CHBAPTER IIX

BACKGROUND IN ION EXCHANGE PROCESSES

34X« Introduction

Most ion exchanger resins in use today are synthetic mate-
rials consisting of a met work of hydrocarbon radicals with attache
ed soluble ionic fungtional groups. They are considered as large
three dimensional macromolecules containing fixed charges distri-
buted uniformly throughout the structure, The total number of
functional groups in a resin determines the exchange capacity
and ion selectivity while the hydrocarbon matrix provides insolue
bility and toughness to themesine. Duging the synthesis of resins,
a combining agent will be added to adjoin monomer building blocks
together to form a larger and denser three-~dimensional polymer,
which is used as a matrix on which functional groups are attacheda.
The functional .grioups sﬁould be' amply provided.in order to ensure

a high exchange capacity.

Ton exchanger resins may ' be widely classified-as cation
and anion exchange materials. Cation exchange resins may be
defined as polymers which contain phenolic, sulfonic, carboxylic
of phosphoric anionic groups as an intégral portion of the resin,

and an equivalent number of cations. They may be sub~classified
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into.strong acid and weak acid types, depending on the functional
Sroups. #nion exchange resins are similarly defined as polymers
containing amine groups as integral parts of the polymer lattics,
and an equivalent number of aniens such as hydroxyl, chloride,
and sulfate, They may also be sub-divided into strong base and
weak base exchangers, again depending on the functional groups,.
Those resins in between are téferred o as intermediate type

(7)

resinse.

3.2 General Characteristi€s of Ion Exchange Resinde

3.2.1 Crosslinking

Crosslinking is gne.of the important characteristics of
ion exchange resins. It influences not only the solubility but
the mechanical stability, exchange capacity, water uptake and
swelling behavior, velume changes in different forms of loading,
selectivity, and chemical as well as oxidation resistance of ion
exchangers.(a}h low degree of erogslinking is associated with
high porosity and/low resin density, as well as a high level of
resin swelling in au agteous media. Lowering the degree of
cross}inking thereby results in a higher rate of exchange, a lower
selectivity, and smaller volumetric capacity. Resins with low
levels of crosslinking are also softer and less resistant to
deformation and oxidation., In addition, this type of resin under-
goes large contractions and expansions during the regeneration or

exhaustion step.(7)
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In contrast, highly cross-linked products products are
hard and brittle with an increased sensitivity to osmotic
influenCe.(S) They have better stability, more resistance to de-~
formation and particle breakage, greater volume capacity and
higher density. However, the degree of crosslinking above an
optimum level (usually. 8% DVB) are not recommended because the
resins will tend teo be boo.tightly bonded to permit the entrance
of functional groups, thereby limiting the total exchange

. (7
capacitye.

3.2,2 Ion Exchange Kinetics and Reaction Rate

When an iop in solution approaches an ion exchange resin,
it encounters a stagnant film (the Nernst f£film) at the interface.
It must pass through this f£film before diffusing into the pores or
mesh openings to active exchange site,‘the ion will react to
replace an ion of similar charge and the displaced ion will then
diffuse out of .the resin inte the bulk,solutions. Transport of
ion through a surface £ilm to and from the exterior of resin
particle Jdsg ecalled, film, diffusion while-diffusion of sion within
pores of resin is called pore or intraparticle diffusion. The
rate of lon exchange is determined by the diffusion rate within
the resin (particle diffusion) or in the stagnant film (film diffu-
sion)s. If the solution to be treated is very diluted, film diffu-

sion may be the rate determining step. On the other hand, particle
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diffusion tend to control in system with ample agitation, highly
¢rosslinked resins, and/or large exchanging particle size.
Generally, the net exchange rate of the ion exchange process is
also affected by several other factor: a) concentration of the
solution in contact with the resin, . BE) the degree of agitation,
c) particle diameter, d} the degree of crosslinking, e) the
degree of saturation of cxchange capacity, £) pH of the system,
g) acidity and basicity©f /tesins, and h) temperature of the

system.(7’9’10)

3.2.3 Affinity and Selectivity

The selectivity of ion exchangers 1s defined as the
property of certain ion exchangers to exhibit a preferential
activity for different ionssa) In dilute solutions under normal
temperatures, the relative affinity has generally been shown to
follow a certain pattern: the extent of exchange increases with
increasing valence of theé  exchanging-ion and with increasing atomic
number (or decreasing-hydrated-ionié radius) 'of the exchanging

ion if the valence is_constants . The affinity_of.cation exchangers

in dilute solution has been reported’ to be 'in “the 6rder of

L% ¢ Nt NHE (I Mgt eat A (sxt % Bat % al3 £ th*4 while that of the
s ; . "{/ - Vs ~ -7 - - - - (/ -3( 7, 9)
anion exchangers is F < HCO; (C17< Br {Cr0,{ Noy I { 50, {PO,

often referred to as Hofmeister or Lyotropic series, It is
important to note that the above series are not followed in non-

aqueous media, at high temperature, and of high concentrations.

008596
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At high- concentrations, the differences in the exchange 'potentialt
of iona of different valence diminish and in some cases are even

reversed, thereby permitting the possibllity of regeneration-(7)

3.2.4 Resin Capacity

The capacity of a given resin may be expressed in terms
of its total activity (Tetal or ultimate capaclity) or its actual
performance under specified conditions (Breakthrough or operating

capacity).

Ultimate or total capaclity may be defined as the total
guantity of ions which can be .exchanged by a resin. It is equal
te the number of chemical aroups attached to the inert polymeric

resin structure. It is also referred to as saturationecolumn

capacitye

Breakthrough ‘capacity is the capacity of the resin for
exchanging ions. from_ a 'solution fldwing through .a fixed bed of
resin particles under” specifi¢ conditions. Tt may be defined as
the capacity, 0f-a.xesin. bed when the .golute, being removed from the
feed solution first begins Lo appear in the column effluent. It |
has been reported to depend upon the flowrate, bed depth, exchange
particle size, the amount of regenerant used, the composition and
concentration of the feed solutes, temperature, and desired quality

or purity of the product water.(7)
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3.3 Characteristics of Strong Acid Cation, Weak Acid Cation,

Strong Base Anion, and Weak Base Anion Resin
3.3.1 Strong Acid Cation Exchangers (SAC)

Strong acid cation exchangens are resins which contain
functional groups derived from a) strong acid, and owe the exchange
properties to strongly acddic nuclear sulfonlc acid groups
( ff\I”SOSH+). Their degree of ienization is analogous to that
of mineral acids (low pKa}, which permits the hydrogen to be
dissociated and ready forn exchange over practically the entire
pH range. They have fa#t reaction rates, and are the major
cation exchangers used in deionization processes. In acid form,
the SAC resins can split neutral salts,‘thereby converting the
dalts to their corresponding acids and the resins to salts.
ReSO~H'+ MX ———» RwSO_M '+ HX (salt splitting exhaustion) (6)

3 3
They can also exchange with alkaline solution producing resin

salt form and water:

R-SOEH+ + NaOH -n—%—R—SO3Na+ + 'H,0 (neutralization, exhaustion)(7)

Once exhausted,.SAC resins. can be regerierated with a _strong

mineral acid. However, because their affinity for H'ion is less

than Na* ¢ NH) <K' < Mg*% ca*¥ a1*3 and(re*?, all of which are

common impurities removed by the resins, relatively high concen-
trations of strong acid must be added to upset the lyotropic

series and to achieve the desired level of regeneratione
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R-so;m"‘ + HC1 ~-—-——a~R-SO;H+ + MC1 (regeneration) (8)

In addition, SAC resins may be used in the Na*form, as in water
softenting practices The sodium ion exchange with calcium and/or
magnesium (hardness) ions to yield a softened water with no

reduction in total salt ceontent.
3.3.2 Weak Acid Cation.BExchangers (WAC)

Weak acid catiefl exchangers are those having carboxylic

acid (~COOH) or phenoldc hydroxyl (~C_H OH) functional groups.

64
Because thelr affinity for 117 ion ¥s greater than Fe+3>~A1+3§,Ca+2
“ *2, ¥ o+, + s
> Mg ;K jsNa‘f Liy they need only slightly more than the stoi=-

chiometric reguirement to completely convert the resin to H* forma
WAC resins can be regenerated bv using the spent regenerant from
a SAC resin. Thispractice makes better use of the regenerant
and increases the regeneration efficiency. Because of its low
dissociation constant (pKa’a 6 for carboxylic acid and < 10 for
phenol), the reaction émployed by the WAC resins is rather slow.
Consequently, operations invelving these-resins “are more sensitive
to flowrate.and are effectiwve only when the feed is high, or at
least neutral, in pHe

R=COOH + MOH —— = R=COOM + H20 (3)
In solution of pH lower than 7.0 or, if only a neutral salt is
present in a neutral pH influent, no exchange can be expected
because the reaction will not be in favorable equilibrium:

+

R-COOH + Na,80, <-— - 2R-COONa + 2H + so; (10)
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,

The affinity for H'ion will keep the dissociated H' ions attached

to the resin and no exchange will occur.

When the feed pH is favorable, WAC resins can simultaneously
remove alkalinity and hardness. The mechanism of the process

may be demonstrated by the following equations.

2R=H + Ca(HC03)2 — R2--Ca + 2H2HO3 (11)

R-H + Ncho3 ——RENA, | mzco3 (12)
%

H2C03 e Hzo + coa‘ (13)

3.3.3 Strong Base Anion Exchangers (SBa)

Strong base anion exchangerxs contain either type I or
type II quatenary ammonium groups (-NR30H) as their functional

groups. Their exchange mechanism is shown by the following

equations:
S R ¢ = l/ R G+ =
iR NRj OH + HX = RN R; X+ H0 (acid neutraliza-
\ R / I R
tion) (14)
R,NY OHT 4+ MX =R 4N+X- + MOH (salt splitting)(15)

The hydration and the extent of 'swelling,| which have a direct
effect on exchange rate, increaée extensively with degree of
dissociations Therefore, the SBA resins which are highly dis-
sociated can employ a fast rate of exchange. Based on this high
.dissociation, the resins are in protonated form and hence are

effective 1n exchanging over the entire pH practical range.
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The OH form SBA resins can split neutral salts in the
same manner as the SAC resins, and they also have the capability
of removing very weak acids with the exchange behavior governed
by mass action. The affinity of SBA resin for different ions
increases with valence, mass, and degree of ionization in the
order of SO, }CxO, }COOH  NO3 ¥ CHaCOO = I = Br™ »C1™ » F™ ) OH:
It is noted that the OH ioh €xhibits the lowest selectivity,
making £t the weakest replacihg ion in this series. As a result,
high concentration of NaCH at the level £150 to 200% of the

stoichiometric requirements are frequently necessary to achieve

complete regeneratione
3.3.4 Weak Base Anlon Exchangers (WBA)

The functicnal groups of WBA resins are primary (-NHa},
secondary (-NHR), and/or terfiary amine (=NR )y with the more
common resins containing mixtures of secondary and tertiary amine
groups. The exchange.reaction in.the WBA systems..can be explained
either by the acid adsorption mechanisms or by the real exchange

mechanisms~as shown, by .the-following, equationss

RNH + HX -~-*~RNH2HX {acid adsorption) {16}
Or e RNH3X (17)
and RNH, + H,0 ——3 RNH‘;OH" (solubilization) (18)

RMHIOH + HX —-> RNHZX™ + H,0 (ion exchange) (19)
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At low pH, the resins are in protonated form which makes
them capable of sharing an electron with mineral anions such as
c1”, soz and 2623. The carbonate species, however, are in non=
dissociated H2C03 form and sharing of electron will not resulte.
This concept accounts for the behavior of WBA resins in not being
able to remove weak acide At high pHg the WBA resins are non=
protonated or in inert feo¥m and no ion exchange reaction will
occur. The feed to the WBA system has to be low in pH, ranging
usually from 0 to 7 depemding upon the dissociation constants

of the WBA exchangerse.

The affinity of the WBA resins for different anidns is
similar to that of SBA resins except that the OH ion has the
highest priority in selectivity. Consequently, they need less
regenerant and can De-regenerated-at-higher flowrates, resulting
in lower regeneration cost and less time. Some aspects of WBA
system are of note. FEirst, the capacity of the WBA resins for
strong acids increases with the valence of ions.. Secondly, the
" effectiveness of the WBA resins generally improves with a decrease

in influent pH.(7)

3.4 Typical Operation Cycle of Ion Exchange

'

3.4.,1 Exhaustion or Operating Cycle o¢f Ion Exchange Process

-+

In the treatment by means of ion exchange, the downflow

fixed-bed technigues predominates, It is so called because the



exchanger material is n&t moved during exhaustion and stays
compact (unexpanded) as a bed or column, through which the water
or solution percolateé during the exhaustion phase of the Ccycle.
The percolation allows time for the ions in the solution to make
contact with the exchange particles.’ The top of the column
captures most of the ions during) the“downward flqw, and the
bottom receives the leftovére: therefore it is the bottom part
that accomplishes the fidnal ‘purification and determines the

purity of the effluent.(ll)

Figure 2 shows the concentrations of Ca+zion in the
influent and effluent of an exchange column as a function of
the volume treated. The effluent concentration curve is normally
referred to as a Breakthrough or Concentration History curve,
and is a well-known characteristic of Ffixed-bed operations
Tﬁis break-through curve ié very sharp with the leakage line
perpendicular to'the time or volume axis (abscissa) if the system
is operatéd under "an ideal equilibrium’ condition (100% exchange)
as shown in Figure 3. Under non-equilibrium conditions, however,
leakage occurs eariier and)the history curve is not'as sharpe
The result is that the curve tends to take on a S~shaped appearance.
Deviation from the vertical‘liﬁe also increases with increaseg in
flowrate, particle size, and any other factor that may decrease
fhe rate of exchanges ITon concentration, system temperature and

affinity of the resin for the exchanging ions are examples of
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such factors. Increases in the regeneration level (the quantity
of electrolyte used to regenerate the column) and bed depth have

’

been suggested to reduce of leakage and steepen the S-shaped curve,’

The demineralization process is usually performed at a
flowrate of 8 to 32 BV/hre, with 16 BU/hr. being a common rates
Early breakthrough and more gradual concentration History curves
generally occur with hdgher flowrates and increases in the

influent concentraﬁion.
3.4.2 Backwash of Ign Exchange Columns.

Backﬁashing is practiced after an ion exchanger'has
completed an operating or exhaustion cycle; It is an upflow
process which is used to loosen, expand, and re-stratify thé
resin bed so.%hat flow will be uniformly distributed during
subsequent downflow operations. It is also employed toc remove
dirt and other foreign matter which become entrapped in the resin
media by filtration. - In addition, éxchanged ions) which tend to be
distributed in the bed in bands will be uniformly mixed over the
entire length of the' celumn tby backwashing so -that more effective
regeneration can occure Falilure to expand a resin bed properly
during backwash may permit the accumulation of dirt, silt, colloids
etc., and cause a reduction in resin effectiveness, increment in
the headloss across the bed and short circuiting. Three to six
g‘pm/ft2 has been reported as the range of optimum backwashing

rates, with an accompanying 50 to 80 % bed expansion.
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3¢443 Regeneration of Ion Exchange Resin

The reverse of the exchanging reactions takeg pPlace in
the regeneration phase. In the process the resins are restored to
their initial capacities or to any other desired level. Numerous
factors affect the degfee of regeneration: 1) the type of resin
and its crosslinking: 2J).composition of the exhausted bed; 3)flow-
rate; 4) temperatures '5) type of regenerants; 6) purity of regene-
rant; 7) concentration of regenrant; 8) amount of regenerant
applied; and 9) contact time. A good regnerant solution should
containi 1) ions which are inngcuous in water; 2) an ion which is
held less strongly to the resin than ions which are to removed from
water in order to permit exchange in the exhaustion cycle; and
3) effective regenerant ions in a low=cost solution. Also, it
should be a type that creates the maximum peak eluate concentration
and minimizes ;tailing' of the eluate so that less time and
regenerant will be required (see Figure 4), Concentration of
‘regenerants normally varies from 2 to 30% with 5 to 10% being used
most widely. The regenerations/flowrate range is between 4 to 12 bed
volume/hrs: Sulfurichacid ,or, hydrochloric acid are ﬁsually used
for the regeneration of cation exchange resin. With sulfuric acid,
the ;egenération must be done carefully because the precipitate of
CaSO4 may form and tend to clog the resin bed. Hydrochloric acid
can be used in place of sulfuric acid to avoid CaSO4 formation,
but the cost of hydrochloric acid is high and because of its corro-

sive characteristics a specialize container is required. Anion
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exchange resins are normally regenerated with sodium hydroxide.
The regenration with lime may .cause Ca.CO3 precipitation if the

influent contains a high concentration of carbonate alkalinity.(7’9‘

Usually, the regeneration step is cafried out with down-—
flow direction which makes the top of .the bed more completely
converted to its original form than the bottom, but unless
uneconomical amounts.of excess regenerant are employed, the bhottom
usually contains a band/of dimpure ions at'the end of the regenera-
tion. As the next geérvice run starts, the impure ions in the
influent are exchanged for'the hydrogen or hydroxyl ions on the
top of the bede The hydrogen or hydroxyl ions are‘then exch:onged
for the impure ions in %the bottom of the bed, releasing the ion
leakage into the effluents.  As the run progresses, this ion
leakage decreasesy -because the impurity band ét the bottom is

gradually cbnsumed°

-

On the other 'hand, with downflow exhaustion the regenerant
may be passed 'upflowy or counterflow. | This eliminates the impurity
band at the bottom of the bed, because’the excess pure regenerant
passing upward through thé bottom of the bed, converts‘it to the
original form. Upflow, however, presents the pfoblem of an
expanding bed (if the rate of flow is high) and channeling (impro-
per contact regenerant and resin). Counterflow regeneration is
justified if the influent is high in solids and in sodium, because

in such waters the sodium leakage is excessive, but for the usual
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influent, which is not high in these, downflow regeneration give

(11
the same effluent guality and usually preferred, )

If sufficient regenerant is used, all exchangeable ions
will be eluted from the resin and the-exchanger will be restored
to full capacitys Since this is a wery costly practice, regenera-
tion is usually carried out te an extent that only a portion of
the available exchangex capacity is activated.. This extent of
.fegeneration is refermed to as Regeneration Level (RL) which is
represented by the quantity of regenerant used per unit volume

of resine (7,9)
3.4.4 Rinsing of Ion Exchange Reésins

After the regeneration step, the ion ekchanger bed must be
rinsed free of excess regenerant before being put into operation.
The initial period is slow rinsing of which the flow is in the
same direction as the regeneration flowe It is considered to be
an extension of ,the regeneration step' since any unused regenerant
will be forced through the resin to produce further regeneration.
The slow kinsing fiowrate should be the same as or o greater than
the regeneration flowrate and desalted water volume of twice as
lérge as the resints volume should be used for this purpose, Once
the slow rinsing is finished, the fast rinsing will be done at
the same flowrate as in exhaustion steps The completeness of the
rinsing operation may be checked by determining the pH or conduc-

tivity of the rinse effluent. Both of these parameters should be
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close to the values in the original rinse water when rinsing is

completed.f7)

3.5 Application of Ton Exchange to Chromium Containing Wastewater

e SarmR

In the attempt to recover chromic acid from an electropla-
ting waste by using the ioﬂ exchange system, at least three
exchange columns are reguired, see Figure 3. The first one shall
be a H-form strong %cid cation exchanger (SAC) while the second
one is a OH-form strong base anion (SBA) beds The last one is
also a SAC column and ds /used as the recovery column. All the
cations in the raw wastewater when fed to the system will exchange
with the hydrogen ions attached to the SAC resins in the first
columne This results in a release of hydrogen ions which, in

turn, combine withuthe dichromate anions to become chromic acid.

The reaction may he shown as follows:

R\ H 4+ NMCr,0, - — (R1)2M + H,Cr,0, (20)
when R1 istthe skeleton framework of the 'SAC, resin,
H is the positive charged of functional group attached

to the framework of the SAC resin,

R, H is the hydrogen-form SAC resin,

MCr207 is the chromate salts present in the wastewater,

(Rl)zM is the exc¢hanged SAC resin, and

H2Cr207is the produced chromic acide
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However, the chromic acld produced at this atage is too dilute

for direct reuse. Its concentration relies upon the concentration
of the dichromate salts (MCr207) entering the first SAC bed. This
is, generally, very low due to the fact that the process rinsed
water contains small content of dichromate ions. This dilute
wastewater, once passed through the SBA column, will contain
theoretically nothing €lse but hydrogen ions and hydroxyl ions
which combine together #c become pure water. Equation (21f.indi-

cates the chenical reagtion or exchange occurrede

2R,0H + diluted H,Gr 05 (R, ,Co 0, + 2H + 20H
— (R2)2Cr207 * ZHZO (21)
when R2 is the skelton framework of the SBA resin,
OH is the negative-charged of functional group present

in the 3BA resin,
R,OH is the hydroxyl~form SBA resin, -and
(RZ)ZchO7lS the exchanged SBA resin

It is shown, therefore, that the chrome wastewater can be effecCs -

tively treated by the ion exchange system.

The exhausted SBA resins which now have dichromate ions
attached to their framework can be regenerated with sodium hydro-
xide solution, resulting in concentrated sodium dichromate solution

as the eluate, see equation (22)

(R2)2Cr20

g * Z2NaOH{conce)} —= 2R20H + NaZCr207(conc.)(22)
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The concentration of sodium dichromate should vary as that of

sodium hydroxide rggenerant.(s’ll’lz) If the concentrated sodium

dichromate solution is sent to the recovery column which contains
SAC resins; the concentrated chremic acid can be reclaimed as shown
in the reaction in equation (23},  The recovered chromic acid

concentration is relating to the,concentration of the

2R1H + Na2Cr207(conc.)—~—4;2R1Na + H2Cr207(conc.) (23)

feed sodium dichromate solution and; as a result, depends, to a

certain extent, upon'the godiull hydroxide regenerant concentra-

tioh.

On the other hand, the exhauéted SAC column may be fegene-
rated with hydrochloric acidse This process will result in a
release of the chlogide salt of the cation M which must be dis-
posed away in the form of brine. Eguation (24) shows the reaction of

of the SAC regeneratione

RlM + HC1 | RIH + [MCl {24)
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