fouled by naturally
occurring organic matter showed a reduction in anion exchange
kinetics. The relative reduction in mass transfer coefficient
was greater for sulphate exchange compared with chloride. All
six polymer/matrix types tested showed gimilar trends in kinetic

deterioration.

The degree of kinetic deterioration found in the deliberately fouled
resins was small compared with the degree of deterioration observed
with in-service fouled anion exchangers. The general trend of
greater deterioration in sulphate exchange compared with chloride
exchange was always apparent but the actual and relative degree of
deterioration of either ion varied from one plant to another. There
was no apparent correlation between extractsble organic foulants or

extractable iron foulants and the degree of kinetic deterioration.

Three possible mechanisms to account for the impaired kinetics on
fouled resins were proposed. A layer on the bead surface preventing
vhysical access to exchange aites would affect all ions but the
smaller monovalent chloride would find it essier to peanetrate such a
barrier than divalent sulphate. The occupation of individual

surface exchange sites by foulants with a very high selectivity would
prevent the use of those sites in subsequent exchange. This would
affect sulphate exchange more than chloride exchange as it would
reduce the availability of pairs of adjacent exchange sites. Thirdly,
multivalent anionic foulanis, eg fulvic acids or sulphonated
polystyrene oligomers, could present negatively charged anionic
groups to the solution phase which would induce electrostatic
repulsion of the exchanging anions from the bulk solution.

The laboratory derived mass transfer data have been successfully
applied to the prediction of full scale plant performances in terms
of leakage concentrations or operational capacity by combining the
laboratory derived mass transfer coefficient with the plant
operating parameters in the mass transfer equatian. This has become
an established technique within the CEGE. ‘
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To obtain the best performance from a mixed bed in terms of
minimising anion leakage, particularly as the anion exchange
kinetics deteriorate, it is desirable to use an anion exchange resin
with as small a mean bead diameter as is compatible with other

plant operating constraints, particularly pressure drop.
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APPENDIX - ABBREVIATIONS AND SYMBOLS

ABBREVIATIONS = Used throughout text

ABS
AGR
BD
BSP
BWR
CEGR
CPP
DVB
FBP
HPIGC
KIM

M
MB
MW
PA
P3
TOC

TV
uv

Acrylonitrilebutadienestyrens copolymer
Advanced Gas Cooled Reactor

Bulk Density

British Standard Pipe

Boiling Water Reactor

Central Eleciricity Generating Board
Condensate Purification Plant
Divinyl Benzene

Fluidised Bed Porosity

High Pressure Ion Chromatography
Kent Industrial Measurements Ltd
Molarity of electrolyte molution
Methylene Bridge {cross linking)
Megawatt

Polyacrylic, Polyacrylamide
Polystyrene

Total Organic Carbon

Terminal Velocity

Ultra Violet

SYMBOLS ~ Chapter 2

[A]

> Ny

-,

Concentration of A etc in aqueous phase

Concentration of A etc in exchanger phase
Concentration of A,B in solution

Aqueous diffusion coefficient (diffusivity) of A,B ete
Faraday constant

Ionic flux of species A,B etc

BEquilibrium selectivity coefficient for B relative to A
Universal gas constant

Tomperature

Ionic charge of species A,B etc

Equivalent ionic conductance of ion A,B etec

Liquid boundary layer film thickness
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Chapter 3

Fluidised bed bulk density (BD)

BD of maximum diameter anion exchange resin

BD of minimum diameter cation exchange resin

Drag coefficient

Resin bead diameter

Bead diameter of largest anion exchange resin

Mean bead diameter of anion exchange resin

Mean bead diameter of cation exchange resin

Bead diameter of smallest cation exchange resin
Fluidisation or backwash vessel/column diameter
Fluidised bed porosity for anion, cation exchange resin
Gravitational acceleration

Moisture content of resin = volume fraction

Moisture content of resin - weight fraction

Exponent in Richardson & 2aki equation

Separability parameier for anion, cation exchange resin
Separability parameter for largest diameter anion exchange .
resin

Separability parameter for smallest diameter cation exchange
resin

Reynolds number

Reynolds number at resin bead terminal velocity
Temperature

Superficial backwash/fluidisation flow rate
Pluidisation velocity at infinite dilution of particles
Interatitial fluid velocity

Terminal velocity

Terminal velocity of largesi diameter anion exchange resin

Terminal velocity of smallest diameter cation exchange reein
Resin bead density of anion, cation exchanger
Backwash/fluidisation water viscosity

Backwash/fluidisation water density

Skeletal density of reain bead

Chapter 4

Voidage factor for resin bead/water dispersion
Voidage factor for settled resin

Particle concentration factor

Terminal velocity of anion, cation exchange resin beads
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%,
p

Pp
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Sedimentation velocity of anion, catlon exchange resin
Resin bead density for anion, cation exchanger
Density of water

Density of resin/water dispersion

SYMBOLS = Chapter 5

QB
o

o

& 2 0
[y

o o o
-

HF:L"NW‘—!NE

=

oHoa R

Cross sectional area of mixed bed column/vessel .
Ioﬁic concentration in aqueous phase after ion exchange
Ionic concentration at bead surface -

Jonic concentration in bulk feed to mixed bed

Bead diameter

¥ean bead diameter of asize fraction

Harmonic (or Sauter) mean diameter

Diffusion coefficient (diffusivity)

Ionic diffusion coefficient

Molecular diffusion coefficient

Total bed depth of service mixed bed

Ionic flux across boundary layer

First order reaction rate constant

Corelation factor between linear flow rate and mass transfer
Bulk settled volume of mixed bed resin

Yass transfer coefficient

Mass transfer coefficient across liquid boundary layer
Cbserved, measured mass tranafer coefficient

Constant in general rate equation

Volume fraction of one resin in mixed bed

Reyneolds number

Resin bead surface area per unit settled volume of resin
Reain bead surface area per unit mass mixed resin
Schmidt Number

Temperaturs

Volumetric flow rate

Fluid mass flow rate

Superficlial linear flow rate

Volume fraction of beads of mean diameter di
Depth of exchange zone

Bulk density of moist mixed bed resin
Settled bed porosity (voidage) factor
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Fluid viscosity .
Equivalent ionic conductance at infinite dilution

. Fluid density

Liquid boundary layer thickness
Resistance, ohmsa
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APPENDICES TC CHAPTER 3

A3.1 BEAD SIZE GRADING BY WET SIEVING
A3.2 RESIN MIXTURE ANALYSIS
A3.3 PILOT COLUMN TRIALS - RESIN SEPARATION BY BACKWASHING
A3.3.1 TEST COLUMN CONSTRUCTION
A3.3.2 TEST RIG ARRANGEMENT
A3.3.3 TEST PROCEDURE
A3.3.4 RESIN MIXTURES: TESTS 1 - 3
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CONTENT
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A3.10 BEAD SIZE ANALYSIS - LABORATORY COLUMN TEST 3

A3.1l

BEAD DENSITY ETC. STANDARD DEVIATION
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A 3.1 BEAD SIZE GRADING BY WET SIEVING

The grading of ion exchange resins by wet sieving requires a series
of stainless steel bodied sieves, 100 mm dlameter with stainless
steellmeshes to British Standard 410. The mesh apertures of the
sieves were 1.4, 1.19, 1.0, 0.85, 0.71, 0.60, 0.50, 0.425, 0.30 and
0.125 mm. The sieves were arranged in a stack with the largest
aperture sieve at the top and progressively diminishing mesh size.
The base of each sieve fitted inside the body of the one below.

About 20 millilitres (ml) of resin were placed on the upper sieve

and deionised water from a wash bottle was used to wash the resin
through the mesh. Any resin retained on the sieve or in the meshes
was collected by removing the sieve from the stack and inverting it
over a fine mesh (125’pm) sieve. With the aid of coarse bristled
brush the resin was removed from the mesh and washed onto the fine
mash sieve. The test sieve was returned to the stack and the collected
resin was led through for a second time to ensure all beads that
should pass through did so. It is possible to get two small beads
lodged in a large aperture. The retained resin was collected again
and stored in a 10 ml or 25 ml graduated glass measuring cylinder.
The process of double sieving and collecting the retained resins was
carried out for each succeasive sieve down the stack. In certain
instances a large percentage of the sample would be collected between
two mesh sizes. 1In this case the retzined sample was divided into

smaller lots, each sieved separatsly.

At the end of sieving a number of measuring cylinders contained resin
beads of different size fractions. Each c¢ylinder was gently tapped

and the volume of settled resin, including interstices, read off
against the graduations. This is known as tapped and settled volume.
Bach bead size fraction was expresszed as eg + 0.85 - 1.0 mm, the

volume of resin that passed through the 1.0 mm mesh sieve but was

held on the 0.85 mm mesh sieve. The volumes of each fraction were
totalled and the settled volume percentzge of each fraction calculated.
It is the latter value that has been recorded.

The Sauter, or surface arza, mean bead diameter (ds) could he
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calculated from the expression

x

; X5
.di

where Xy is the volume fraction of beads with mean diameter di' The

value of di was taken as the arithmetic mean of the upper and lower

limits of each bead size fraction.

A 3,2 RESIN MIXTURE ANALYSIS

Te estimate the effectivenesa of mizxing and degree of reseparation

it was necessary to separate each of the sieve fractions into anion

and cation exchangers and inert resin and then measure the settled
volume of each resin. For small volumes of resin as in the sample
cores the simplest method was to add the resins to a solution of
saturated sodium chbloride (brine). At room temperature (20 °C) a

26% solution of sodium chloride has a density of 1200 kg o3

whereas the anion exchanger (€1~ form) is about 1070 - 1110 kg w3

and the cation exchanger (Na form) has a density of 1250 = 1300 kg mo,
Therefore the anion exchanger floats on the surface of the brine

while the cation exchanger sinks. In practice some brine solution
enters the resin matrices and increases their densitiy so that it is
necessary to use saturated brine (A 35% NaCl solution density

1198 kg n~> at 20 °¢) to achieve separation.

The samples of resin from the sieve fractions were placed in a

100 ml measuring cylinder, water added to 100 ml and sodium chloride
added until residuzl solute remained after shaking. The anion
exchanger rose to form a layer at the surface while the cation
exchanger remained mixed with the excess salt at the base of the
cylinder. Gentle swirling ensured all the anion exchanger was

released.

The anion exchanger was decantad into a 100 mm diameter stainless
steel sieve, mesh size 125’pm, and washed with deionised water to
remove oxcess salt. (It is a common feature of ion exchange resins

that they shrink slightly in concentrated electrolyte solutions).
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‘The rinsed resin was then washed into a smaller graduated measuring
cylinder, 10 ml capacity for small volumes of resin or 25 ml
capacity for larger volumes, the cylinder was tapped to settle resin

and the volume of settled resin noted.

The cation exchanger plus excess salt was also poured onto a 125 po

mesh sieve, the residual szlt washed away and the resin rinsed. The
gsettled volume of cation exchanger was similarly measured and noted.
The total volume of resin in the sample core and, hence, the percen-

tage of anion and cation exchanger were calculated.,

4 3.3 PILOT COLUMN TRIALS - RESIRK SEPARATION BY BACKWASHIKG

A 3.3.1 TEST COLUMN CONSTRUCTION

Pilot scale mixed bed separations were carried out in a 95 mm internal
diameter, 3 mm wall thickness, clear acrylic column., Figure A 3.01
depicts the column construction (not to scale). The column was 1300 mm
long and was capped at either end by an end plate and retaining
collar. The end plate was made from a 150 mm square, 25 mm thick
block of clear acrylic plastic. A circular recess 101 mm dizmeter

was machined to a depth of 6 mm in the centre of the block. A 5 mm
wide flat shoulder was left and then the recess dished to a depth of
12 mm at the centre. A hole, tapped to half inch BSP, was made at

the centre point to act as an inlet or outlet., The clear acrylic

tube would just fit into the recess and stand on the shoulder in the

end plate.

A circular collar 35 mm wide was machined from 25 mm thick acrylie
block and was z gliding fit over the outside of the test column.

Six holes 10 mm diameter were drilled at regular intervals through
the collar together with six matching holes in the end plate. A
neoprene '0O' ring was placed between the c¢ollar and the end plate
and the two parts pulled together with 2% x 5/16 inch Whitworth
bolts. The '0' ring was compressed against the tube wall and made
an effective watertight seal that could be easily dismantled. The
bottom end plate has only one threaded penetration the top end plate
contained two.
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The resin support plate consisted of a clear ac¢rylic disec 12.5 mm
thick that was a tight sliding fit inside the 95 mm diameter test
column. It was perforated with 80 holes of 3 mm diameter arranged

in a regular pattern to glve maximum collection efficiency. The top
face of the resin support plate was covered in a stainless steel mesh
of 75 pm aperture to prevent resin beads passing through. The mesh
was attached to the edge of the acrylic support plate using an acrylic
cement of the two pack, monomer plus activator, type. The resin
support plate was positioned so that a 30 mm gap was maintained
between its lower face and the threaded column inlet/outlet, to
ensure a mors even distribution of the backwash water. The resin
support plate was itself supported on a acrylic 'C' ring which was
cut from the end of the test column with a2 zegment removed. The

¢t ring was sprung into place.

At three meparate heights sbove the resin support plate a sample port
wag provided for taking horizontal resin core samples. These were
located at 70 mm, 270 mm and 470 mm above the resin support plate.

A 25 mm diameter hole was cut at each sample port and a 50 mm length
of 25 mm internal diameter acrylic tube was glued horizontally onto
the outmide of the test column. The inner end of the sample port
was profiled to the curvature of the test column. FEach sample port
was closed by a plug machined from acrylic rod. The plug was a
cylinder 75 mm long and 24 mm diameter. A shallow circumferential
groove was cut near one end and a neorrene '0O' ring stretched onto
the plug and into the groove. The 'O' ring made a watertight seal
when the plug was pushed into the sample port. The end of the plug
was left flush with the inside of the test column.

A 3.3.2 TEST RIG ARRANGEMENT

The arrangement of the test column, water supplies and valves is
outlined in Figure A 3.02. Tank A was a 200 litre polypropylene
storage tank for deionised water. Water was pumped continuously by
pump D to the 60 litre header tank E also polypropylens, and over-
flowed back to A maintaining a consiant head in tank E. Water from
tank E could be fed via valves f and e to the top of the test column

or via valvea £, b and ¢ to the bottom of the column to act as



- 210 -

backwash water. An overflow line at the top of the column went to
waste via valve g. The column could be drained to waste via valve

d, valve g being also opened to admit air into the column. The resins
‘eould be remixed by admitting nitrogen via valves a and ¢ from a
compressed nitrogen cylinder with a flow regulator (see A 4.1.1).

All the pipework was #4 inch BSP ABS pipework with either solvent
ceuented or screw &hreaded joints. The down comer from tank B to
tank A was a & inch BSP ABS pipe. The valves were ABS bodied ball
valves, which were found to'give better flow contrel and more positive
action than a Saunders type diaphragm valve. The pump was a brass
bodied, 200 watt centrifugal type.

The header tank E was mounted on a steel frame with a water level
4 m above ground level. The test column was mounted on the same

frame with the resin support plate 1 m above ground level.

A 3.3.3 TEST PROCEDURE

Approximately 4.0 -~ 4.2 litres of resin were used in each test. This
normally consisted of a 1:1 volume mixture of cation and anion
exchangers. Exact resin volumes are giveﬁ below with details of each
test. Resins were added to the column via a funnel placed in the open
end of the column after removal of the upper end plate. Resins were
always added into water in the column to ensure no air became trapped
in the bed., Mixed resins, sampled from a full scale bed were added
in the mixed state. Otherwise, cation exchanger was first added
until the settled level after backwashing was in line with the centre
sampling vort. An equal volume of anion exchanger was then added.
If inert resin was also included in the separation the resin volumes
were adjusted so that initially the inert resin was at the level of
the centre sampling port. Samples of the bulk resins added {o the

- column were tazken for subsequent bead size and bead density measure—

ments.

The column end plate was replaced,all connsctions for water supplies
etc remade and the water level in the test column drained until
about 50 mm above the surface of the resins. The resins were then
gir mixed for 20 minutes under the conditions and procedures given in
A 4.12,
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After mixing was completed the bed was backwashed to effect separation.
Valves f,b,c and g were opened to admit backwash water to the column
and 1o allow it to go to waste. The backwash flow rate was controlled
by valve ¢ and the flow rate monitored by measuring the time required
to £ill a previously calibrated 1 litre measuring ¢ylinder at the

waste outlet. Backwash flow rates were typlcally in the range

0.95 = 1.3 litres per minute flow rate which was equivalent to

8 =11 m h_l suparficial flow rate. Backwash water temperature was
ambient, normally about 20 %,

Backwashing was continued for about 20 minutes at which time the bed
had established its steady equilibrium separation conditions. The
backwash flow was then slowly reduced and the bed settled. The bed
wag then drained via valve d and the sample vport plugs removed. The
resin bed remained as a solid mass and did not slump out of the ports.
A horizontal core was extracted from each port using a thin walled
brass tube 22 mm diameter. The tube was pushed into the resin bed
until the far wall was reached. The tube was then turned a complete
revolution and withdrawn containing the sample core. The sample core
was washed into a serewed cap glass jar and retained for subsequent

analysis.

Resin analysis consisted of wet sieving each sample as outlined in

A 3.1 and then separating the anion and cation exchangers by differ-
ential flotation in saturated sodium chloride solution (see A 3.2).
In general because the interfacial samples contained large anion
exchanger and small cation exchanger beads the initial wet sieving
effected some separation of anion and cation exchangers. The same
applied to separation of exchangers and inert resins. Where anion
exchanger and inert resins occurred in the same separated sample, the

relative proportions of each were estimated visually.

A 3.,3.4 RESIN MIXTURESs TESTS 1 = 3

Test la wag a two resin ssparation of resins tazken from Walsall
mixed bed containing Amberlite IR120 cation exchanger and Amberlite
IRA402 anion exchanger. The sample was taken during air mixing of the

bed, via an open manhole cover, to ensure a representative sample was
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obtained. Four litres of mixed resin, nominally a 1:1 mixture,

were placed in the test column and were backwashed, as described in
A 3.1.3.3, for twenty minutes at a flow rate of 1,05 litres per
minute equivalent to the 8.8 m h-'1 backwash flow rate on the full
scale mixed bed. After settling and draining the bed a sample core
was taken at the centre port to assess the degree of intermixing in
the interfacial zone. Table A 3.08 gives the resin analysis details

of the sample core.

In test 1b 0.8 1 of Ambersep 359 inert resin was added to the resins
in test la. The size distribution of the inert resin is given in
Table A 3.06. The three resins were thoroughly mixed by air injection
and the bed backwashed again at 1.05 litres per minute. A second
sample core was taken from the centre port. It contained mostly
cation and inert resins (Table A 3.08) and the required displacement,

upwards, of the anion exchanger had been achieved.

Test 2 was also a three resin bed consisting of regenerated Zeroliths25
cation exchanger plus Ambersep359 inert resin plus partly exhausted
IRA402 anion exchanger from Walsall. The IRA402 had been regenerated
and partly exhausted since test 1. The initial mixed bed contained
only 1.7 1 of Zerolit 525 plus C.3 1 inert resin and 2.0 1 of IRA 402,
so that the centre port was opposite the nominal anion exchanger/inert
resin interface. In test 2a the mixed resins were backwashed at

1.05 litres per minute and a sample core taken from the centre sample
port of a drained bed. In test 2b 0.3 1 of Zerolit 525 were added

to the bed so that the centre port was now oppesite the nominal

cation exchanger/inert resin interface. A repeat separation was
followed by sample coring the centre poert. Finally, in test 2e¢,

a further 0.3 1 of Zerolit 525 was added to raise the bed further

and see if inert resin penetrated significantly into the cation
exchanger. Following a further backwash and drain down the centre
port was again core sampled. The resin mixture and size analyses

for test 2 are given in Table A 3.09.

Tests 3a, b and ¢ were separations of a two resin system, Duolite €26
cation exchanger and Zerolit FP(ip) anion exchanger with the resins in
various ionic forms. Size gradings of the two exchangers are given

in Table A 3.06, and these were ..



- 213 -

measured in the 'as received' sodium form cation exchanger and
¢hloride form anion exchanger. Each exchanger was conditioned by
two successive regeneration — rinse ~ exhaustion with 0.5M (NH4)2SO4-
rinse cycles and were then regenerated with 64 g H2304 ver litre
cation exchanger introduced as a 0.5M solution and 64 g NaOH per
litre anion exchanger as & 1M solution. Each resin was rinsed with
deionised water until the conductivity of the rinse effluent was

less than 10 uS cm-l.

1.9 1 of regenerated €26 and 2.1 1 of regenerated FF(ip) were loaded
into the column, air mixed and backwashed at 1.3 litres per minute.
Test 3a with a single sample core from the centre port is recorded in
Table A 3.10. After remixing,ammonia was dosed to the column to
produce NHZ form cation exchanger. Following this a second backwash
and separation (test 3b) was carried out. Samples were taken from the
centre and bottom ports after the bed had been drained. Bead density
measurements were made on samples of separated anion and cation
exchanger. PFinally the bed was fully exhausted with ammonium sulphate
gsolution to give NHY cation and S0

4 4
third separation by backwashing carried out (test 3¢). Sample cores

anion exchangers, rinsed and a

were taken at all three ports and new bead denasity determinations made.
The bead size distributions of the resins in the sample cores from
teats 3b and 3c are also given in Table A 3.10.

A 3.4 MEASUREMENT OF BEAD DENSITY, SKELETAL DENSITY AND MOISTURE
CONTENT

The bead density measurements required for separation predictions were
initially gathered as part of a suite of physico-chemiczl measurements
on anion and cation exchangers, designed to establish variations
between exchangers based on different polymer/matrix types_(241).

The additional parameters were skeletal density and moisture content.
Whereas bead density represented the masa of exchanger plus internal
moisture per unit displaced 8wollen volume of resin -bead, the skeletal
density represented only the mass of exchanger (ie polymer, exchangs
groups and counter ions) per unit swollen volume of resin. Skeletal
density gave an indication of between batch as well as betweeh type

variations.
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In ordér 1o make these measurements it was nec¢essary to know both
the moist weight and dry weight of a given diasplaced volume of resin.

In any measurements on moist resin beads the resin phase molature must
be maintained while extraneous surface water i1s excluded. In

addition, as exchangers lose moisture on exposure to air; the
handling of resins must be minimised. Two methods for producing

resins with minimal surface moisture have been recorded praviously;
drying in moist air and blotting the resins with adsorbent paper (217)
or centrifuging the resins in a porous base centrifuge tube (215, 216).

The latter method was chesen as being more reproducible.

Two methods for measurement of displaced volume were also available.
A direct me%hod involved the measurement of the volume of water
displaced by moist resin while an indirect method used a specifie
gravity bottle to calculate the volume from the weight of water
displaced. Both methods have bheer used as described below. The
moisture content of a resin was measured by drying the resin at

105 °C overnight (242), weighing before and after to establish the

weight of moisture lost.

A 3.4.1 RESIN CONDITIONING

Resins taken from separation trials had bead densities measured in
the ‘as sampled‘form, but in many cases it was necessary to convert
the resins to a specific ionic form. This was carried out in a
small rig (Pigure A 3.03) in which the resins were retained in the
sintered base centrifuge tubes used for centrifuging the resin.

Each centrifuge tube was 12 om diameter and 55 ma long with a
porosity 1 glass sintered base and contained about 2.5 ml displaced
volume of resin. Conditioning consisted of passing 250 ml regenerant
through each sample, either 1M NaOH for anion exchangers = or 1M HC1
for cation exchangers. This was followed by 250 ml deionised rinse
water then 250 ml exhaustant which was either the sodium salt of the
appropriate anion or the chloride salt of the appropriate cation,
both exhaustants were 0.5M concentiration. A further 250 ml of rinse
water was then passed to remove residual exhaustant. All solutions
were pumped at 2 ml per minute per sample by a 4 channel peristaltic

Pump -
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A 3.4.2 BEAD VOLUME, BEAD WEIGHT, BEAD MOISTURE.

A minimum of two duplicate measurements were made for each resin.
The 2.5 ml of conditioned or sampled resin in the centrifuge tube
was centrifuged for 20 minutes at 2000 revolutions per minute. The
centrifuge tubes were removed, placed upright in a small beaker and
the top covered with a moist tissue to prevent the resin drying out.
The water level in the displaced volume apparatus (Figure A 3.04)
was adjusted to the pointer and the reading in the burette noted.
The centrifuged resin was transferred from the centrifuge tube to
the displaced volume apparatus and when it had settled water was
allowed to enter the burette until the meniscus was at the pointer
again. The resin volume was the difference between the two burette

readings.

The resin was recovered from the disnlaéed volume apparatus onto a
fine mesh sieve, and returned to the centrifuge tube for a further
20 minutes centrifuging at 2000.rpm,(33-3 Hz). Resin recovery was
99,5% or better. The centrifuged resin was transferred to a small
tared aluminium tin with 1id and weighed on a balance reading to

0.1 mg. The tin had hbeen dried at 105 °C and cooled in a dessicator.
The tin plus moist resin was dried overnight at 105 °c, cooled in a

degsicator and reweighed.

The following calculations could be made
Bead density (8) _  Weight of moist resin

Displaced wvolume of resin

Skeletal density (¥) __ Weight of dry resin

Displaced volume of resin

Moisture content (M,) _ Weight moist resin - Weight dry resin
(weight fraction) Weight moist resin

Moisture content (Mv)*= Weight moist resin - Weight dry resin

(volume fraction) Volume moist resin x 0.998

The correction factor of 0.998 in calculating Mv is for the density
of water at 20 .

To estimate the residual moisture left arcund the resins after
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centrifuging, samples of glass beads 0.85 = 1.0 mm diameter were washed,
centrifuged, weighed, dried and reweighed. The residual moisture
was equivalent to 0.01 g per ml of resin and would introduce a very

small negative bias of around 2 kg m-3

of bead demsity.

The major error lay in the displaced volume mezsurement with an
accuracy of £0.,01 ml in about 2.0 -~ 2.5 ml. However, replicate
analyses on several different batches of resins showed remarkably
small standard deviations of between 6.2 and 9.6 kg w2 on bead
densities between 1063 and 1286 kg m3 (Table A 3.11) representing a
standard deviation of 0.5 - 0.8%.

A 3.4.3 SPECIFIC GRAVITY MEASUREMENTS

The use of a specific gravity (SG) bottle to determine resin volume
by weighing was tried initially but certain types of resin adhered to
the glass walls of the SG bottle and could not be recovered. However,

once the relationships

8 = ¢ + 1000M_ and M = M =x 5
v v w —"ESEB

had been established it was only necessary to determine § and Mv to

be able t0o calculate M' and ¢y . The values of & and Mv could bve
determined on differant aliquots of the same sample of resin.

Standard practice was to centrifuge four sanples of conditioned resins
and retain them under a moist tissue as before. Two samnles were
transferred to tared tins for weighing, drying overnight at 105 °¢

and reweighing and determination of K'. The other two samples weTe

for duplicate bead density determinations using an SG bottle.

The dry SG bottle was weighed (wl) filled with water and reweighed (w2)
The volume of the SG bottle = (W, ~ “’2) =~ 0.998. The SG botile was
dried again, moist centrifuged resin added and reweighed (W3).



- 218 -

Water was added to £ill the SG bottle, care being taken to release
all air trapped between the resin beada. The 3G bottle vlus resin
plus water was reweighed (W4). The volume of resin (VR) is given by

Vo = (w1 - w2) - (w4-wl)_
0.998

Resin bead density is then given by (w3 - wl) -V

R.

The precision of the SG method for measuring bead densities was, as
night be exvected, better than the displaced volume method, with a
standard deviation of £ 1.04 kg m > on a bead density of 1232 kg m
(Pable A 3.11).

3

A 3.5 BEAD SIZE GRADING - PARTICLE SIZE ANALYSER

A HIAC PA T20 particle size analyser (Sduthern Pacific Instrument Coj
Ccalifornia) was used for some bead size analysis particularly the
sizing of triple bed resing and resins taken from operating condensate
purification mixed beds (5.3.10),

The ahalyser worked on the principle of light obscuration. A
parallel light source was passed through optically flat windows in
the measuring cell onto a photo slectric sensor. Resin beads in
suspension in a stream of water are passed through the c¢ell and cast
a shadow onto the vhotoelectric sensor. The change in ocutput from
the sensor is proportional to the area of the shadow., Sample
presentation is important as only a single bead must be in front of
the sensor at any one time, otherwise two beads may be counted as
one larger one. This was achieved by feeding the cell from a 2 litre
geparating funnel that contained a continuously stirred dilute
suspension of resin particles., The water in the separating funnel
was continunusly replenished and fresh resin was added to this feed.
Samples of 5000 particle counts were sufficient to give reproducible

results.

The microprocessor incorporated into the instrument sorted the photo
sensor 3ignala into 23 channels,. each representing a bead diameter

range, and counted the particles in each range. A print out was
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obtained giving details of the number of particles in each channel

and the percentages based on a particle count and bead volume basis.

A summary table included the volume based mean bead diameter. This

was equivalent to the Sauter mean. In addition the miecroprocessor

wag linked to a plotter which gave a graphical record of the distribution.
Figure A 3.05 is an example of the plot and summary table for

Ambersep 359 inert resin.

The instrument was calibrated against wet sieved resins when first

delivered and the calibration is checked periodically.
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TABLE A 3.01 REYNOLDS NUMBER AT BEAD TERMINAL VELOCITY = VARIATION
WITH BEAD DIAMETER, BEAD DENSITY AND TEMPERATURE (T).

Bead T Bead Diameter (mm)
Densit (°c)| 0.3 | 0.5 0.7 1.0 1.2 1.4
(kg m ")
5 0.155 0.68 1.67 4.15 6435 9.0
1025 20 0.38 1.51 3.6 8.3 12.8 18.0
40 0.99 3.75 8.2 18.5 27.5 38.5
5 0.31 1.27 3.05 7.2 11.0 15.4
1050 20 0.70 2.7 6.1 13.7 20.6 29.3
40 1.62 5.8 12.4 28 42 5645
5 0.46 1.80 4.25 9.7 14.9 20.8
1075 20 1.00 1.8 8.2 18.5 27.7 38.5
40 2.22 7.6 16.5 36.5 53 73
5 | 0.59 2.33 | 5.4 [12.1 | 18, 25,7
1100 20 1.27 4.7 10.2 22.8 34 AT
40 2.80 9.4 20.2 44 64 87
5 0.73 2.80 6.4 14.5 21.6 30.5
1125 20 1.55 5e6 12.0 26.8 | 40 5445
40 3.32 11.0 23.5 51 73.5 100
5 0.86 3426 Te3 16.4 24.9 34.5
1150 20 1.80 6.4 13.8 30.5 45.5 62
40 3.85 12.4 26.8 - | 57 82.5 112
5 0.99 3.72 8.2 18.4 27.4 38.5
1175 20 2,07 7.1 15.4 34 50 69
40 4.3 14.0 29.5 6245 91 122
5 1.12 4.15 9.1 20.3 30.4 42.5
1200 .20 2.32 8.0 17.1 37.5 55 75.5
40 4.75 15.6 32.7 68.5 99 133
5 1.25 4.55 | 10,0 22.2 33.1 46
1225 20 2455 8.7 18.6 40.5 59.5 81
5 1.35 4.95 | 10.9 24.1 36.0 49.5
1250 20 2.80 9.4 20.2 44 64 87
40 547 18.1 38 80 113 154
5 1.47 5.4 11.7 25.9 38.5 53
1275 20 3.05 10.2 | 21.5 47 €8 94
40 6.1 19.3 40.5 84 121 163
5 1.6 5.8 12.6 27.1 40.5 56
1300 20 3425 10.7 23 49 72.5 98
40 6+.45 20.7 43 90 128 172
5 1.80 6.4 13.9 30.7 45.5 63
1350 20 3.7 12.1 26 55 80 108
40 7.3 23.2 48 99 140 188
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TABLE A 3.02 RESIN BEAD TERMINAL VELOCITIES (10'3 m s‘l) — VARIATION
WITH BEAD DIAMETER, BEAD DENSITY AND TEMPERATURE (T).

Bead T Bead Diameter (mm)
pensity | (°C) | 0.3 0.5 | 0,7 |1 1.0 ] 1.2 | 1.2
(kg ™)
5 0.782 | 2.06 | 3.62 | 6.28] 8.01 | 9.73
1025 20 1.25 | 3.03| s.15/ 8.32]| 10.7 {12.8
40 2,18 | 4.94| 7.72 (12.2 | 15.1 [18.1
5 1.54 | 3.85| 6.6010.9 | 13.9 {16.7
1050 20 2,34 | 5.41 ) 8.73113.7 | 17.2 |21.0
| 40 3,56 | 7.65|11.7 ]18.5 | 23.1 |26.6
5 2,30 | 5.45 | 9.19 |14.7 | 18.8 |22.5
1075 20 3434 { 7.52 |11.7 [18.5 | 23.1 |27.6
40 4.88 [10.0 [15.5 |24.1 | 29.1 |34.4
5 2,98 | 7.06 |11.7 |18.3 | 22.8 {27.8
1100 20 4.24 | 9.42 |14.6 |22.8 | 28.4 |33.6
40 6,15 [12.4 |19.0 |29.0 | 35.2 |41.0

5 3.68 | 8.48 |13.8 |22.0 | 27.3 |33.0
1125 20 5.18 111.2 |17.2 |26.9 | 33.4 [39.0
40 7.30 114.5 |22.1 |33.6 | 40.4 |a7.1

> 4.34 9.87 |15.8 | 24.8 | 31.4 |37.3
1150 20 6.01 |12.8 |[19.8 30.6 | 38.0 {44.4
40 8.46 (16.4 | 25.2 376 | 45.3 527

5 5000 1113 17'7 27-9 3406 41.6
1175 20 6.91 [14.2 |22.0 34.1 | 41.8 |49.4
40 3.45 18.5 |27.8 41.2 50,0 575

5 5665 112.6 |[19.7 30.7 | 38.4 |46.0
1200 20 7.75 (16,0 |24.5 | 37.6 | 45.9 |54.0
40 10.4 20.6 |30.8 |45.2 | 54.4 [62.6

5 6.31 113.8 |21.6 | 33.6 | 41.8 ]49.7
1225 20 8.52 |17.4 |26.6 | 40.6 | 49.7 |58.0
40 11.4 22.2 |33.4 |49.1 | 58.2 |67.3

5 6.81 [15.0 [23.6 | 36.5 | 45.4 |53.5
1250 20 9.35 [18.8 [28.9 | 44.1 | 53.4 |62.3
40 | 12.5 [23.9 |35.8 |52.7 | 62.1 |72.5

5 T.42 [16.4 |25.3 | 39.2 | 48.6 |57.3
1275 20 | 10.2 |20.4 |30.8 | 47.1 | 56.8 |67.2
40 | 13.4 |25.4 [38.1 | 55.4 | 66.5 |76.8

5 8.07 {17.6 [27.3 | 41.9 | 51.1 60.6

1300 20 10.9 21.4 32.9 49.1 60.5 T0.1
40 14.2 273 40.5 59.3 T0.3 81.0

5 9.08 19.4 30.1 46.5 5T.4 68.1

. 1350 20 12. 24.2 37.2 ol 66.8 .
35 01158 |35% |02 sk el (442




TABLE A 3.03 FLUIDISED BED POROSITY AT 8 m h-.1 BACKWASH FLOW RATE

(20 °¢) VARIATION WITH COLUMN DIAMETER (D), BEAD
DIAMETER AND BEAD DENSITY.

BEAD D BEAD DIAMETER (mn)
DENSITY (mam) | 0.3 0.5 0.7 1.0 1.2 1.4
(xg m3)

25 | >1.0 {0.944| 0.835| 0.744 | 0.699 | 0.669
1025 100 | »21.0 | 0.933] 0.813] 0.705| 0.650 | 0.609
2000 [ >1.0 | 0.930| 0.805| 0.691 ] 0.632 | 0.588

25 | 0.995 | 0,822 0,727 | 0.645| 0.608 | 0.578
1050 100 [ 0.990 [ 0,806 0.699 | 0,601 | 0.553 | 0.513
2000 | 0.989 | 0.800] 0.689{ 0.585] 0.534 | 0.490

25 1 0.921 | 0.755| 0.669 | 0,588 | 0.554 | 0.529
1075 100 | 0.914 [ 0.736] 0.638{ 0.542{ 0.497 { 0.463
2000 | 0.911 {0.729| 0.628 | 0.525]| 0.477 | 0.440

25 | 0.872 | 0.710 ] 0.626 ] 0.550 | 0,518 | 0.495
1100 100 | 0.863 | 0.689 | 0.594 | 0.502 [ 0.460 | 0.428
2000 | 0.860 | 0.682 | 0.584 | 0.486 | 0.440 | 0.405

25 | 0.831 [0.675] 0.596 | 0.521 § 0.490 | 0.470
2000 | 0.818 { 0.646 | 0.552 | 0.456 | 0.411 | 0,380

25 | 0.801 [ 0,649 ] 0.570 | 0.499 | 0.468 | 0.449
1150 100 | 0.790 | 0,627 | 0.536 | 0.450 | 0.410 | 0.382
2000 | 0.787 | 0,619 | 0.525| 0.433 | 0.330 | 0.359

25 | 0.773 [0.630 | 0.550 | 0.480 | 0.453 | 0.432
1175 100 | 0.762 | 0.607 [ 0.515| 0.431 | 0.394 { 0.265
2000 | 0.758 | 0.599 | 0.504 | 0.415 | 0.374 | 0.342

1200 100 | 0,738 [ 0.584 | 0.497 | 0.415 | 0.379 | 0.351
2000 | 0.735 | 0.576 | 0.485 | 0.398 | 0.359 | 0.328

25 | 0.731 | 0.591 | 0.516 | 0.451 | 0.425 | 0.407
1225 100 | 0.719 | 0.568 | 0.482 | 0,402 | 0.366 | 0.341
2000 | 0.715 {0,560 {0,470 [ 0.385 | 0.347 | 0.318

25 | 0.713 [ 0.577 | 0.502 | 0.438 | 0.413 | 0.396
1250 100 | 0.701 | 0.553 | 0.467 | 0.389 { 0.355 | 0.330
2000 | 0.696 {0.545 | 0.456 | 0.372 ]| 0.335 | 0.307

25 | 0.696 | 0,562 | 0.491 | 0.427 | 0.404 | 0.385
1275 100 | 0.684 | 0.538 | 0.456 | 0.378 | 0.346 | 0.319
2000 | 0.679 {0.530 | 0.445 | 0.362 | 0.326 | 0.296

25 | 0.684 |0.554 {0.480 ) 0.421 | 0.394 | 0.378
1300 100 | 0,671 [0.529 { 0.445{ 0.372 | 0.336 | 0.313
2000 { 0.667 {0.521 [0.433{ 0.355 | 0,317 | 0.290

25 | 0.659 | 0.532 | 0.459 | 0.403 | 0.379 | 0.364
1350 100 10.646 [0.507 | 0.424 1 0.354| 0.322| 0.299
2000 |0.641 10.499 ]0.412{ 0.337) 0.303} 0.277
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TABLE A 3.04 FLUIDISED BED POROSITY AT 12 m v~} BACKWASH FLOW RATE
(20 °C) VARTATION WITH COLUMN DIAMETER (D), BEAD
DIAMETER AND BEAD DENSITY.

Bead D Bead Diameter (mm)
Density | (ma) | 4 5 0.5 0.7 1.0 1.2
(kg m2)

251 51.0 »1.0 0.918 | 0.820 | 0.772
1025 100 | 1.0 21.0 0.900 | 0.786 | 0.728
2000 | 1.0 ~1.0 0.894} 0,774 | 0.711

25 »1.0 0.903 | 0.803 | 0.715 | 0.675
1050 100} ~1.0 0.890 | 0.778 | 0.674 | 0.623
2000 | »1.0 0.886 | 0.770] 0.659 | 0.605

251 »1.0 { 0.832 { 0.740| 0.654 | 0.616
1075 100 | >1.0 | 0.816 { 0.713| 0.610 | 0.562
2000 | 1.0 | 0.810 | 0.703 | 0.594 | 0.542

25 | 0.954 1 0.784 | 0.695| 0.613 | 0.577
1100 100 | 0.948 | 0.766 | 0.666 | 0.567 | 0.521
‘ 2000 | 0.946 | 0,759 | 0.655| 0.551 | 0.501

25| 0.911 | 0.747 | 0.662 | 0.582 | 0.547
1125 100 | 0.903 | 0.727 | 0.631 ] 0.535 | 0.490
2000 { 0.901 | 0.721 | 0.621 | 0.518 | 0.470

25| 0.879| 04720 | 0.635| 0.558 | 0.524
1150 100 | 0.870| 0.699 | 0.603 | 0.510 | 0.466
2000 | 0.868 | 0.692 | 0.592 | 0.493 | 0.446

25| 0.849 | 0.698 | 0.613 | 0.538 | 0.507
1175 100 | 0.840 | 0.677 | 0.580 | 0.489 | 0.449
2000 | 0.837| 0.670 | 0.569 | 0.472 | 0.429

25 | 0.825| 0.674 | 0.593 | 0.520 | 0.490
1200 100 { 0.815| 0.652 | 0.560 | 0.471 | 0.432
2000 | 0.812| 0.645 | 0.548 | 0.454 | 0.412

25 | 0.805| 0.657 | 0.577 | 0.506 | 0.477
1225 100 | 0.795| 0.635 | 0.543 1 0.457 | 0.418
2000 | 0.791 | 0.627 | 0.532 | 0.440 | 0.398

25 | 0.786 | 0.642 | 0.561 | 0.492 | 0.464
1250 100 | 0.775 | 0.619 | 0.527| 0.442 | 0.406
2000 | 0.771| 0.612 | 0.516 | 0.425 | 0.386

25 | 0.768 | 0.626 | 0.550| 0.480 | 0.454
1275 100 | 0.7571 0.603 | 0.516 | 0.431 | 0.396
2000 | 0.753 [ 0.595 | 0.504 ( 0.414 | 0.375

25 | 0.755| 0.617 | 0.537| 0.473 | 0.443
1300 100 | 0.743 | 0.593 | 0.503| 0.423 | 0.385
2000 | 0.740 { 0.585 | 0.491 | 0.407 { 0.365
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TABLE A 3.05 FLUIDISED BED POROSITY AT 8 m nl BACKWASH FLOW RATE.
VARIATION WITH TEMPERATURE (T) AND BEAD DIAMETER AT
SELECTED BEAD DENSITIES.

BEAD T BEAD DIAMETER (mm)
pERSITY { (%c) | 0.3 0.5 0.7 1.0 1.2 1.4
(kg m"2)
5 0.995 | 0.811| 0.699 | 0.600 | 0.550 | 0.514
1075 20 0.914 [ 0.736| 0.638 | 0.542 | 0.497 | 0.463
40 0.827 | 0.665| 0.569 | 0.478 | 0.440 | 0.409
5 0.835 | 0.664| 0.571 | 0.481 | 0.441 | 0.408
117% 20 0.790 | 0.627| 0.536 | 0.450 | 0,410 | 0,382
40 0.688 | 0.543| 0.459 { 0.384 | 0.350 | 0.327
5 0.773 | 0.609 | 0.518 | 0.435 | 0.396 | 0.368
1250 20 0.701 | 0.553 | 0.467 ] 0.389 | 0.355 | 0.330
40 0.631 | 0.495 | 0.415 | 0.345 | 0.317 | 0.293
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PABLE A 3.06 BEAD SIZE DISTRIBUTION OF INDIVIDUAL RESINS USED

IN SEPARATION TRIALS.

AMBERSEP 3159 Inert Resin

Bead Diameter | Settled Cumulative
Praction (mm) | Volume (%) (%)
-0.30 0 0
+0.30 = 0.425 6.6 6.6 Size Ratio (5 - 95%) 1.61
+0.425 = 0,50 18.2 24.8
+0.50 - 0.60 50.5 T5.3 Vean Diameter 0.54 mm.
+0.60 « 0,71 22.4 977
+0.71 = 0.85 1.6 99.3
+0,85 - 1.0 0.2 99.5
+1.0 0.5 100
DUOLITE C26 AND ZEROLIT FF(ip)
c26 FP(ip)
Bead Diameter | Settled Cumilative Settled F Cumulative
Fraction (mm) | Volume (%) (%) Volume (%) (%)
-0.30 0 0.5 0.5
+0.30 - 0.425 2.0 2.0 2.4 2.9
+0.425 - 0.50 4.4 6.4 3.2 6.1
+0.50 - 0.60 12.7 19.1 T.9 14.0
+0.60 = 0,71 19.5 38.6 20.2 34.2
+0,71 - 0.85 20.5 59.1 25.3 59.5
+0.85 = 1.0 22.7 81.8 25.7 85.2
+1.0 - 1,2 17.3 99.1 11.8 97.0
+1.2 = 1.4 0.8 99.9 1.9 98.9
+1.4 0.2 100.1 1.0 99.9
Heoan
Diameter (mm) 0.77 0.76
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TABLE A 3.07 BEAD SIZ?E ANALYSIS OF SEPARATED RESIN CORE FROM WALSALL

KIXED BED.

Depth 890 - 915 mm

Resin (volume %){ Anion (97) Inert ( - ) Cation (3)
Bead Diameter Settled Cumulative| Settled | Cumulative|Settled Cumulative
Fraction (mm) Volume (%) (%) Volume{%) (%) |Volume(%) (%)

=0.30 0.4 Q.4
+0.30 = 0,425 6.2 6.6
+0.50 - 0,60 10.8 17.4
+0.60 - 0471 17.8 3502
+0,71 - 0.85 18.6 53.8
+0,85 « 1.0 2546 T9.4
+1.0 - 1.2 17'0 96.4
*1.2 - 1.4 2.3 9807

+1.4 1.0 99.7
Depth 675 -« 700 mm
Resin (volume )| Anion (96) Inert Cation (4) .
Bead Diameter Settled Cumulative{Settled Cumulative|Settled Cumulative
Fraction (mm) Volume (%) Volume (%) Volume (%)}
+0.30 = 0.425 3.9 3.9 33 83
+0.425 - 0.50 5.2 9.1 17 100
4+0.50 - 0.60 9.0 18.1
+0,60 - 0-71 14-2 32.3
+0.71 - 0.85 18.1 50-4
+0.85 - 1.0 21.3 1.7
+l.0 - 1.2 20.6 92-3
+1.2 = 1.4 5.8 98.1

rl.4 1.9 100
Depth 590 ~ 620 mm
Resin (volume ¥} Anion (50) Inert (32) Cation (18)
Bead Diameter Settled Cumulative|Settled ‘Cumulative (Settled [Cumalative
Fraction (mm) Nolume(%) Volume(%) Volume (%)

-0.30 0 0 12.1 12.1
+0.30 = 0.425 0 0 10.3 10.3 69.7 81.8
¥0.425 - 0,50 1.6 1.6 51.7 62.0 10.6 92.4
+0.50 = Q.60 2.7 4.3 34.5 96.5 T.6 100
+0-60 - 0071 12.1 16.4 3-4 99.9
+0.71 - 0.85 17.6 34.0 0
+0-85 - 1.0 22.0 56.0
+1.0 = 1.2 22.0 78.0
+102 - 104 11 00 8900

+1.4 11.0 100




PABLE & 3,07 (continued)

Bed Depth 450 -~ 480 mm
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Resin(Volume%)| Anion{2) Inert (33) Cation {65)

Bead Diameter | Settled Settled Cumulative Settled Cumulative
Fraction (mm) | Volume(%) Volume(%) (%) Volume(%) (%)
-0.30 0 0 0.9 0.9
40.30 - 0-425 107 10? 20.4 21.3
+0.425 = 0,50 12.0 13.7 25,5 46.8
+0050 - 0060 6106 75.3 32.3 79.1
"0.60 - 0.71 2309 9902 16.2 95-3
40,71 = 0,85 0.9 100.1 3.4 98.7

+0.85 = 1.0 0 1.3 100
"'1 00 - 1-2 0
‘.‘1 o2 bl 104
+1.4
Bed Depth 370 = 395 mm
Resin(Volume%)| Anion Tnert (4) Cation (96)

Bead Diameter Settled Cumulativef Settled Cumulative
Fraction (mm) Volume(%) (%) | volume(%) {(4)
-0.30 0.7 0.7
+0,30 « 0.425 4.0 4.7
+0.425 = 0.50 Trace 10.7 15.4
+0.50 - 0,60 50 50 29.5 44.9
+0.60 = 0,71 50 100 30.2 T5.1
40,71 - 0.85 Trace 16,1 91.2
+0.85 - 1-0 704 98-6
+1¢0 - 1.2 103 99-9

+1.2 - 1.4 0
+1.4
Bed Depth 190 = 215 mm
Resin(Volume®) Anion Inert (1) ation {99)
Bead Diameter Settled Cumulative
Fraction (mm) Volume (%) (4)
=0.30 0.3
+0.30 = 0.425 2.8 3.]
+0.425 = 0.50 7.2 10.3
+0.50 - 0.60 19.4 29.7
+0,60 - 0.71 31.7 61.4
+0.71 - 0'85 23-3 84-7
*0-85 - 1.0 12.8 9705
+1.0 = 1,2 1.7 99,2
"’1.2 - 1-4 0-4 99.6
1.4 0.4 100
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TABLE A 3.08 BEAD SIZE ANALYSIS

LABORATORY COLUMN SEPARATION TEST 1.

Tast la - Centre Port

Resin {volume %){ Anion (43) Inert Cation (57)
Bead Diameter Settled Cumulative Settled Cumulative
Fraction (mm) Volume (%) (%) Volume (%) (%)
=0.30
+0.30 - 0.425 73.3 T3.3
+0,425 = 0.50 22.3 95.6
40,50 = 0.60 4.4 100.0
+0.60 = 0,71 2.9 2.9
+0.71 - 0,85
+0.85 = 1.0 14.7 17.6
+1.0 - 1.2 29.4 48.0
+1.2 - 1.4 52.9 99,9
+l.4
Test 1b - Centre Port
Resin (Volume %)| Anion (2) Tnert (64) Cation {34)
Bead Diameter Settled |Cumulative|Settled bumulative
Fraction (mm) Volume(Z) (4) Volume(%) (£)
-0,30
4 0.30 = 0,425 1.9 1.9 48,3 48.3
+0.425 = 0,50 13.0 14.9 31.0 T9.3
+0,50 = 0.60 44.4 59.3 13.8 93.1
+0,60 = 0.T1 40,7 100 6.9 100
+0,71 - 0.8%
+0,85 - 1.0
41,0 « 1.2
+1.2 - 1.4

+1.4




- 230 -

TABLE A 3,09 BEAD SIZE ANALYSIS

LABORATORY COLUMN SEPARATION TEST 2.

Test 2a Centre Port’

Resin(Volumef)| Anion (58) Inert (17) Cation (25)
Bead Diameter | Settled [Cumulative |[Settiled Cumulative |Settled Cumuletive
Fraction (mm) | Volume(%) {%£) Volume (%) (#) [Volume (%) ()
=0.30 0.9 0.9
+0.30 = 0.425 1.3 1.3 T1.4 T2e3
‘!‘0.425 - 0050 71'0 72-3 2003 9206
+0.50 = 0.60 0.8 0.8 25.8 98.1 7.0 99.6
+0.60 -~ 0.71 2.3 3.1 1.9 100 0.4 100
*0071 - 0-85 6!8 9.9
+0.85 - 1.0 15.2 25.1
"'100 - 1-2 3500 60.1
"'1.2 - 1.4 25-1 85-2
+1.4 14.8 100
Test 2h = Centre Port
Resin{Volume®)| Anton (7} Inert (47) Cation (46)
Bead Diameter | Settled [Cumulative |Settled |[Cumulative [Settled Cumulative
Fraction (mm) | Volume(%) (%) [Volume(%) (£) ivolume(%) (%)
~0.30
+0.30 - 0.425 3l.4 3.4
+0.425 - 0,50 3l.4 1.4 37.5 68.9
+0.50 = 0.60 58.8 90.2 28.2 97.1
40,60 = 0.71 T-T TeT 9.5 99,7 2.8 99.9
+0.71 - 0-85 308 11-5 003 100 0.3 100.2
+0.85 - 100 19!2 30-7
-'-1-0 - 1.2 38!5 69.2
+1.4
Teat 2¢ — Centre FPort
Resin(Volume%)| Anion (3) Inert (1) Cation (96)
Bead Diameter |Settled ICumulativelSettled {Cumulative|Settled [Cumulative
Fraction (mm) | Volume(%) (%) |volume(%) (%) {volume(%) (%)
=030
+0.,30 = 0,425 20 20 1.3 1.3
+0,425% - 0.50 60 Bo 7.2 8.5
+0.50 - 0,60 20 100 40.9 49.4
"'0-60 - 0-71 2601 26.1 - 43.0 92-4
"'0.71 - 0.85 43.5 69.6 6.1 98.5
+0.85 = 1,0 26.1 95.7 1.3 99.8
+1.0 = 1.2 4.3 100 0.1 99,9
+1.2 = 1.4
+1.4
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TABLE A 3.10 BEAD SIZE ANALYSIS

LABORATORY COLUMN SEPARATION TEST 3

Test 3a - Centre Port

Resin (Volume %) | Anion (23) cation (77)
Bead diameter Settled Cumulative |Settled Cumulative
Fraction {mm) Volume (%) (%) Volume (%) (%)
=0,30 0
"-0030 - 00425 007 0-7
'\'0.425 - 0.50 0 900 9!7
+0.50 - 0.60 2.3 2.3 T0.7 80.4
"'0060 - 0071 3.4 50? 18-5 98.9
*0.71 - 0085 6.8 12!5 0!7 99.6
"0-85 - 1.0 1002 22'7 0'3 99‘9
1.0 - 1.2 22.7 45.4
+l|2 - 104 2005 65.9
+1.4 34.1 100
Test 3b = Centre Port
Resin (Volume®) | Anion (67) Cation (33)
Bead Diameter Settled Cumulative Settled Cumulative
Fraction (mm) Volume (%) (%) Volume (%) (%)
+0,30 = 0.425 1.9 1.9
+0.425 « 0.50 227 24.6
+0.50 = 0.60 0.3 0.3 T4.7 99.3
+0.60 = 0.71 1.6 1.9 0.6 99.9
"'0.71 - 0085 4.5 604
+0.85 -~ 1.0 11.3 17.7
‘*1.0 - 1-2 1904 3701
"102 - 1.4 28.4 65.5
+1.4 34.5 100
Test 3ib ~ Bottom Port
Resin (Volume %) | Anion Cation (100)
Bead Diameter Settled Cumalative
Fraction (mm) Volume (%) (%)
-0030
".'0030 - 00425
+ 00425 - 0.50
+ 0,50 = 0,60 0
+0.60 = 0.71 1.3 1.3
+ 0071 - 0.85 16.0 17.3
f0085 - 100 5309 71-2
"'1.0 - 1-2 2304 94.6
"‘1.2 - 1-4 4.1 98.7
+1.4 1.3 100
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TABLE A 3.10 (continued)

Test 3¢ = Top Port

Resin (Volume %) Anion (96) Cation (4)

Bead Diameter Settled Cumulative Settled Cumalative
Fraction (mm) Volume (%) (%) Volume (%) (%)

-0.30
40,30 - 0,425 84.6 84.6
+0.425 - 0.50 1504 100
*0050 - 0.60
+0.60 = 0.71
*0.71 - 0.85
40.85 = 1.0
+1.0 - 1.2
+1.2 - 1.4

+1.4

N
=1 O\ O
[ ]

N O=-1 O
n

Test 3¢ — Centre Port

Resin (Volume %)) Anion (69) Cation (31)

Bead Diameter Settled Cumilative Settled Cumulative
Fraction (mm) Volume (%) (%) Volume (%) (%)

-0.30 0
40,30 ~ 0.425 0.
+0.425 = 0,50 19
£0.50 ~ 0,60 72
+0.60 - 0.71 0 1
*0.71 - 0.85 1 0 1.0
+0085 - 1.0 19 9 2009
+]1.0 - 1.2 6001 8100

17.2
1.7

OO

S NWO
- L] -
O @

AW = o

41.2 - 1.4 98.2
*1-4 99‘9

Test 3¢ = Bottom Port

Resin (Volume %)| Anion Cation (100)

Bead Diameter Settled Cumilative
Praction (mm) ! Volume (%) (%)

-0.30
40,30 - 0.425
+0.425 = 0.50
*0050 - 0.60
+0.60 - 0071
+0.71 - 0.85

2 2.8
19
+0.85 - 1.0 . 54
17
3
1

8

'7 22.5
-4 76.9
‘9 94.8
8 98.6
3 99.9

*1.0 - 102
+1.,2 - 1.4
+1.4




TABLE A 3.11 STANDARD DEVIATIONS.FOR DENSITY AND MOISTURE CONTENT DETERMINATIONS ON

ION EXCHANGERS
EXCHANGER TYPE JONIC|NUMBER [Bead Density (&)} Moisture Content (uv) Skeletal Density ()
FORM of (kg m-3) ' (Volume Fraction) (xg m-3)
RESULTS iMean [Std. Dev. |Mean [Std. Dev. Mean [Std. Dev.
Duolite C20 Gelular Na' 8 1286 6.8 576 .005 710 3.6
Cation Exchanger (DV)
'
Duolite C26 Macroporous |Na* 6 1247 9.6 .619 .007 628 3.3 I~
Cation Exchanger  (DV) ‘T
Amberlite IRA400 Gelular SOE_ 8 1144 9.0 562 .00% 582 4.2
Anion Exchanger (pv)
Duolite A101D Isoporous | C1~ 8 1063 642 537 .004 526 3.0
Anion Exchanger (Dv) '
Dowex TG 650-C Gelular NHZ 8 1232 1.04
Cation Exchanger (sS@GB)
SGB Specific Gravity Bottle

DV Displaced Volums
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Ad.1.2 MIXING AND SAMPLING PROCEDURE
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A4.2.2 CONDENSATE PURIFICATION MIXED BED
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A4.01  VARIATION OF MIXED RESIN RATIO WITH FREE WATER

A4.02  RESIN MIXING PROFILE - MAKE UP MIXED BEDS
A4.03  RESIN NIXING PROFILE - CONDENSATE PURIFICATION MIXED BED
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Deionised Water
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Column Datas

Height = 1300 mms Internal Diazeter - 95 mm

Settled Bed Depth 600 = 610 mm

Anion Exchanger = 2.1 litres; Cation Exchanger = 2.1 litres
Materials

Column - Clear Acrylic Tube 3 um wall thickness

Fized Pipswork = ABS ¥ inch BSP

Valves = ARS ball valves except (a) an ABS Saunders Valve

FIGURE

No.

A4.0)

COLUMN ARRANGEMENT FOR RESIN MIXING TESTS
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A 4.1 RESIN MIXING COLUMN TESTS

A 4.1.1 COLUMK ARRANGEMENT

The column was the same as that described in Appendix 3 except that
provision was made for the admission of mixing gas into the pipework.
below the column base plate and bed support. The general arrangement
of gas supply, control and admission to the column is shown in

Figure A 4.01. The mixing gas was vented to the atmosphere at the

top of thée column.

Compressed nitrogen at 130 bar pressure in the cylinder was reduced
in pressure and the flow controlled and monitored by a British
Oxygen Co. type S 60 MG regulator. Nitrogen was used for mixing as
the available compressed air cylinders were n6t suitable for use
with the S 60 MG regulator in this application. The suspended ball
flow meter on the S 60 MG was factory calibrated for 0 — 10 litre
minute > oxygen flow and it was assumed that nitrogen would be
similar. It was not considered necessary to bave an accurate gas
flow calibration as all tests would be operated at a gas flow well

above the minimim for good mixing.
A 4.1.2 MIXING AND SAMPLING PROCEDURE

2.1 litres {settled volume) each of conditioned cation exchanger
Zerolit 525 (N& —> H' form) and conditioned anion exchanger

Zerolit FF(ip) (01— OH form) were loaded into the column and the
top collar and plate replaced. The vent valve (v) (Figure A4.01)
was opened and the resins backwashed with water from the header tank
via valves (b) and (o) to ensure maximum separation. The settled
bed depth of separated resins was 610 mm. Ths water above the bed
was drained via valve (d) to give the desired level of free water
above the upper surface of the resin. Valve (d) was closed and
valves (a) and (c) opened to admit the mixing nitrogen gas. The

gas flow rate was adjusted to an indicated 10 litres per minute
using3the 8 60 MG Tegulator. This was equivalent to

14 0° m 2

n 2 minute L gas flow rate, well above the minimum £low rates
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2 2

of 0.85 m> m 2 minute T (211) and 1.0 m> m 2 minute ™t (140) noted

by earlier workers. Valve (e) remained closed at all times.

After 10 minutes mixing the gas flow was stopped, valves (a) and (<)
closed and the mixed resins were allowad to Bettls under gravity.
When settled, the level of free water was again measured. and was
generally slightly greater than at the start. Both before and after
depths of free water are given in Table A 4.01. The small increase
wag due to two factorss the lower voidage of a mixed bed compared to
a backwashed bed, giving & smaller bed height for the former and

also a small volume of residual water below the bottom collector,
left after draining down, being pushed into the bed by the mixing gas.
The settled bed haight after mixing was about 10 mm less than the bed
height with separated resins. If there was an upper layer of pure
anion exchanger iis depth from the upper resin surface was estimated
(Table A4.01).

Once the bed had settled it was:drained down completely via valve (d)
to remove the majority of the interstitial water. The plugs in the
sample ports were then removed and a 20 mm diameter thin walled brass
tube inserted intoc each port and pushed slowly, horizontally across
the bed. The core tube was rotated and slowly withdrawn bringing
with it a core containing about 25 ml of mixed resins. Each core

was washed into a glass screw topped jar for subsequent mixture

analysls.

The plugs were replaced into the sample ports and a volume of mixed
resina equal to that sampled was returned to the bed, and the bed
once again backwashed to separate the mixed resins. The free water
above the separated resins was drained to a different level and the
mixing, draining and core sampling procedures repeated. Eight mixing
tests were carried out with initial free water depths varying from

0 =190 mm.

A 4.1.3 RESIN MIXTURE ANALYSIS

The method of differential flotation in saturated sodium chloride
solution was used, as described in A 3.2. - PFrom the settled volumes

of separated resin the total sample volume and the percentages of
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cation and anion exchanger were calculated. The latter figures are
recorded in Table A 4.01 for each of the three sample cores in the

eight mixing tests.

A 4.2 SAMPLE CORES FROM PLANT MIXED BEDS

The samples taken from full scale mixed beds after normal mixing were
not taken by the author and were not intended primarily as samples

for estimating the mixed resin profiles down a bed.

A 4.2.1 MAKE UP MIXED BEDS3

The samples depicted in Figure 4.0} were taken by the operating staff
from two identical mixed beds operating in parallel. The samples
were intended solely to examine resin from different bed depthas and
the sample depths supplied by the operators are only approximate.
Nevertheless, when analysed the samples showzd the patiern of cation

exchanger rich lower layer, anion exchanger rich upper layer.

Because more sample was available a different technique of resin
separation was used. About 100 ml of mixed resina was added to 2

25 mm internal diameter clear perspex column, 600 mm long with a
porous polyethylena support 2t the bottom. The top of the column
was ¢losed with a rubber bung that had a hole through it and a nylon
hose connector inserted in the hole. A tube led from the hose

connector to waste.

The resin was backwashed with tap water at a flow rate sufficient to
fluidise and separate the resins but not high encugh to wash the

anion exchanger out of the column. When separated, the water flow

was inoreased and the upper layer of anion exchanger was washed out

of the column, collected on & fine mesh sieve and placed in a 100 ml
measuring cylinder. Next the intermediate Zone of mixed large anion
and small cation exchangers werz washed out of the column. The iwo
resins were separated by sieving out the large anion exchangers on a
0.71 mm mesh sieve, the smaller cation exchanger beads passing through.
The anion exchanger was added tc the previous collected volume.

The cation exchanger was simllarly stored and to it wes added the

remaining separated cation exchanger from the columms. The separated



- 239 -

resin volumes and the percenttée of each exchanger in the mixture
are given in Table A 4.02.

This rather complicated method of separation was used because the
separated samples were required for further analyeis and contact with

saturated brine would have altered the condition of the resins.

A.4.2.2 CONDENSATE PURIFICATION MIXED BED

In this example (Figure 4.04) the same charge of resins in the same
operator vessel was sampled at the end of one cperating cycle and
again at the end of the next operating ecycle after an external
regeneration. The mixed bed was mixed 'blind' by an operator in =
separate building 100 m away. The vertical sample cores were taken
by colleagues using a 100 mm diameter poat hole auger, which extracts
a core about 150 mm deep. The technique was to use the auger to
extract a vertical core in 150 mm segments and retain those at the

appropriate bed depth as indicated by marks on the auger handle.

The mixed resin ratio for these samples was estimated by backwashing
a 100 = 150 ml sample in the column described above (A 4.2.1) and

then allowing the separated resina to settle. DBecause there was
sufficient colour difference between the exchangers it was pomsible

t0 measure the settled bed depth of each resin and estimate the mixed
ratio in the small overlap zone. Therefore, the separated resin
depths were proportional to the mixed resin ratioc in the core samples.

Both separated resain depths and percentnges are gilven in Table A 4.03.



TABLE A 4.01

VARIATION OF MIXED RESIN RATIO WITH FREE WATER DEPTH.

SAMPLE CORES TAKEN AT 70, 270 and 470 mm ABOVE THE BOTTOK OF THE BED.

Depth of Free Water RESIN MIXTURE IN SAMPLE CORES Depth of
{mm) TOP SAMPLE CENTRE SAMPLE BOTTOM SAMPLE 1004 Anion
(470 mm) (270 om) (70 mm) Exchanger Not
) otes
Prior to After Anion | Cation | Anion Cation | Anlion |Cation at top of
nixing wixing Exch(%) Exch(%)| Exch{%)] Exch(%) | Exch(€)|Exch(%) bed (mm)
[STow mix, pronounced slugging, voids left
0 10 49 51 48 52 49 51 3 throughout bed.
Slugging in bottom half of bed leaving
T 15 49 51 48 52 48 52 5 oidse,
Fluid mixing
20 30 36 64 44 56 46 54 20
30 45 39 61 40 60 46 54 - Fluid mixing
55 65 58 42 25 5 47 53 60
100 110 95 5 19 81 40 60 150 Fluid mixing 115 secs to settle bed.
120 140 97 3 19 81 35 65 175 Very fluid mixing.
190 195 97 3 20 8o 23 11 180-200 lvery fluid mixing.

- obe -



MIXED RESIN PROFILE DATA FOR MIXING IN
IDENTICAL IN-SITU REGENERATED MIXED BEDS.

TABLE A 4.02

SAMPLE DEPTH MIXED BED 2 MIXED BED 3
BELOW TOP OF Separated Sample Resin Mixture (%) Separated Sample Resin Mixture (%)
BED (m) Resin Volume (ml) Resin Volume (ml)
Anion Cation Anion Cation Anion Cation Anion Cation
Exch ! Exch Exch Exch Exch Exch Exch Exch
0.3 38.6 | 1.7 96 4 83.8 | 1.7 96 4
0.61 35.7 17.3 617 33 39.5 7.0 85 15
0.61 - 0.85 15.5 28.5 35 65 16.0 28.0 16 64
0.85 - 1.1 12.5 26.5 a2 67 - - - -
3

Mixed Bed: 1.82
2.13 m diameter

m- each of anion and cation exchanger in a

vessel = thed depth 1.1 m

- e -



TABLE A 4.03  MIXED RESIN PROFILE DATA FOR REMOTELY
MIXED CONDENSATE PURIFICATION MIXED BED

ON TWO SEPARATE OCCASIONS.

Sample Depth MIXED BED SAMPLED 2.4.79 MIXED BED SAMPLED 25.4.79 -
Below Top of Separated Sample Resin Mixture (%) Separated Sample Resin Mixture (%)
Bed (m) Resin Height (mm)| Resin Height (mm) |
Anion Cation Anion Cation Anion Catlon Anion Cation
Exch Exch Exch Exch Exch Exch Exch Exch
TOP 105 3 99 1 320 10 97 3
0.30 110 7 98 2 280 30 90 10
0.61 145 165 45 55 145 155 48 52
0.91 10 245 22 78 125 200 18 62
1.22 110 23 32 68 135 190 41 59
1.52 130 210 38 €2 175 220 44 56

Mixed Beds: 4.25 m3 each of cation and anion exchanger

in 2.44 m diameter unit ® bed depth 1.82 m.

- 2vz -
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FIGURE A5.01 ELECTRON MICROGRAPHS OF ANION EXCHANGE RESINS
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FIGURE A5.01 (continued)
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A5.1 SCANNING ELECTRON MICROGRAPHS OF NEW ANION EXCHANGER RESINS

The scanning electron micrographs were obtained on polarocid film
using a Philips Model 505 Scanning Electron Microscope.

The magnification is 10,000 times and micrographs of the external
and internal structure wers obtained. The resin samplee ware
prepared by soaking in propan-2-o0l to remove internal moisture and
then air drying. This process keeps the internal structure morse
open than air drying the moist resin. Some of the dried resins were
cut open with a scapel. Whole beads and part beads were mounted on
aluminium stubs using a silver DAG adhesive. The mounted resins
were coated with a thin layer of platinum to provide a conducting
path between resin and stub.

A5.1.1 MATRIX CONFIGURATIONS

The two éelular styrene resins show no visible matrix structure, the
polymer being continuous. The large holes in the isoporous resin are
characteristic of this type of polymer but are not considered as
pores. (Figure 45.0la and b).

The gelular acrylic resin typically has the wrinkled surface shown
in Figure A5.0l¢. This wrinkling may be the product of resin drying.

The internal structure looks very similar.

The macroporous resins show a greater variation in both bead surface

and internal structure. Al61 (Figure A5.01d).has an almost smooth
surface, while definite pore openings can be seen in the surface of

the IRA900 and Z-MPF resins. {Figures A5.0le and f). . Internally

the Al61 and IRA900 matrices are similar (Figure i5.01g) 2nd a

definite siructure of agglomerated microspheres can be seen. The
internal structure of Z-MPF is quite different (Figure A5.01h)
consisting of much larger and more angular granules in the agglomerates.

Subsequent examination of other macroporous resins has shown that a

surface skin over a coaser internal structure is a common feature.
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TABLE A5.01  CONDITIONING CYCLE

Regeneration:

Displacement rinses

Fast rinse:

Exhaustion:

Displacement rinse:

Fast rinse:

10 1itres of 1M NaOH injected at 5 litres per hour
5 1itres of deionised water injected via dosing
pump &t 5 litres per hour.

Delonised water at 30 litres per hour until +the
column outlet conductivity fall below 2gpScmf1.

1C 1itres of 1M NaCl injected at 5 litres per hour

As above

As above

TABLE A5.02  ANION EXCHANGER REGENERATION

Regenaration level:

Regensrant injection:

Displacement rinsas

Fast rinse:

80 g NaOH per litre resin.

3=4 litres per hour, minimum injection time of
20 minutes.

2 Bed volumes of deicnised water at the same
flow rate as the regenerant injection.

Deionised water at 36 hed volumes per hour until
the conductivity at the column outlet is

< 10 ps en L.

Note: 1 Bed volume = settled volume occupied by resin.
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A5.2 CONDITIONING, PREPARATION AND REGENERATION OF RESINS

A5.2.1 APPARATUS

Resin conditioning was carried out ina 0.7 m long, 95 mm diameter
column that was inserted in place of the polishing column in the
kinetioc test apparatus. (Fig 5.02). This gave a ready supply of rins~
ing and backwashing water. The column construction was similar to that
described in A3.3.1 except that there were no sampling ports. The
column could accommodate up to four litres of resin. The general

arrangement of the conditioning column is given in Pigure A5.02.

Deionised water from the header tank E could be directed, by means
of valves, either to the base of the column to flow upwards and out
viz the vent line V or down through the column and then via the
| conductivity cell P and flow meter W to waste. Regenerant or
exhaustant solution was held in resevoir Y, a 20 litre polyethylene
container, and was pumped via the dosing pump V (Nikkiso diaphragm
displacement pump type BZ 10) to the top of the column through the
resin and to the waste solution sump. Care was taken not to
introduce regenerant/exhaustant into the conductivity cell P. When
rinsing a resin with deionised water, via P and W, the valve leading
to the sump was opened slightly to ensure any chemicals left in the

dead leg were not eluted into the rinse water.
A5.2.2 CONDITIONING NEW ANION EXCHANGE RESINS

All the anion exchangers were received in the chloride form. Three
litrea of a resin were loaded into the column and backwashed to
remove any debris. Conditioning, t0 elute manufacturing residues
and ensure the resin was in a standard form, consisted of alternate
regeneration with 1M sodium hydroxide solution and exhaustion with
1M sodium chloride solution, with intermediate rinsing, for three
cycles. The solution volumes, injection rates and rinse conditions

for one cycle ars given in Table A5.01.
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A5.2.3. SIEVING NEW ANION EXCHANGERS

The conditioned chloride form resins from the procedure in A5.2.2
contained the normal size range of resins from 0.3 — 1.2 mm,

although not all the different types would have the same distribution
or mean bead diameter. To minimise the extremes of the distributions
all conditioned samples were wet sieved to remove those beads abova
1.0 mm and below O.5 mm. Two sieves, each 0.6 m diameter, with
stainless steel mesh sizes 0.5 mm and 1.0 mm (BS 410 )} were

used and the resine washed through with deionised water.

A5.2.4 ANION EXCHANGER REGENERATION

All the anion exchange resins whether new, deliberately fouled or
taken from operational plants were all regenerated in an identical
manner. Jlhe regeneration level was 80 g NaOH per litre of resin
injected 28 a 1M solution, ie the volume of regenerant was adjusted
to the volume of resin being regenerated. The procedure is outlined
in Table A5.02,

The volume of resin regenerated varied with the test conditions.
For the new and deliberately fouled Tesins it was one litre, but
for the samples from operational plants it could be as 1ittle as
0.5 1litre, although one litre was preferred.

A%.2.5 CONDITIONING RESINS FROM OPERATIONAL PLANTS

Resing that are sampled from operating plants m&y be exhausted or
partially rcgenerated. It is desirable to fully exhaust them before
regensration to put them in & standard state. However, in order to
agges3s their performance potential it is necessary to retain any
foulants on the resin. Use of 1M NaCl as an exhaustant is likely

to elute organic foulants, therefore an excess of 0.05M NaHCO. was

3
used to exhaust the resin. The low selsctiviiy af the resin for
Ncho3 is unlikely to displace significant quantities of organic

foulants at the concentrations smployed.
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PABLE A5.03 CATION EXCHANGER CONDITIONING

Delivered form:
Pre-conditioning:

sodium

goak in water for two weecks{minimum) and then
backwash to remove eluted sulphonated residues.
Four litres of resin loaded into regeneration
column. '

A Sodium form cycle = 3 oycles

Regenerations
Displacement rinse:

Fast rinses

Exhaustions
Displacement and
Fast Rinse:

Final Regeneration:

Displacement and
Fast Rinse:

10 litres 1M HCl1l injected at 5 litres per hour
5 litres deionised water at 5 litres per hour
Deionised water at 30 BV hr-1 until column
outlet conductivity below 20 };s cm-l

10 litres 1M NaCl solution at 5 litres per hour

As above

8 litres of 1M HCl at 5 litres per hour

(73 g HC1 per litre resin)

As above but to £ 10 S cm-'1 outlet conductivity

B Ammonium form cycle

Conversion:

Regeneration:
Displacement and
Fast Rinse:
Exhaustions
Displacement and
Fagt Rinse:

Pinal Regenerations

Displacement and
Fast Rinse

20 1itres 0.5M (NE,),S0, at 8 litres per hour
to convert E;’—?NHE form
10 litres 0.5M H2'SO4 at 5 litres per hour

As above in A

10 litres 0.5M (HH4)2SO4 at 5 litres per hour

As above

16 1litres of 0.5M sto4 at 8 1litres per hour
(200 g 32504 per litre resin) -

As above but to a conductivity of £ 5)18 e:m-'1
at the column outlet.
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FIGURE A5.03 KINETIC TEST RIG AND TEST COLUMN
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A5.2.6 CONDITIONING AND REGENERATION OF CATION EXCHANGERS

A single production batch of Amberlite IR200 macroporous cation
exchanger has bezn used for all column tests. For the new and
deliberately fouled anion exchanger tests the cation exchanger was
conditioned to and regenerated from the sodium form, but for the
tests with operational plant samples the cation exchanger was
conditioned to and regenerated from the ammonium form, the most
likely ionic form of a CPFP cation exchanger.

Table A5.03A gives the procedures for sodium form resin conditioning
and rageneration, Table A5.03B the procedures for ammonium form resin
conditioning and regeneration. The sodium form resin was regenerated
with hydrochloric acid to minimise residual sulphate elution from

the regenerated resin. The ammonium form resin was regenerated with
sulphuric acid, typical of full scale plant conditions. Three

conditioning cycles were run for each resin.

Prior to conditioning the new resins were left atanding in water.
This eluted considerable amounts of dark coloured sulphonated
manufacturing residues, which were back-washed away when the resin

wag first loaded into the column.

A5.3 TEST RIG CONSTRUCTION AND OPERATION

5ut11nes of the test column operation have been presented in section
563 together with diagramatic representatiocna of the flow paths.,
Figure A5.03 is photographs of the test column apparatus in its
final state as described in section 5.3.10. The mixad bed test
column is to the left and the regeneration column to the right.

The conductivity recorder is centre right and the éodium ion monitor
centre left. The heater/cooler units are at the far right hand side.
Table A5.04 is a list of the main materials of construction and types
of equipment.

A5.3.1 MIXED BED TEST COLUMN

The mixed bed test column was a clear acrylic tube 1250 mm long,

51 mm internal diameter and 3 mm wall thickness. The end terminations
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TABLE A5.04 XINETIC TEST COLUMN RIG CONSTRUCTION

Framework: speedframe 25 mm square steel tube

(a)
(B)
(D)
(E)
(F)

()

(H)
(3
(L)
(W)
(P)
(1)

Storage tanks - 2 x 200 litre (50 gallon) polypropylene

() Cooler/Heater - Grant types FC20 and FH15

Pump to Header Tank - Stuart Turner Centrifugal 100W

Header Tank- 60 litres cepacity polypropylene

Booster Pump = Little Gilant 4MD. Magnetically coupled centrifugal
bump

Test Column - Clear acrylic 51 mm internal diameter, 3 mm wall
thickness

Industrial pH cell - Kent Type 10lA

Conductivity Cell (Inlet) - XIM type EFC.Cell constant 0.l

Influent Dosing Pump = Gilson Minipuls 2,4 channel pump

Flow Controller = Platon Type FVA O - 10 litre min-l

Conductivity Cell (Outlet) = XIM type EFD. Cell constant 0.01

Flow Meter — Platon Type  PGU O — 10 litre min™t

Pipework and fittings : Half and three quarter inch BSP pipework in

acyrlonitrile butadiene styrene {ABS)

Valves : ABS bodied ball valves

Conductivity Recorder : KIM RC250L 3 point

Sodium Analyser : KIM Model 89 specific ion analyser using a sodium

responsive glass electrode, Linked to KIM model

7050 pH/pIon meter.
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of the column were of a similar pattern to that described in A3.3.1
for the 95 mm diameter column, ie a recessed hase plate and collar
with an intervening '0' ring seal. The base plate and collar ware
113 mm overall diameter, machined from 25 mm thick acrylic block.
Three bolts 60 mm long clamped the base plate and collar together.
The base plate had a half inch BSP threaded inlet/outlet connection.

The reain support was of a gimilar pattern to that descridbed in
A3.3.1,ie a 12 mm thick perforated acrylic disc covered in fine mesh
(TOIpm) stainless steel gauze. There were 61 perforations, each 2 mm
diameter. The perforated support plate was glued into the test
column with the upper surface 30 mm above the base of the column.
This was to ensure plug flow conditions were maintained right through
the bed and the narrower outlet connection at the base of the column
had little influenca. The 40 ml volume chamber beneath the suppert

- plate was displaced every 1.3 seconds at the lowest flaw rate.

A5.3.2 POLISHING MIXED BED COLUMNS

Two different arrangements of polishing mixed bed column were used
(sections 5.3.5 and 5.3.10). 1In both cases 95 mm internal diameter
columns were used with end plates and resin support plates as

described in A3,3.1. In the earlier tests (Section %.3.5) the polishing
column was 70O mm long and contained 2.0 1 of highly regenerated
resins, in a 1l:l C:A mixture, while in the later arrangement

(section 5.3.10) the column length was reduced to 500 mm with 1.5 1

of mixed resins in a 213 ratio of cation:tanion exchanger. The ratio

of anion exchanger was increased as dissolved carbon dioxide was the

major impurity in the column feed from the header tank.

A5.3.3 TEST COLUMN OPERATION

The deionised water in the lower storage tank was topped up from an
Elga barrel 2000 deioniser. Circulation was set up between the
lower storage and upper header tanks and the heater/cooler units
switched on to adjust the bulk water temperature to 20 °¢. while
the water tempersture reached equilibrium a mixed bed was prepared
in the test column as described in section 5.3.6.
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TABLE A5.05 COFNDUCTIVITY (20 °c) OF DOSED INFLUERT

Influsnt Concentration Conductivity
(pg k™) (pea 17 | (s en™)
1480 ye kg 1c1™" as NaCl 41.7 4.79
2960 pg kg €170 as NaCl 83.4 9.54
5920 pg kg-]'Cl-l as NaCl 166.8 19.04
2000 pg kg'lsof-;" as Na,S0, 41.7 4.90
4000 ng kg-lsoi- as Na.2804 83.4 9.76
8000 pg kg-]'SOi- as N2 30, 166.8 19.48
5165 pg kg'lno; as. Nal0, 83.4 9.19
4000 pg kg-lﬂmi- as Na HPO, | 83.4 8.04

DOSING SOLUTION/PUMP TUBE COMBINATIONS

Pump tubes were either a pair with l.14 mm internal diameter or a

pair with 1.85 wm internal diameter.
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%hen the bulk water supply had reachsd 20 °C the polishing mixed bed
was brought into the circuit and operated at 2 litres min-l flow
rate. Once the polishing mixed bed had rinsed down to give water
<0.1‘ps cmfl conductivity the test mixed bed was brought into the
circuit. The test column outlet conductivity was allowed to stabilise,
normally about 0.05/p3 cmj} and the booster pump switched on. The
flow controller on the column cutlet was then used to set the flow
rate. Flow was measured by timing the collection of one litre of
water. The measuring cylinder used for collection was calibrated

by weighing 1 kg of water into it. The 1.85, 3 and 4 litre per
minute flow rates represented the collection of 1 litre in 32.4,

20 and 15 seconds respectively. Timing was by means of a stopwatch
calibrated to 0.1 seconds.

The flow rate was initially set at 1.85 1 minrl and , when the test
column outlet conductivity had stabilised, a sample of the outlet was
taken with no influent dosing. All samples wers tazken in 500 ml
screw capped polyethylene bottles. These bpttles were conditioned by
filling and standing with deionised water several times over a two
week period and were always left full of deionised wzter. Each
bottle was marked with a particular flow rate/doaing concentration

and was used only for that combination.

Aa described in section 5.3.7 sodium chloride ¢r sodium sulphate was
dosed into the test column influent at concentrations of 1480, 2960
and 5920 pig kg ICl or the chemically equivalent 2000, 4000 and
8000’pg kg-1 304. Dosing was controlled by the column inlet conduct-
ivity. Table A5.05 gives the conductivity values {20 °c) equivalent
to the various dosing concentrations. The speed of the infinitely
variable peristaltic pump used for dosing was adjusted to give the
required conductivity. Two different sized pump tubes were used to
obtain the necessary range of doasing rates to cover a four fold

increase in concentration and a two fold increase in flow rate.

Minor differencea in procedure were used for the in service fouled
resins. The wmodified apparatus now contained the polishing mixed bed
in line before the dosing point (Figure 5.05). Therefore, once the
watar temperature had stabilised at 20 °c, the flow was directed
through the polishing and test mixed beds. The test column flow
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TABLE A5.06 DOSING CONDITIONS FOR IN SERVICE FOULED RESINS

(FLOW RATE 100 mh™ 1)

Influent Concentration

Influent Conductivity

Dosing Solution

(yS cm-l) (20 %¢) Molarity
100 pg ke~l01 as ¥aCl 0.36 0.02
250 " " " 0.84 0.02
500 " " " 1.65 0.02
1000 * " n 3.25 0.2
2000 " " " 6.46 0.2
5000 " n " 16.09 0.2
135 ps kg‘lso4 as Na,S0, 0.37 0.01
338 » " n 0.86 0.01
616 " n " 1.68 0.01
1350 " " " 3.32 0.1
2700 ® " n 6.60 0.1
6760 © " " 16.47 0.1

Pump tube 1.29 mm internal diameter.
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was run under gravity from the header tank until the inlet and outlet
conductivities had stabilised. A single pump tube size was used on
the dosing pump and the dosing solution concentration varied to
achieve the necessary range of influent concentrations. Table A5.06
gives the influent conductivities and dosing solution concentration
details.

A5.4  INSTRUMENTATION AND ANALYSIS

A5.4.1 CONDUCTIVITY

Aqueous solution conductivity is the reciprocal of the resistance
of the solution. lhe resistance is measured &s one arm of an a.c.
bridge ¢ircuit cell with electrodes of known dimensjons. Commercial
conductivity cells have dimensions such that the cell constant is =
factor of ten times unity. In order to widen the measurement range

of a cell it is normal to include a replaceable range resistor.

The three conductivity cells used on the test rig were manufactured
by K.I.M and the bridge circuit was incorporated into a three channel
chart recorder (type RC250L) that read two decades of conductivity.
In order to fix the measurement range of a cell it is normal to
include a fixed resistor in the circuit Table AS5.07 gives the
conductivity ranges for cells with cell constants 0.01 (test column
outlet) and 0.1 {test column inlet and regeneration side) for the
normal resistor values of 1K, 10K, and 100K ohm. To increase the
flexibility of conductivity measurement each conductivity measuring
circuit incorporated a switch that could vary the range resistor
between the three quoted values. This was particularly used for the

influent dosing and regenerant rinse down conductivity measurements.

Influent and effluent conductivity were monitored and recorded

throughout each teast run.
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TABLE A5.07 CONDUCTIVITY CELL RANGE RESISTORS

Rayge Resistor 100 k ) 10 k L2 XN
Cell Constant

0,01 0.01~1.0pSem+ | 0.1-10uScm © | 1.0-100uSen™

0.1 0.1-10pSem = |1.0-100pSem™! | 10-1000pSem™1

A5.4.2 SODIUM ION ANALYSIS

The sodium ion responsive glass electrode was the only available
method for monitoring sodium ion concentrations in the O =20 pg kg_lﬂa
region. A K.I.M model 89 specific ion monitor was used to house

the glass elsctrocde and the saturated calomel reference electrode.
Integral periataltic pumps fed in the sample, drawn from the test
column outlet sample point, and the ammonlia vapour buffer. The
potential difference betwean the glass and reference electrodes was
fed to a K.I.NM model 7050 pH/p ion meter which in turn fed 2 signal

to & chart recorder.

The sodium responsive glass electrode also exhibits a small reaponse
to the ammonium ion intraduced by the buffer. The theoreticazl limit
of detection for the glass elctrode with ammonia buffer is

0.3 pg kg™* Fa (239).

Becausze of the problems with maintaininglpg kgfl lovel sodium
standards free from contamination, calibration was carried out before
each run with standards containing 100, 500, 1000 and 2000,ng kgrlNa.
The glass electrode response is a straight line log concentration vs
millivolts, ie Nernstian, correlation (239) and the calibration was
extrapolated back to 1 ng kg-l Na, a standard procedure. Following
¢alibration the electrode assembly was fed with test column outlet
water to re-establish the undosed, base line conditions.

Each sodium chloride or aodiﬁm sulphate dosing condition lasted for
about five minutes. In this time period the response of the glases
gelectrode rose to about 95% of its equilibrium valus. This was
considered acceptable.
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TABLE A5.08 HPIC LATER CONDITIONS

Concentrator column

Guard column

Separator column

Suppressor coluan

Eluent

Eluent Plow Rate

Chloride peak retention

Sulphate peak retention

Loading pump

Integrator

AG2
AQ2
AS2
continuous fibre type

0.001M NaQH +0.0035M Na,.CO

2773

3.5 ml mint

270 secs
900 secs
Milton Roy Type 396-T4

Trivector = Trilad II
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A5.4.3  ANION ANALYSIS

Anion analysis, C1°, NOE, HPOE', soz‘, was undertaken by high

pressure ion chromatography (HPIC). The technique is a recent
development (144, 145) and basically consists of a low capacity, high
surface area packed column of anion exchange resin which, due to its
differing selectivity for various anions, effects a separation. The
anions are eluted by an alkaline (bicarbonate/carbonate) eluent and
appear in a definite sequence. The anions are detected by conduct-
ivity changes and to enhance the conductivity peaks the solution of
eluent plus anions is passed through a cation exchange column. This
converts the anions to their more conducting-acids but suppresses the
background conductivity of the eluent as it is converted to weakly
ionised carbonic acid. The conductivity trace is output to a chart

recorder.

The technique is not sensitive enough to directly determine

0= 5°‘P8 kg-l concentrations of anions and a water sample is first
passed through a separate column of anion exchange resin to
concentrate them before being eluted onte the separation column.
(Figure A5.04).

The analysis was carried out using a Dionex model 10 HPIC (Dionex UK).
This was one of the first commercial HPIC instruments available and
the sample analysis for the new and deliberatly fouled resins was
carried out with resins packed in glass columns and individually
regenerated suppressor columns. Developments in HPIC, especially
column technology, have advanced rapidly. The HPIC arrangement for
analysis of samples from the in service fouled resins, incorporated
a number of modifications, including separetor columns that gave
improved separation of C1™ and soi', a continuously regenerated
suppressor column and a microprocessor link to the instrument that
both integrated the peak areas and controlled the instrument
opsration. (Table A5.08). Included in this table is the column
identification or dimensions and the eluent concentration and flow

rate.

Pigure A5.05 is an example of the later type conductivity traces
for HPIC. Each peak, designated by peak height or peak aresa,
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corresponds to a particular mass of that particular ion. To convert
this to a sample concentration the volums of sample loaded onto the
concentrator must be known accurately. In the early work the waste
sample was collected in a measuring cylinder, a typical volume was
around 70 mle. In the later work, with greater peak definition from
improved separator columns and controlled sample loading, a 40 ml

sample was used.

The instrument was calibrated at the beginning and end of each batch
- (as NaC1)
and 25ng kgfl soi- (as Na2304). The standa:i was prepared freshzeach
day from a stock solution containing 5 mg kg = each of €1~ and 804"

diluted into the best available deionised water, often from the test

of analyses by loading a standard containing 25 pg kg

¢columnsg.,
The limit of detection for chloride was ¢ 0.1 g kgl C1 but for
sulphate was 0.3‘pg kg-l SO4. The latter was partly because of the
flatter peak for sulphate but also because the instrument appeared to
have a 'sulphate blank'. This ias a feature of many Dionex systens
and has been demonatrated to be due to the stainless steel bodied
¥ilton-Roy sample loading pump. Replacement of this pump with a
plastic bodied pump has subsequently reduced the sulphate background
=1
to ¢ 0.1/pg kg 304.

A5.4.4 EXTRACTABLE ORGANIC FOULANTS

The method is based on that of Wilson (240).

About 10 gram. of anion exchange resin was spresd on a petrl dish and
allowed to dry at room temperature overnight. About 1 g of air

dried resin was weighed accurately in a tared tin and then placed in
an oven at 105 °¢ overnight. The oven dry resin was rewsighed and
the moisture content of the air dried resin dstermined by loss of

welght on drying.

A second 1 g aliquot of air dried resin was added to & 250 ml conical
"flask to which waa added 100 ml of a solution containing 100 g NacCl
and 50g NaOH per litre of 50% aqueous/absolute ethanol solution.

The extractant was allowed to contact the resins overnight, (minimum
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of 16 hours) after which the resins were filtered from the extractant
which was diluted to 25C ml with deionised water. 50 M1 of the
diluted extract were diluted to 150 ml and 6 ml of 5M HCl added.
The solution was heated to 75 %¢ to dissolve any colloidal hydroxides
cooled and then made up to 200 ml. 0.5 M1 of 1 volume hydrogen
peroxide solution was added to oxidise any ferrous to ferric ion,

as ferrous ians interfere with the UV adsorbance. The UV adsorbance
of the diluted extract was measured at 300 nm using water as the
reference in 40 mm quartz cells. The UV adsorbance was related to an
equivalent concentration of fulvic acidsa using Wilson's cerrelation.
The extracted mass of fulvic acids could them be related to the

oven dry weight of the resin.

The method initially used a four hour extraction period. However,

in the course of this work it was found that gelular resins released
more organic foulants if left in contact with the extractant overnight.
Four hours was sufficient for the macroporous reains due to their

more open structurs. Therefore, a standard extraction of a minimum

of gixteen hours was adopted.

A5.4.5 BEXTRACTABLE IRON

A lg aliquot of the air dried resin in AS5.4.4 was weighed and added

to 100 ml of 10M HC1l in a 250 ml conical flask. The resin and acid
were boiled for four hours and the resin filtered from the extractant.
The acidic extractant was diluted with deionised water and the iron
concentration determined by 2tomic absorption spectrophotometry. The

iron concentration was expressed as weight percent Fe on the dry resin.
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TABLE A5.09 SIEVE ANALYSES FOR NEW ANION EXCHANGE RESINS

Sieve = % Settled Volume in Each Size Fraction
Size

Fraction IRA IRA IRA A A z
{mm) 402 458 900 101D 161 MPF
-1.2 +* 1.0 0.3 7.0 8.9 1'9 0.5 6.4
"'1 0 Ib0085 1300 3202 4104 1705 7.7 36'4
-0-85 +* 0.71 2701 22.0 21 07 20.3 20.8 23.9
~0.,71 +0.60 3T7.5 20.71] 21.2 4.4 38.6 24.5
0,60 +0.50 19.3 13.9 5.9 22.2 27.0 8.2
-0-50 +0.425 2.9 4.1 1.0 3.8 5.3 0.6
Sauter

Mean Diameter 0.66 | 0.T4| 0.79 | 0.67 | 0.63 |0.77
(mm)

2 «1.2 +1.0 mm means the beads passing through a 1.2 mm mesh

sieve and held on a 1.0 mm mesh sleve.
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TABLE A5.10 MIXED BED TEST COLUMN LEAKAGE DATA. ~
NEW ANION EXCHANGEES (ex Chloride form)

CHLORIDE DOSING 20 %
Linear Flow Rate 55 90 120
(a2l

Influent Dosing (ug kg 1CI) 1480| 2960] 5920| 1480 2960| 5920 1480] 2960] 5920

Resin Column lLeakmge
Chloride pg kg 101 [0.5 [0.4 [0.4 0.5 [0.5 0.6 [0.6 0.7 (1.1

Ambarlite

IRA402 | Conductivity uSca | 0.045| 0.045|0.045|0.044] 0.045|0.046 0.045| 0.046|0.048
Sulphate g kg 750,(0.6 (0.6 [0.5 0.5 (0.5 {0.5 [035 (0.5 |o.a
Sodium pg kg Wa |0.7 0.7 |0.7 [0.7 {0.8 [1.0 |0.9 [1.1 1.4
Chloride pg k& ¢l [0.6 [0.4 [0.5 {0.7 |0.9 2.3 [0.7 1.4 2.4

Amberlite

IRA458 | Conductivity uScm 1| 0.046| 0.046|0.047]0.047 0,048 0.050 0.049] 0.051]0.057
Sulphate pg ke 150,[0.6 |0.5 (0.5 [0.5 |0.7 [0.7 [0.5 [0.6 [0.5
Sodium pg kg THa  |0.7 | 0.7 [0.7 [0.7 [0.7 0.9 10.7 [0.9 |1.3
Chloride yg kg‘101 1.0 [0.6 [O0.7 (0.8 [0.9 [2.1 [1.5 [2.8 [5.1

Amberlite

IRA900 | Conductivity mSca | 0.047| 0.046|0.049]0.048| 0.049} 0.055 0.052| 0.056]0.067
Sulphate ng kg"lso4 0.7 (0.5 |0.9 0.7 |0.5 (0.6 [0.6 0.6 [0.6
Sodium pg kg Na |0.7 [0.7 |0.8 (1.0 [1.2 [1.5 [1.6 |2.2 |2.8
Chloride pg xg €1 (0.5 [0.6 [0.4 [0.5 [0.5 (1.3 |0.7 {1 [2.6

Duolite

A101D Conductivity )as;m"l 0.044| 0,045 0.044|0.045| 0.045] 0.046| 0.045| 0.0460.049
Sulphate pg kg 50,1045 0.6 |0.5 [0.5 {0.6 |0.5 |0.6 [0.5 {0.5
Sodium ng kg 1Na |0.7 |0.7 10.7 {0.8 [0.8 0.8 10.9 [1.0 |1.1
Chloride ng kg ¢l |0.6 0.6 0.7 {0.4 0.7 [0.9 {0.8 1.3 (1.8

Duolite

1161 Conductivity pScm +|0.048) 0.048(0.048(0.050 0.051}0.051| 0.052| 0.055(0.058
Sulphate ng ke '150,11.0 (0.6 0.7 0.6 [0.5 [0.6 [0.6 0.9 [0.8
Sodium g kg 'Fa 0.7 |0.8 [0.8 (1.2 |1.5 [2.0 1.7 |2.4 |3.0
chloride pg kg lcl [0.5 0.5 [0.8 0.8 |0.9 [2.6 |1.2 [2.3 [4.9

Zearolit

MPF COnductivitanScm-l 0.044|0.04410.,048 {0.046| 0,047 |0.0%8|0.050{ 0.055| 0.070
Sulphate ug kg 180, (0.4 |04 [0.4 0.3 (0.3 [0.5 [0.3 [0.3 [0.4
Sodiumpg ke Fa | = | - |- |12 |1.3 [1.8 |14 1.9 |3.0
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TABLE A5.1) MIXED BED TEST COLUMN LEAKXAGE DATA
¥EW ANION EXCHANOERS (ex Chloride form)

SULPHATE DOSING _20 %
Linear Flow Eate 55 90 120
noa-2n-1
Influent Dosing (ng kg"so4) 2000 | 4000 (8000 |2000 {4000 | 8000 |2000 | 4000 | 8000
Resin Column Leakage
Amberlite | Sulphate pg k5.1304 0.7 [1.0 0.6 0.5 (0.6 [1.0 (0.7 |21.6 [1.9
IRA402
| conductivity pSca t|0.045/0.045(0.045 0.045H 0.045( 0,047 o.ouJ 0.047 0,051
Chloride pg kg 161 |0.5 10.5 |0.3 [0.5 j0.5 Jo0.5 |o.6 0.6 |o.7
Sodium pg ke ¥s  [0.7 0.7 [0.7 0.8 [0.8 |0.9 |1.0 |12 (1.3
Amberlite | Sulphate pg kg 050,/0.5 [1.0 (0.9 [1.0 [1.1 (1.8 [1.3 {29 [6.3
IRA458
Conductivity pSom™)|0.046| 0.046]0.048(0.048( 0,049] 0.054{0.052 0,058/ 0.070
Chloride pg kg 1C1 |0.4 |0.4 |05 {0.5 [0.3 [0.3 [0.3 0.4 {o0.5
Sodium pg kg ’¥e  |0.7 0.7 0.8 |0.7 0.7 1.0 0.7 {0.9 |1.6
Amberlite | Sulphate g kg_1304 1.2 {0.8 [1.8 [0.9 [1.0 |2.2 1.5 3.8 |10.3
IRAS00 (1.5)} (4.2)
Conduetivity pSen™>|0.047]0.046(0.050|0.048 0.050| 0.064 |0.053 0.062| 0.095
Chloride yig kg €1 (1.0 (0.6 (0.4 {0.9 [0.9 [0.6 [0.8 |0.7 }1.0
Sodium pg kg 'Ha  [0.7 [0.7 |- 1.0 [1.0 {1.2 (1.3 1.5 |24
Duolite | Sulphate jig kg '50,(0.5 |0.6 (0.5 (0.5 |0.5 [1.3 [0.7 |11 |27
1101D -
Conductivity mSem ~| 0.044( 0.045;0.044 03043 0.045 0,048 0.0413 0.048| 0,054
Chloride ng kg 21 (0.7 |0.7 [0.4 [0.6 [0.5 |0.5 0.5 [0.5 |0.7
Sodium g kg '¥s 0.8 |0.8 [0.6 0.8 [0.8 [0.8 l0.9 1.0 |1.2
Duolite | Sulphate pg kg‘lso4 0.9 [1.1 [0.9 [0.9 |0.8 [1.0 [1.0 [1.3 |1.6
A161
Conductivity uSem 1| 0.048|0.047|0.049 |0.049 0.050| 0.050[0.050| 0.051| 0.054
Chloride ng kg 201 [0.5 [0.7 Jo.7 Jo.6 0.7 lo0.5 Jo.9 J1.0 1.
Sodium pg kg s J0.7 [0.8 0.8 J1.2 1.2 [1.2 (1.5 |1.7 2.3
Sulphate ug kg-1304 0.3 (0.5 (o3 0.9 |1.5 (5.2 [3.9 {5.8 [11.6
Zerolit
PP Conductivity pSem > 0.044 0.045 [0.051 [0.047] 0.050]0.067 0,055 0.067]0.100
Chloride ug kg™ 'C1 [0.5 [0.6 10,5 0.3 0.4 [0.7 0.6 lou7 |11
Sodium pg kg B |- (= |- f.3 {15 |2 6 (2.2 (3.9
Values in brackets { ) are calculated from conductivity and ionic concentrations.
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TABLE A5.12 CALCULATED MASS TRANSFER COEFFICIENTS
NEW ANION EXCHARGERS
CHELORIDE EXCHANGE

" RESIN INFLUENT Mass Transfer Coefficient (10~4 ms™1)
(pg kg™'c1) | 55wt | 90 wn™t | 120 an”?
Amberlite | 1480 1.74 2.27
IRA402 2960 1.89 2.42
5920 1,28 2.00 2.49
Amberlite| 1480 1.87 2.49
IRAASS 2960 1.98 2.49
5920 1.40 2.06 2.54
Amberlite | 1480 1.96 2,39
IRA900 2960 2,11 2.42
5920 1.44 2.07 2.45
Duolite 1480 1.77 2.26
A101D 2960 1.92 2.33
5920 1.30 1.86 2.28
Duolite 1480 1.71 | 2.08
4161 2960 1.74 2.14
5920 1.15 1.83 2.24
Zerolit 1480 1.91 2.41
NPP 2960 2.06 2.42
5920 1.39 1.96 2,40
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TABLE A5.13 CALCULATED MASS TRANSFER COEFFICIENTS
NEW ANION EXCHANQERS
SULPHATE EXCHANGE

RESIN INFLUENT Mass Transfer Coefficient (10-41:15-1)
():s kg™2s0 4) 55 mh™t 90 mh~} 120 mh™?
Amberlite 2000 1 lal 2e 31
IRA402 4000 1.92 2.27
8000 1.27 1.96 2.42
Amberlite | 2000 1.86 2.39
IRA458 4000 2.00 2.35
Amberlite | 2000 2,01 2.50
IRA900 4000 2.06 2.42
8000 1.34 1.97 2.31
Duolite 2000 1.83 2.34
A101D 4000 ' 1.99 2.41
8000 1.35 1.93 2.36
Duolite 2000 1.60 2,10
Al6l 4000 1.77 2.23
8000 1.15 1.87 2.316
Zeroiit 2000 1.96 2.11
MPF 4000 1.95 2,21
8000 1.36 1.87 2.21
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TAELE A5.14 CHLORIDE AND SULPEATE LEAKAGE FROM NEW DUOLITE Al61

MACROPOROUS ANION EXCEANGE RESIN

Flow Bate | Influent Anion Conc'n| Anion Leakage Mass Transfer Coeff.
(mh-l) (As sodium salt) (10-4ms-1)
100 1000 pg kg lC1 3.5 pg ke~l01 2.38
100 2000 pg kg €1 5.2 pg kg 11 2.50
100 5000 pg ke~ C1 11.2 ye kg~ lc1 2.56
-1 -]
100 676 P8 kg S(')4 6.3)15 kg 804 1.96
-1 -1
100 1350)!8 kg 304 11.6)15 kg 504 2.00
. -1 -1
100 2700)!5 kg 504 21.2)18 kg “80 2.04

4

Mean Diameter of Al6l =

0.82 mm,
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TABLE A5.15 LEAKAQGE AND OUTLET CONDUCTIVITY DATA FOR VARIOUS ANIONS

EXCHANGING ON AMBERLITE IRA900 REQENERATED FROM HCO
2

FORM RESIN

Linear Flow Bate 90m w201 120m°a~2p~ 1

Outlet Anion Outlet Anjion
Influent Anion Concentration | Conductivity | Leakage | Conductivity | Leakage

(ps om™1) ()lsks'l) (us cu 1) (ysks'l)
Chloride 2960 pgkg €1 0.047 0.7 0.054 1.8
Sulphate 4000 );gkg'lsof‘ 0.051 2.1 0.068 5.8
Fitrate 5165 ).lgkg-lllog 0.048 1.3 - 0.057 3.8
Phosphate 4000 )Agkg.IHPOi- 0.070 9.0 0.110 18.0
Carbonate 2500 }tgkg-lcog- 0.054 - 0,068 -
Bicarbonate 5085 )Agkg—lHCO; 0.058 - 0.076 -

2 :+ 1, Cation : Anjon mixed bHed, 550 mm deep, 20 °c.

¥o doze outlet conductivity 0.0445).15 em

1
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TABLE A5.16 MIXED BED TEST COLUMN LEAKAGE DATA.
DELIBERATELY FOULED ANION EXCHANGERS.

CHLORIDE DOSING 20 °¢
Linear Flow Eate 55 90 120
n3l.2h-1
Influent Dosing (pg kg C1) (1480 [2960 [5920 [1480 (2960 (5920 1480 2960 {5920
Reain Column Leakage
smberlite | Chloride pekg™lc1 [0.5 -[0.4 fo.4 0.4 [0.s [0.5 fo.6 [0.8 |1.2
TRA402
Conductivity nScm™1|0.045[0.045[0.046[0.045]0.046(0.047|0.047]0.048 [0.051
Sulphate pgkg"lso4 -| - lo.5 0.6 |0.3 [o.6 0.5 0.5 |0.5
Sodiumygkg-llh - - - - - - 0.8 |0.9 (0.9
Amberlite [Chloride mgkg €1 (0.5 [0.6 [0.6 (1.0 [1.3 [2.2 1.5 (3.1 [6.2
TR&458
Conductivity pSem™ > |0.048 [0.047{0.049[0.050|0.052|0.059{0.055|0.062 [0.078
Sulphate ,ugkg'ls% 0.5 0.4 (0.4 [0.4 [0.4 [0.4 |0.4 [0.4 [0.4
Sediun pgke “Na - |- [re3 28 |22 |2.5 |23 [3.5 {48
Ambsrlite| Chloride Jag:kg-ICI 0.6 0.6 |1.0 [1.3 1.6 [2.9 [1.8 [3.7 |{7.2
IRA900
Conductivity uSem™1|0.048 [0.048 [0.0510.053]0.057|0.069]0.065| 0.080 {0,220
Sulphate )q;k,g'lsn4 0.7 lo.6 0.6 [0.6 Jo.5 fo.6 | - lo.6 lo.9
Sodium )Agkg-lxa - - - - - - - - -
Duolite | Chloride pgkg €1 [0.5 (0.4 [0.4 0.3 [0.4 0.6 [0.6 [0.9 [1.5
A101D
Conductivity pSem 1}0.045 [0.045|0.046 [0.046|0.046{0.050|0.048| 0.049 [0.054
Sulphate jgkg 'S0, (0.5 (0.4 (0.4 (0.3 [0.4 f0.6 {0.3 [0.3 [0.6
Sodium/ugkg']'!m steady tracd at 1.0).131:4;'133.
Duolite | Chloride pgke €1 (0.3 (0.4 {0.4 [0.5 [0.6 [0.6 0.5 [1.0 [1.6
Al61
Conduotivity pSem {0,046 |0.046[0.046 |0.046(0.047|0.048]0.048|0.050|0.054
Sulphate ygkg-1304 0.5 (0.5 [0.5 0.5 0.6 |0.4 0.4 0.4 0.5
Sodiun).\gkg-lxa - - - 0.8 |o0.8 (0.8 {0.8 0.8 0.9
Zerolit | Chloride pgkg 1 [0.3 0.5 [0.7 (0.8 (1.3 [3.4 {1.9 [3.7 [8.0
PP
Conductivity yScm-l 0.,046/0,046{0,051,0.050{ 0,053 0.672 0.059{ 0,07110.109
Sulphate ).:gkg-1504 0.5 [0.4 0.4 |0.4 0.4 [0.4 [0.3 [0.3 |o.5
Sodium pgkg Fa |- |- |- |- |- |12 [1.0 {1.2 |1.9
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TABLE A5.17 MIXED BED TEST COLUMN LEAKAGE DATA
DELIBERATELY POULED ARION EXCHARGERS

-]

SULPEATE DOSING 20 ¢
Linear Flow Hate 55 90 120
(m3m_2h-1)
Influent Dosing ug kg 150, | 2000 | 4000 | 8000 | 2000 [ 4000 | 8000 2000 | 4000 | 8000
Resin Column Leakage
Amberlite| Sulphats )xgkg’lso4 0.5 1 0.5 |0.6 |0.7 1.2 [2.0 | 2.0 {3.7 |4
IRA402
Conductivity ):Sem-l 0.049 0.045 0.044 0.04¢ 0.047 0.05Y 0.05d 0.054‘ 0.064
Chloride ygkg C1 (0.5 0.4 |0.4 [0.4 |0.4 |0.4 0.8 [0.2 }o0us
Sodium peks T¥a - |- |- 1-1-{- o8 |09 [1a
Amberlite| Sulphate pekg 50, 10.7 |1.1 |19 |2.3 [4.1 |65 4.7 {82 1502
IRA4S8
Conductivity pScm 1| 0.047 0,047 0.051] 0,051 0.058 0.075 0.064 0.083 0.129
Chloride ngke €1 |0.4 [0.5 |0.4 [0.4 0.4 {0.3 [0.3 [0.3 {043
Sodium pgke “Fa - | - f1.3 1.8 l1.9 2.3 |2.5 | 2.9 |a.a
Anberlite| Sulphate ygkg 'S0, 1.7 [2.9 |3.5 14.3 [7.0 [12.3|7.5 [15.1 [28.0
IRA900
| Conductivity pSem™ 2| 0.051| 0.054| 0,058 0.0630.080] 0.120} 0.092] 0.139} 0.235
Chloride pgkg €1 (0.3 |0.5 [0.5 [0.6 k0.3 [0.5 ko.3 0.3 [0.6
Sodium )xgkg—llh - - - - - - - - -
Duclite | Sulpbate )ldtg-1304 0.8 [0.8 |0.8 [0.8 [1.4 [2.8 [2.1 |3.2 [6.3
A101D
Conductivity pSem|0.045| 0.045] 0.047{0.047{0.049|0.056|0.052{ 0.058{ 0.073
Chloride pgkg €1 |0.4 |0.4 [0.4 10.3 ©.3 [0.3 [0.5 |05 foua
Sodiun}agkg-lxl - Steady trace at 1 .Ojagl:g_llia.
Duolite | Sulphate pekg 'S0, (0.6 [0.8 0.9 1.2 |2.0 2.7 |e.0 3.4 |6.2
A161
COnductivity)xScn-l 0.046|0.046{0.047(0.048|0.05010.05610.053{0.060|0,078
Chuloride pekg 1C1 §0.3 k0.3 ko.3 0.3 4003 lo.3 0.3 0.3 ko3
Sodium pgkg” Fa - |- |- o8 lo.8 lo.9 lo.8 |1.0 [1.3
Zerolit Sulphate)lglcg-1504 1.0 12.7 [ 2.4 2.5 |4.6 |11.105.8 | 11.8] 25.5
MFF
Conductivity)xScm‘]' 0.048 0.049 0.05 0.0Sd 0.06& 0.112 0-074 0.113 0.210
Chloride pgkg €1 [20.3 1043 [0.3 l0.3 [0.3 [o0.3 {o0.3 [0.3 |o.3
Sodium pgkg  Na - | - | - J1.0 {22 {1.6 j1.2 {1.7 | 3.0
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TABLE A5.18 CALCULATED MASS TRANSFER COEFFICIENTS

DELIBERATELY FOULED ANION EXCHANGERS

CHLORIDE EXCHANGE

RESIN INFLUENT Mass Transfer Coefficient (10_4ms-1)
(re xg te1) 55ah* | 90mn™} | 120mn!
Amberlite | 1480 .79 227
1RAAQ2 2960 1,94 2.318
5920 1.28 2.04 2.47
Amberlite 1480 1.78 2.24
TRA458 2960 1.89 2.23
5920 1.37 1.93 2.23
Amberlite 1480 1.83 233
TRAGO0 2960 1.96 2432
5920 1.38 1.98 2.33
Duolite 1480 1.88 2.30
Al101D 2960 1.97 2.39
5920 1.30 2.0} 2.44
Duolite 1480 1.66 2.21
Al61 2960 1.77 2.21
5920 1.22 1.91 2.28
Zarolit 1480 1.91 2425
MPP 2960 1.96 2.26
5920 1.4 1.90 2.24
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TABLE AS5.19 CALCULATED MASS TRARSFER COEFFICIENTS

DELIBERATELY FOULED ANION EXCHANGERS

SULPHATE EXCHANGE

RESIN INFLUENT MASS TRANSFER COEFFICIENTS (10 %me™2)
(ng kg-1804) 55h~> |  gomh™! | 120mn~!
Amberlite | 2000 1.11 1.73 2.00
IRA402 4000 1.20 1.77 2.03
8000 1.27 1.81 2.18
Amberlite | 2000 1.19 1.65 1.97
IRA45S8 4000 1.23 1.68 2.01
8000 1.25 1.74 2.04
Amberlite | 2000 1.13 1.60 1.94
IRA900 4000 1.15 1.65 1.94
8000 1.23 1.69 1.96
Duolite 2000 1.06 1.73 2.02
A101D 4000 1.15 1.76 2.10
8000 1.25 1.76 2.11
Duolite 2000 1.03 1.54 1.92
4161 4000 1.08 1.58 1.96
8000 1.16 1.66 1.98
Zerolit 2000 1.18 1.70 1.98
PP 4000 1.21 1.72 1.97
8000 1.26 1.67 1.95




ERRATA
pii, 11 interpreted
pl, para 3, 1 2 Siemens
p 24, para 2, 1 2 Moisson

p 33, para 1, 1 1 K§:4 is 1.33

‘ pd6, para 3, 1 3 Semmens
p 65, para 2, 14 criterion
p 70, para 3, 1 5 regenerated in-situ

p 87, para 3, 1 3 absorbent

p 93, para 2, 17 throughput

p 111, para 1, 1 2 ~=~ jt is presumably constant.
p 132, para 1, 12 sieve

p 167, para.1, 1 1 Donnan

p 196, ref 176 Semmens

"

p 196, ref 178 "JCS Farady" for 'J.Chem. Soc”

p 216 para 2, 1 6&8 desiccator






