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SUMMARY -

A ‘continuous countercurrént ion éxchange column has
been designed, constfucted9 and tested for preliminary per-
formance data using ‘the ion exchange system Dowex-S50W, cal-
cium, and sodium. The ion exchange column contained both
loading (adsorption) and stripping (regeneration) sections
with the two sections separated by isolation zones of zero
dynamic pressure differential, The resin was moved through
the column in a dense bed countercurrent to‘iiquid contami-
nation and regeneration streams and performance tests were
carried out to show the feasibility of this type of column
operatioﬁ;'tq detenmine‘typical values of the,equilibfium
stégé heights, and to meaéure the ion exchange attrition
rates. This investigation constitutes one phase of a |
projeet_concernéd_with the development of continuous ion
exchange equipment'how in progress at The University of
.Tennessee; The.work is supported by Union Carbide Nuclear
Company through a sub-contract, W-TL4O5 eng. 26, S783, with
the Universifyo

| ‘Thé ion exchange column was constructed of four-inch
glass plpe and was approximately thirteen feet in overall
height°' The perfdnmance tests were made with resin having
particle diameters predominantly between 840 and 1100 microns

~when wet., The calcium feed solution  concentrations were
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varied between 4000 and 15000 ppm equivalent CaC03 and the
regenerant solutions used for all tests were one per cent by
weight sodiuﬁ chloride. Data are reported for tests in
which the liquid flow rates were between 4O and 75 gallons
per hour per square foot, based on the empty column cross-
section. The column was actually operated successfully at
liquid flow ratés of 100 gallons per hour per square foot,
This liquid flow rate is very near that correspohding'tb
fluidization of the ion exchgnge resin particles., Attempts
to eliminate fluidization within the column by means of the
pressure drop across a cocurrent flow section at the top of
the column, referred to by Jury (9) as the hydraulic ram,
have notlbeen completely successful to date.

An automatic pneumatic control system was used to
maintéin the zero dynamic pfessure differential conditions
across the isolation zones separating the iiquid feed streams
to the exchange séétions of the column. Three independent
tests were conducted to verify the effectiveness bf the 1iso-
lation zones for separating the"exChange sections. Thése
tests involved the use of colored feed solutions for the ob-
servation of liquid flow behavidr-in“the column, measurement
of pressure pfofiles across the column to éhow the absence
of hydraulic driving forces in the isolation zoneé, and
material balance calculations from the ‘fon exchange runs.

Column performance data are reported for sevén runs,



In each of the runs thé column was Operated.for specific
liquid and resin flow rates and specific 1iquid feed com-
positions, Samples of the liquid feed and product streams
énd of resin at,fhe terminals of each exchange section
were analyzed'to shoﬁ the approach to steady state condi-
tions.,. Such data were used to detefmine tﬁé number of
theoretical equiiibrium stages by the McCébe-Thiéle (13)
graphical method, and stage heights were computed from the
actual exchange section heights., Typical values of the
height equivalent to a théoreticai stage, HETS, ranged
from 0.3 to 1.0 foot, These values are approximately ten
times the correspbnding Valuesiobtained by integration of
the ion exchange rate‘equatién developed by Anderson (2)
in work onvanother phase of this invégtigation.. This dis-
agreement 1is attributed to nonuniform flow‘effecté in the
columho': RN

B Resin attrition rate mé&suremgnfs indicated app}oxi-
mately 0.02 per cent fines (diameter less than 84,0 microns)
'accumulation'per.pass'throﬁgh the lon exchange column, based
on the total resin inventory of the column. The value was
| obtaiﬁed ﬁging a manually adjusted plug-type valve to reéu?'
1ate'the”resih flow rafe; When a motor driven rotating
feeder was used to.regulate the resin flow'réte, the accumu-
lation of fines was much greater, 2 per cent per péss through

the column..
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It 1s concluded from these studies that the operation

of a continuous countercurrent ion exchange column using a
moving dense bed of ion exchange resin particles is satisfac-
tory at liquid flow rates up to that corresponding to fluidi-
zation. Further work is needed for the effective utilization
of the hydraulic ram principle as a means of maintaining
dense bed operations above the fluidization velocity of the

resin particles.
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CHAPTER.1

INTRODUCTION

General

A wide variety of chemical industries is currently
using and planning further future applications for a rela=v
tively new unit operation known as ion exchange. Since 1935,
when the first synthetic ion exchange resin was prepared by
Adams and Holmes (1), there have been many advances made in
the field of ion exchange technology with the direct result
being the evef&day'high quality of many commercial products:
such'as'telévision'tubesg storage batteries, glycerine,
sugar§_stpeptomycin, penicillin, vitamins, paper, dyes, etc.‘
However, until recently, most commercial ion exchange opera-
‘tions had been carried out with batch or fixed bed equipment.,
An sppreciation of the desirability of obtaining strictly
continuous ion exchange as a replacement for the intermittent
oﬁerations.inherent in bateh and fixed bed operations has
brought recognition of the real need and value of continuous
ion exchange throughout the chemical industry.

fShbrtly éfter World War II a program of continuous
ion exchange development was underﬁaken by the Oak Ridge
National Laboratory to-provide cont inuous idn exXchange equip-

ment needed for the commercial processing of low-grade —



Western uranium ores, In order to expedite this program,
portions of the development work were contracted to outside
agencies (3). The current investigation was carried out as
a part of the outside development work under a subcontract
between The University of Tennessee and Union Carbide Nuclear
Company, a prime contractor with thelUo S. Atomic Energy Com-
mission and operator of the Oak Ridge National Laboratory.

It is the objective of the project at the University to de-
velop a method of continuous ion exchange and to carry out
performance teéts for the purpose of obtaining characteristic
operating dataov An ion exehange system consisting of a cal-
cium chloride or a sedium chloride solution in the liquid
phase and Dowex-50W, a synthetic ion exchange resin, in the
solid phase was chosen for the pefformance tests on the basis
of convénience since analytical methods were already avail-
able for the rapid and accurate analysis of test samples (10).
An“integral part f this overall ‘1ﬁve"s‘tiga‘ti‘bn; "the theoreti-
cal and experimental development of a Mrate equation" for

the ion exchange reaction and other equilibrium relation-
ships, has been reported by Anderson (2) for the éame ion

, exchange system, Another part of the overall investigation
was to be devoted to the mechanics of a continuous column

and thé"éarrying out of performance tests on the equipment,

~ This proble@'was undertaken by the author and is the subject
of this thesis,



-Literature Survey

‘In this section no attempt has been made to present a
complete survey of all the studies in the fleld of ion ex-
change for the reason that only a portion of these studies
is pertinent to the present work. The prime concern of this
survey is with continuous ion exchange and as such is exclu-
sive, for the most part; of other types of ion exchange
methods and equipment,

During the past few years the interest in ion exchange
as a basic unit operation has been developing primarily along
the lines of a continuous process and the equipment required
to carry out continuous ion exchange operation. There have
been at least ten wo:kable laboratory models and one commer-
clal unit for continuous ion exchange reported in the liter-
ature., A partlcularly interesting point relating theéé¥to
various methods is their proposed method for overcoming the
liquidvflew rate limitation caused by the fluidization of =
resin bed within the ion exchange column, |

‘Stanton (18) used a pair of rotating plug-type valves
for transfefrihg incremental quantities of resin from an ex-
perimental colunin, This method provided for liquid-resin
céntact to occur in a dense bed which had a net downward mo-
tion by virtue of the continuous addition of resin at the
top and its net withdrawal from the bottom of the column.



This method of resin flow control served to eliminate the
iimit on liquid feed rate. Both resin saturation and re-
generation were carried out within a single column. Sieve
plates were added to the regeneration section to impfove
the liquid-resin contact., Several separations of copper
and zinc wore made with the equipment.

QMihara and Terasaka (1) developed a method of con-
tinuous ion exchange using an endless wire mesh coated with
ion exchange resin which was circulated through adjacent
saturant and regenerant tanks., Similarly, Selke and Muendel
Sl?) developed a method of continuous ion exchange using an
endless belt of phosphorylated cotton., A third method along
these same lines, developed by McCormack and Howard (11),
employed the use of»resin enclosed in permeable casings
which were conveyed like a continuous string of sausages
through the ion exdhange system. All three of these methods
émpléﬁwgégéﬁfigiiyifﬁé'same method of circumventing the
fluidization problem, i.e., each has placed the resin (or
exchange média)-in or on some rigidly fixed conveyor where
it is unaffected by the liquid flow ratee.

Swinton and Weiss (20) modified a commercial ore-
dressing jig for a continuous ion exchange system and found
the system, using sodium chloride and calcium chloride, to
have a contéct efficiency of approximately one-fourth that

reported by Selke (16). Because of the flexibility,
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ruggedness, ahd ease of maintenance of equipment the system
appeared to be quite economical., The fluidization problem
was overcome with a series of plates and downcomers connected
with a diaphragm whereby the resin moved essentially hori-
zontally most of the time.,

‘Moir, Ross, and Weiss (15) deveieped a froth-flotation
method which may be feasibly applied to continuous ion ex-
change on an industrial scale when Spgcial adsorbents have
been devised., This method avoids the fluidization problem
rather uniquely. The proposed exchange is to occur on the
surface of bubbles containing a special exchange adsérbent.

Eiggins and Roberts (8) devised a method utilizing
solution downflow and resin upflowo The upward motion of the
resin was created by hydraulic impulses applied at the base
of the resin bed. At the time of the resin movement upward
the liquid flow was temporarily interrupted. Therefore the
system was not completely continuous, although the inter-
ruptions were brief enough to make the system closely ap-
proximate continuous behavior, The problem of fluidization
was eliminated entirely sinece the liquid flow only occurred
through a fixed bed,

Hiester, Cohen, Phillips; and Radding (S) at Stanford
Research Institute devised a method requiring rotating valves
to meter the resin input at the top of the column and to re-

move the resin at the bottom. A column insert and tapped-



screen assembly was used to promote better contact between
resin and solution under moving-bed conditions°

McIlhenny and McConnel (12) invented a continuous
method for concentrating the magnesium ions in sea water,
This method involved the use of two columns constructed be-
side each other with intercomnecting flow lines., One of the
columns was used for exchange and the other for regeneration.,
Both columns contained perforated plateg to aid in prevent-
ing fluidization. Along with the column invention several
interesting control methods were indicated in the patent,
such as: (a) a photoelectric cell, (b) a refractometer, and
(¢} a star valve metering device,

A commercial water softening unit, Dorr's Hydro Soft-
ener (7), has proven acceptable during pilot plant operation
and although it still uses some fixed bed concepts, it does
provide contiﬁuous operation since the large "fixed" bed is
being regenerated constantly in an auxiliary column,

Hiester (6) and Selke (15) independently arriveq at
the conélusion that continuous ion exchange columns are less
efficient than a fixed bed operating under the same conditions
but that the resin and equipment requirements for a continuous
column are much less than for an equivalent fixed bed unit.

The studies in continuous ion exchange have not in-
cluded any extensive resin attrition measurements and only

three groups have indicated even approximate resin attrition
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rates, The Dorr Hydro=-Softener (7) has an approximate ten

per cent per year resin replacemehnt requirement due to attri-
tion. Arehart, Bresee, Hancher, and Jury (3) reported re-
" sults of abtrition tests which indicated that attrition rates
become very éignificant after six months of operation and are
also‘a function of the resin used, Hiester, Fields, Phillips,
and Radding (5) reported that approximately 0.l per cent at-
~trition of reéin within their column occurred per passage.
Arehart, Bresee, Hancher, and Jury (3) recently re-
ported perfommance data on a Higgins (8) type contactor.
These data are useful for scale-up of this type of contactor
and for comparison with other performance data obtained with
continuous ion exchange columns., In addition, they also
suggested the use of a cocurrent flow "hydraulic ram" sec-
tion to prevent resin fluidization and pressure balances to
obtain solution isolation within the column in designing a
continuous ion exchange ﬁnito However, they did not de-
scribe the operation of a column incorporating these design

features,

Summary -
The basic problems that must be met in designing a

continuous ion exchange column are: (a) overcoming the
M"fluidization" velocity of the liquid which limits the unit

capacity, (b) devising a method of passing the exchange



resin and liquid through a column countercurrently to make
optimum use of coﬁcentration gradients;, and (c¢) developing
methods of flow control for both liquid and resin. In most
of the work reviewed the methods of flow control were fairly
well standardized, with rotameters being used on the liquid
streams and méchanical valves used to regulate the resin
flows Other methods of resin control were indicated, but
they had not been extensively tested. The methods used to
pass the resin countercurrent to the liquid and the methods
of overcoming the limiting liquid velocities were primarily
mechanical with the exception of a completely hydraulic con-
trol system suggested by Arehart, Bresee, Hanéher, and Jury
(3)e This sys&em, as proposed for hydraullc control, versus
the mechanicallyvcontrolled systems has the interesting
prospects of (a) lowering the resin attrition rate and

(p) simplifying the mechanical features of the equipment.

Present Investigation

The experimental design suggested by Arehart, Bresee,
Hancher, and Jury (3) which had a "hydraulic ram" and pres-
sure balances for controlling isolation zones as its main |
design features was the basis of the column design tested in
this investigation. The objectives of this investigation |

were: (a) to develop a method of continuous ion exchange,



(b) to study the mechanical aspects related to operating
the experimental ion exchange column de#eloped,'and (c) to‘
obtain performance data from ths experimental ion exchange

column for scaling up 1ts design to industrial sized models,



CHAPTER II
BASIC RELATIONSHIPS

Ion exchange is probably best explained on the basis
of 1ts physical nature. On this basis, a definition of ion
‘exchange may be stated as: |

the reversible exchange of lons between a solid

and a liquid in which there 1s no substantial

change in the structure of the solid.'§7[
By this definition one of the ions must always be bound to
the immobile solid and is therefore not carried away by the
solution. - This fact embodies the princippl advantage of the

process of lon exchange.

Equilibrium Relations

The chemical resction for the cationic exchange occur-

ring in the system studied in this investigation 1is:
2 Na °(Resin) + Ceh—x Ca °(Resin)p + 2 Nat (1)

where: Na o(Resin) = sodium form of resin

Ca °(Resin), = calcium form of resin

The application of the law of mass action, which governs this
reaction, results in the following equation for the equilibrium

constant (K) in terms of concentrations:
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[Ca o(LEResin)?] ° [Naf"]a

57 e (Restn 2 - [aM

(2)

' - =
whevre: Ca °(Resin)o concentration of calcium form

of resin
Na °(Resin)

concentration of sodium form

of resin

[Na+_ jonic conéentration of sodium

[oa]

- in liquid

in liquiad

lonic concentration of calcium

Rate Equation

Anderson (2), as a part of the ion exchange program
of study at Thﬁ University of Tennessee, developed a rate
equation from'éxperimentél data and theoretical considera-
tions. This rate equation provides a basis for interpreting
column perfomance data. The differential form of the equa=

tion is:

S aCox(1-y)2 - Co2y(1-x)2
2- Rady - _ K _ (3)
E&Q (l-e(LGdZ a(lay)a+ 2Coy (1-x) 2cox(1_y}+;002(1=x)2
) K + "~ Ka
ky, kgr

where: R = resin flow rate, grams dry resin per minute

D = diameter of exchange bed, cm.
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void fraction of resin = 0.50 for Dowex-50W (16)

density of resin, grams per cu. cm,

exchange resin bed height, cm.

MM owd g
11

2 gquilibrium constant for exéhange system

a = total ionic capacity of resin, meq (CdHZP Né*)
per gram

P = meq catt

P/a

Co = total ionic concentration of liquid, meq (Ca'

per gram dry resin

o
"

+Nd+) per ml,

Calcium ionic concentration of liquid, meq ngml

X

Co
kr = the solid phase diffusion constant, minutes=1
ky, = the liquid film diffusion constent, minutes™'

The two diffusion constants were related to ths flow
conditions in the dense resin bed by the empirical equations:
KR £ 0,278 + 0.162 Re
kp, = 31.32 Re0.6L43
Here Re is the Reynolds number based on the particle diameter
aﬂd the superficial liquid velocity in the resin bed.

" The differential equation is of little use as such;
but the integral form may be used to determine theoretical
exchange bed height requirementé; The iIntegral form is
obtained directly from equation (3).
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s aCox(l=y
,/4(33 -

w ool a(1ey)242Coy (1=x) 2Cox( 1-3)4Co2(1-x)2]
Z «=Ra : K - ' ‘
Ldz = ﬂDZ(i p k1, + kp
T (04 )2 - CoPy(1-x)2
K

The values of x in equation (L) are found as a

function of x(o);, y(o), and y by taking a material balance

with respect to calcium over a hypothetical section of the

ion exchange column,

Figure 1,

S

=2
Resin Liquid
Phasd Phase
Jo %o X0 2o

Hypothetical Section of the

Ion Exchange Column

The material balance equation 1s:

Ray (o) +

R‘(‘fLCQX(O)_

4+ LCox = Ray+

where: TRay(o)

R« f1,00%x(0)

(1-=) fs

(1l-«) fg

m+ LCOX(O)

(5)

ay (4)

the Calcium leaving with the resin at 2 = o

the Chlcium leaving with the 1liquid in the

resin volds at Z = o



the Calcium leaving with the liquid at Z =

LCox = -z
Ray = the Calcium entering with the resin at Z = Z
R« fsCox . the Calcium entering with the liquid in the
(I-=Tfg
resin voids at 2 = 2
LCox(0) = the Calcium entering with the resin at 2 = o
Z = exchange section height

3

liquid density, grams per ml.

c
L1}

liquid flow rate, ml. per minute

The evaluation of equétion (4) with equation (5) can be car-
ried out by numerical methods which are readily applied once
thé data are obtained, Calculated bed heights determined by
the preceding method should prove advantageous in evaluaﬁing
the experimental perforﬁance data from a continuous ion ex-

change unit,

.Theoretical Stages

The relations establishéd by McCabe and Thiele (13)
for the graphical detemmination of the number of equilibrium
" contact stages can be applied to ion exchange where discrete
steps are involved in countercurrent contacting of resin and
solution. Figure 2, for instance, illustrates the relhtion
between the operating line and the equilibrium curve when ﬁn
ion A 1s being transferred from the resin stream to the coun-

tercurrent solution phase, The horizontal distance between
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the two lines represents the overall driving force for ionic
transfer based on the liquid film. The number of equilibrium
contacts required to reduce the concentration of A in the |
resin phase from its entering value to the desired exit con-
centration may be found graphicallyvby stepping off the
stages in the conventional manner by applying the McCabe-
Thiele method (13).

(yA) entrd :
operating

(yA) exit{*=—--—> equilibrium
. curve

(xA) exit (xA) entr,

Figure 2, McCabe-Thiele Diagram for Counter-
current Ion Exchange

For ionic transfer from the resin fo solution, i;e,,
stripping, the operatipg line will be above the equilibrium
line. In order to havé_nearly complete removal of ion A from
the resin, the entering solution must be néarly free of A,
the'51ope of the operating line must be greater than the

slope of the equilibrium curve, and a large number of contacts
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will generally'be required. Convefsely, the operating line

will be below the equilibrium curve for loading ions onto‘
the resin. Nearly compleﬁe sgtﬁration of the resin requires
that the solution be free of £he second component, have a
large number of contacts, and.have an operating line with a

slope less than that of the equilibrium curve.



CHAPTER III

EXPERIMENTAL EQUIPMENT

General

The equipment used in this investigation consisted of
an ion exchange columh, containing both loading and stripping
'sections, sand the necessary accessories required for the
operation and testing of the column. The basic column de-
sign and construction were flexible enough to allow the
changing of parts and the incorporation of new ideas into
the experimental design. The experimental column details
were not altered throughout most of the performance tests
made after the initial experimentation° This was done to
eliminate unnecessary variations that might have occurred in

the column, performance.

Column

‘Thé column, containing the two eXchange sections, waé
constructed of li-inch ID glass pipe sections rigidly flanged
together with bolts and gasket sections. Pipe lengths vary-
ing from ten inches to two feet were used in the column con-
struction to obtain the desired poéitions for the pressure

taps, the liquid feed streams, and the liquid removal streams.
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For most of the tests the column height was approximately |
thirteen feet. | “ |
The schematic diagram, Figure 3, and the equipment
photograph, Figure h, show the relative'importance of the
~ column in the overall Qquipmént layout. Both loading and
strippingiwere carried out in the 31ngle'éXperimént;1 column.
As indicated in Figure 3, the resin is carried from the bot-
‘tom of the column to the top by a liquid jet 1lift. From the
top of the column the resin then moves toward the bottom of
the column due to gravitational attréction of its own mass
and the action of the cocurrent flow hydraulic ram. AS the
resin moves thrdugh'the column from the top to the bottom
it passes through these sections: (a) a zone of resin im-
mediate;y above the loading section in which no exchaﬁéé
‘occurs, (b) the loading zone where the resin picks up cal-
cium ions from the liquid feed and loses sodium ions,gv(dj
an isolation zone of constant hydraulic pressure in which no
liquid flows, (d) the stripping sé;tiOn where the resin
loses calcium iqns to the liquid and picgg up sodium ions,
(e) a wash section where the 1iquid'Contéined in thé'VOid
éiades of the bed is washed out and replaced by wash water,
and (f) a second isolatioh zone of cdnétant hydraﬁlié pres-
sure to prevent any liquid flow, either up or down, at'tﬁe

bottom of the column.
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Experimental Apparatus for Continuous

Countercurrent fon Exchange

Figure 4.
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Resin System

The exchange medium was Dowex=50W (8 per cent cross-
linkage) supplied by the Dow Chemical Company and screened
by the Illinois Water Treating Company. The exchange ca-
pacity, found experimentally, was L4.818 meq per gram of dry
resin. The density of the resin was 1.3177 grams per cubic
centimeter in the hydrogen form and wet (2). Ninety-five
per cent of the resin supplied to the column was made up of
particles with diameters between 840 and 1100 microns when
wete The remainder of the resin was made up of fines (par-
ticles with diameters less than\BMO microns when wet).

The exchange system was closed with respect to resin
and there was only one initial charge of resin made to the
column. The liquid jet 1ift provided the necessary force
required to move the resin in the system and an adjpstable
control valve was used (See Figure 5) to control the quan-
tity of resin carried in the jet 1lift. A butterfly type
metering device and timer were used to detemmine the "dry=-
resin" flow rate without removing resin from the system.

A special resin sampling device for removing approximately
one gram of resin from the column cross section was buillt
and found satisfactory (See Figure 6). Before obtaining the
resin sample from the column it was necessary to fill the

sampling device with liquid to prevent air from entering the
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exchange column.

Liduid System

The liqulid system was rather elaborate, as shown in
Figure 3. It consisted of four feed streams and two "prod-
uct" streams., These streams were:

(1) a calcium chloride,solution. This solution was
fed to the loading section and had been made up from city
water and a commercial grade calcium chloride. The compo-
sition of this solution was reported in terms of equivalent
CaCo3 hardness, For the various performance tests solutions
containing 4000 to 15000 ppm were used for the feed to the
loading section.

(2) a sodium chloride solution. This solution was »
fed to the stripping section and had been made up from city
water and a commerclal grade of sodium chloride. Each so-
dium chloride solution was made up as one per cent by weight
NaCl and_analyzed for equlvalent CaC03 hardness and NaCl
concentration.

(3) a wash stream. This stream was "softened" liquid
from the loading section used to displace the liquid carried
glong with the resin from the stripping section.

(i) a jet 1ift stream. The jet feed, recycled from

the product effluent, served to 1ift the regenerated resin



25
back to the top of the column.

(5) product stream (loading section). This stream
was the "softened" calcium feed stream after it had passed
through the loading section.

(6) waste stream (stripping section). This stream
was the "hardened" sodium feed stream after it had passed
through the stripping section,

Flow rates for all the liquid streams except the
product stream from the loading section were.méasured with
rotameters, _ |

In order to obtain uniform liquid feed to the exchange
sections a feed ring was constructed with a series of "slot-
ted tubes," one-eighth inch in diameter. Thesp tubes were
arranged in the feed ring as shown in Figure 7. Both the
-product from the loading section and the waste from the
stripping section were withdrawn from the column throﬁgh
take-off sections. These take-off sections were glass "T"
pipe sections with a 30 mesh screen inserted between the
flanges in the horizontal arm to allow the passage of liquid
and to retain the resin within the column.

In order to remove resin from the low pressure space
at the bottom of the column and 1ift the resin to the top of
the column a venturi-type jet was used. This venturi-jet is
shown schematically in Figure 5 and its characteristic meas-

urements include: (a) a 5/32 inch throat, (b) a five
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degree angle of taper, and (c) a 3/8 inch opening for the
resin, |

Two 116 gallon aluminum tanks were used to make up
and store the calcium and sodium feed solutions until they
could be used in the column. Propeller-type agitators were
used in each tank for mixing the solutions,

The isolation iones were maintained by pneumatically
controlled valves. The primary sensing elements of the
controllers were Foxboro D.P. cells, range: 0=-50 inches of
water, modified by the Instrument Section at the Oak Ridge
National Laboratory to give an operating range of't 6 inches
of water., The pneﬁmatic signals from the D.P, cells were
supplied to Foxboro controllers, Model 58PL, which actuated

Foxboro Regulator valves, Type V-l.

Pumping System

Three pumps wWere required for the operation of the
experimental column during test runs. They were: (a) the
calcium feed pump, (b) the sodium feed pump, and (c) the
recycle and wash feed pump. The calcium and sodium feed
pumps were positive displacement pumps and the recycle and
wash pump was a centrifugal pump. The positive displacement
pumps were coupled with air-bubble fluctuation dampers to

provide uniform feed rates to the column. The recycle and
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and wash feed pump was used to r'ecycie the product from
the loading section as wash and for the jet lift. (See

Figure 3.)



CHAPTER IV

EXPERIMENTAL PROCEDURE

General

The primary objectives of this investigation were to
(a) design and build a continuous ion exchange column and
(b) obtain performance data for scaling up the experimental
column to industrial type equipment., The early parts of the
investigation'were primarily concerned with building and
developing a workable experimental ion exchange system., Af-
ter the development work on the continuous countercurrent
ion exchange equipment had proven it to be operable, per-
formance tests were made to evaluate the system and obtaip

pertinent data for future ion exchange equipment design,

Column Development

The initial experimental column was essentially the
same as shown in Figure 3 and described in the preceding
chapter without the automatic pressure control system for
the isolation zones. The operation of the initial experi-
mental column depended upon the manusal maintenance of the
two constant pressure zones to isolate the loading and
stripping sections. This was later modified to one manually

controlled zone and a pneumatically controlled zone because
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of the difficulties encountered in making frequent manual
ad justments. Even one manually controlled zone proved to
be a control problem, so a second pneumatic control unit was
installed, The use of two controlling units made the opera-
tion of the column considerably simpler since the operational
manpower requirements were reduced to a single operator where
two and sometimes three operators had been required to main-
tain manual operational conditions. Some other changes were
made in the column development, as follows:

(1) Pééitive displacement pumps were installed in
the feed lines, This change was made to provide more uni-
form feed rates than had been obtained with a pair of cen-
trifugal pumps used earlier., The first pair of pumps used
was also oversized and significant heating of the feed solu-
tions resulted. Thefe was some question about the effect of
temperature upon the exchange reaction at the time of the
change, although no extensive investigation was made along
these lines,

(2) A special take-off section was designed, built,
and subsequently removed. The take-off section used in most
of the testing in this investigation consisted of fhe nwpn
section with a screened cross section described in the pre-
ceding chapter; however, 1t was felt that a design which
would allow the removal of the liquid from the center of the

exchange column would give a better sample for testing
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: pufposes. The second take-off section consisted of a tube
inserted into the center of the column and covered with a
hemispherical screen, one and one-half inches in diameter.
Because of large pressure bulld-ups within the column and
the subsequent packing of resin around the take-off this'de—
sign was rejected. Further work is planned along these
linéso

(3) A mechanical resin rate controller embodying the
use of a variable speed, motor driven gear in.controlling
the resin flow rate was installed in the column. See Fig-
ure 5. This controller had the desirable feature of easily
established;, uniform resin flow rates. Howeverg this ad-
vantageous feature was outweighed by the greatly increased
resin attrition rate and the mechanical controller was re-

moved,.

Operational Procedure

It was necessary to decide upon a set of operating
conditions before making each perfo:mance test, Qonditions
for providing data for performance evaluation were estimated
from experimental observations and mass balance calculations.

The approximate calcium solution concentration tovbe
fed'to the loading section was First decided upon. The cal-

cium feed solution concentrations used throughout this



32
investigation were conéiderably higher'than normally asso-
ciated with water SOftenihg processes, Because of the limit
on liquid feed rates imposed by ﬁhe fluidization of the
resin at flow rates near lOO.gallqns per hour per square
foot 1t was necessary to use concentrated (from LOOO to
15000 ppm equivalent calcium carbonate) calcium feed solu-
tions to load calcium ions onfo the resin in the loading
section at rates sufficiently'high to allow the attainment
of steady/state conditions in reasonably short operational .
time periods,

‘The sodium chloride solutions fed to the stripping
section in all performance tgsts'were made up of one per
cent (by weight) sodium chloride to conserve the reagent.
An accurate analysis of.the sodium feed solution was made
with standard silver nitrate solutions to determine thé
chloride and thereby the sodium ion concentration.

These.were rather unorthodox conditions for water
softéning by ion exchange methods, but they provided a good»

basis for obtaining performance data for the evaluation of

-

the ion exchange equipment. |

The essential steps in operating the experimental
column and obtaining data weré as follow beiQWo (See Fig-
ure 3.) | | |
1) Fill empty column,with’liquidvﬁd remove air.

2) Close the resin control valve.
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i)

5)
6)
&
8)

9)
10)

11)
12)

13)
1h)

15)

16)
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Fill the column with wet resin.
Start pumps (but not feeds).

Start jet feed (the resin control valve is still closed
at this point).

Open pneumatic control valves to the system by opening
the manual control valve 1in series with them.

Gradually open the resin control valve until the approx-,
imate desired resin flow rate is obtained.

Start feeding solutions to the column (calcium, sodium,
and wash) at the desired flow rates.

Make adjustmenfs on jet feed rate to the final reading.

Adjust the resin rate to the desired value by "trial-
and-error" manipulation of the adjustable control valve
and the resin rate measuring device.

Adjust the liquid feed rates to the final desired rates.

At sampling points (product from loading section and
waste from stripping section) adjust the sampling valves
to obtain "drip" samples and begin taking samples,

Periodically check all feed rates and make the necessary
ad justments,

Take regular liquid samples and test for equivalent
Ca003 hardness.

After the liquid sample concentrations (from the loading
and stripping sections) become approximately constant -
begin taking resin samples at (a) the top of the load-
ing section, (b) the middle of the isolation zone be-
tween the loading and stripping sections, and (c) the
bottom of the stripping section.

Analyze the resin sample for calcium content.

From ten to twelve hours (I to 5 resin cycles) were

required to obtain regular and consistent data on most test

runsAfollowing the preceding outline.
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Liquld Sample Analysis

| The method of liquid sample anélysis was a Standard
one for determining water hardness and was obtained from
the Civil Engineering Department (10) at The University of
Tennessee., This method requires fhe use of reagents pre-
pared commércially by the Hach Chemical Company of Ames,
Iowaes The analysis requires the specific use of the fol-
lowing commercial reagents:

a) Standard Versenate Solution = 1.00 ml. is
equivalent to 1.00 mg. CaC03.

b) UniVer - an indicator, buffer, and inhibitor
powder. ‘

The actual analytiéal procedure 1s as follows:

Pipette 50 cc., of liquid sample into a 250 ml. Er-
lemmeyer flask. Add approximately one gram of UniVer pow-
der and titrate with Standard Versenate Solution until the
color changes from red to blue. Shake while titrating,.

The total hardness expressed as ppm Ca003 is calcu-
lated by multiplying the ml. of the Versenate solutioh re-
quired in the titration by twenty. Within experimental
limits, the sample size may be altered provided the corre-

sponding calculation factors are also changed.

Resin Sample Analysis

The calcium content of the resin was measured
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1hdirect1y. The resin samples were dried and weighed accu-

rately and then placed into Erlenmeyer flasks containing
100 ml. (accurately measured) of saturated sodium chloride
solution. The sémples were then pladed upon a shaker, for
twenty-four hours or more, until the resin and liquid had
reached>equilibrium. Under these conditions the resin was
almost entirely converted into the sodium form and-all of
the calcium ions were transferred to the 1iquid...Thus,
with a 1liquid sample analysis and the resin sample weight,
- 1t was possiblé to calculate the calcium content of the

resin in terms of meq CaCO3 per gram 4dry resin.



 CHAPTER V

PRESENTATION OF DATA AND RESULTS

Data

The data obtained from the operation of the expérimen-
tal ion exchange column were fundamentally those required for
establishing material balances around the stripping and load-
ing sections. Complete sets of liquid samples and flow rate
data were taken at regular time intérvals (30 minutes to one
hour) from the time of start-up to the end of each experi-
mental test run., Complete tabulations of data as steady
state was gpproached and other pertinent experimenta; re-
sults are recorded in notebooks entitled "Original Record
of Research" on file in the Chemical Engineering Department
at The University of Tennessee. These records are on pages
650 to 660, 10001 to 10050, 15551 to 15600, and 21101 to
21128, inclusive,

The concentrations of the product from the loading
sectidnﬂand the waste from the stripping section are plotted
as a functlion of operation time for four experimental runs
in Figure 8 as steady state conditions were approached, The
average values of the various conéentrations and flow rates’
were estimated for approximate steady state conditions and

are tabulated in Table I for seven test runs. The concen-
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TABLE I.

SUMMARY OF PERFORMANCE DATA

Ca#t Content of Resin

Re

sin
ca* Nat Feed Avg. Conc. at _° at Steady State, “Rate ~
Feed, Hardness Steady State, meq CaC03/gm. Dry Resin gm, Dry
_ ppm ppm meq NaCl _ ppm CaCo3 =~ Top of Mid, of Bot. of "Resin
Run CaC0O2 (CaC03 ml. Prod. Waste Column Column Column per min,
(1} (2] (3) (4) (5] (6] (7) (0} (9) (10)
A 2800 200 - 225 2580 2,97 3.16 2.94 61,7
B 5800 170 - 2090 3850 - - - 8lL..2
c 6300 135 0.1850 4oo L4500 3.07 L. 50 2,90 15.4
D 6680 14,5  0.1820 860 51,00 3,17 .2 3.2l 19.8
E 8155 215 0.1885 2510 6680 3. 92 o2 3.26 16,1
F 8850 205 0.1900 L4980 6600 ol Lo 42 3.17 20.1
G 15050 175 0.1926 - 9500 4.3 lpolyy 3.43 20,1
Avgo Ligq. Flow Avg, ~.C1™ Conc, in Liquid treams,
Rates, . Waste” ' B "~ megq Cl-.per ml, )
.ml. per mine. Take=off CaF Feed Prod, from Naf Feed wWaste from
Catt NaT Wash  Rate, Loading = Loading Stripping Stripping
Run . Feed Feed Feed ml.,/min° Section Section Section Section
(1} (11} (12} (13) (lh) (15} (16} (17) - (18]
A 325 285 39.5 363 - - - -
25 I BN BT
[ 7 ° ' - = b =
D 325 285 39.5 278 0.1409 0,1465 0,1818 0,1813
E 385 235 39.5 272 0.1660  0,1665 0.1885  0,1885
F 385 235 39.5 252 0.1806  0.1806 0,1907  0.1912
é_ 350 ~285 -3935T7'.30137"”W”TVV6V1‘ g 051936 Oo2128

419
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tration data consist of the hardness (in terms of equiva-
lent CaCOj hardness) of (a) the calcium feed, (b) the
sodium feed, (é) the product from the loading sectiony
and (d) the waste from the stripping section , plus the
calcium content of the resin at three pointé within the
column., The liquid‘sampleslwere also analyzed for their
chloride concentrations as a check on the cross-=flow of
iiquids in the isolation zone,

The rate data include measurem@nts of the resin rate;
in terms of grams dry resin per minute, and ali liquid rates
with the exception of the product from the loading section,
in terms of ml° per minute, These data were obtained from
calibrated rotameter readings,

The liquid pressures within the column were studied
as a functibn of height and column design under various .
operéting conditions, A typical pressure profile of the
column as a function of height with the column design as
it existed for most of the data reported is shown in Fig-
ure 9; Data for this profile are tabulated in Table II;

Results

The results of this investigation may be divided into
the sections that follow,
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TABLE II

TYPICAL PRESSURE PROFILE DATA

" Height of
Column,

- inches

0
10
20
30
1o
58
68
78
88
98
140

P, cme of Noo. 3
Red 0il above
Reference

0,0
- 0.1
- 0.9
- 1.9
- 3.0
- 5.4
- 5ol
- 5.4
= Tolt
=10.9.
50,0

L1
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The Ion.Exchange Column Design

 The design and construction of the ion exchange
column for laboratory experimentation were significant parts
of this investigation. Figures 3 and L show the experimen-
tal equipment as it appeared at the end of this phése of the
investigation. The experimental equipment developed ful-
fills the following desirable basic design requirements of
continuous ion exchange operation.

(l)_The system is completely closed with respect to
resin, i1.e., there are no additions.of resin after the
initial charge.

(2) The resin is regenerated (or stripped) in one
section of the column simultaneously as it.is being con-
taminated (or loaded) in another section.

" (3) The resin inventory requirements are small.

(4) The stripping and loading sections are isolated
from each other.

(5) The exchange resin and liquid feed streams flow
countercurrently to obtain effective use of the concentra-
tion gradients as driving forces for the ion exchange re-
action.

Advantageous aspects of the continuous countercurrent
ion exchange column studied and developed throughout this
investigation were: (a) the adoption of an automatic pres-

sure control system to the column design to maintain two
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hydraulically balanced isolation zones, (b) the total ab-

sence of any mechanical device which could be.a_serious

source of resin attrifion, and (c) the partial application
of the_"hydraulic ram" princip169 through which momentum is
transferred-from a liquid stream to the resin by frictional

drag.

Experimental Ion Exchangg

A.summary of the data required for computing theo-
retical bed heights is presented in Table III. .Most of the
data in Table III were calculated dlrectly from Table I,
the original performance data. The items obtained elsewhere
were the resin density, (f%) (2), and the fesin void frac-
tion, (o) (19). The ion exchange capacity of the Dowex-50W
resin, (a), and the eqﬁilibrium constant, (K), for the
chemical system used in this investigation (calcium,sodium,
and Dowex=50W resin) were calculated from experimental work
A carried out by Young (21). The data and calculations re-
quired to evaluate these values (a and K) are tabulated in
Teble IV and the extrapolated curve is shown in Figﬁreblo.

The;ﬁquilibrium_constant eValuated for these data is

K = 10,336 gram of dry resin per gram of

solution

and the total ion exchange capacity of the resin is
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TABLE III

SUMMARY OF DATA NECESSARY FOR CALCULATION OF THEORETICAI, BED HEIGHTS

Run —__C — D B 7 G
Strip. Load. Strip.. Load. Strip. Leoad. Strip.. Load. Strip.
Item Sec. Sec, Sec. Sec. Sec, Sec. Sec. Sec, Sec.
L6 BN ¢-) B ) BN ¢ B -0 B () B ) I ) B O
R gme dry rosin 15.4  15.4 19.8 19.8 16,1 16,1 20.1 20.1 20,1
L, ml. feed solu.  32,,5 325 324.5 325 2745 385 27h.5 385 285
meq
a, on-dry Tesin .818 L|...81t_3~ .818 b,J?lB 4.818 4.8}8 L.818 }.818 LL.818;
meq
Cos ST TeoT SoTa 0.1813 0.1260 0.1783 0,1336 0,1885 0.1631 0.1878 0.1770 0.1926
fss 8. Losin 1.3177 1.3177 1.3177 1.3177 1.3177 1.3177 1.3177 1.3177 1.3177
SLs ﬁ%f—%%%%%% 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1.000
‘%, void fraction 0,500 0.500 0,500 0,500 065000 0,500 0.500 0,500 04500
Y(o)}s Tesin conce. : ' ,

fo?? ot food ot. 00602 0.93L 0,672 0,890 0.677 0,888 0.658 0.917 0.709
X , 1ig. conec.

(o)_ at Feed pt. 0,085 1,00 °f°?5 1,00 0,059 1,00 0,095 1.00 0,020
Y resin conc, ’ ;

(2): o takecors ©0o93L 0.637 0.890 0,658 0.888 0.814 0.917 0.863 0.922
X¢ " 1iqa conc, N . ° , ° ° .‘6 Oo
wé%%%akefoff (exp) 0.496 0,078 0.606 0 12; 0,721 0.319 06703 04563 0,995
X{z)s liq. conC. . .519 0,401 0.402 0,466 0.390 0,906 0,610 0.920 0.417

e

.at_take-off (calia;

e B 06 g it kit

L st



AT

e Churenn e SN L P SNEUVEIE S S AR SO dion : e . . :Ad}.; e O SR eSS -_:‘; L o ~ " i

e T

—

TABLE IV

EVALUATION OF THE EQUILIBRIUM CONSTANT AND THE
‘TOTAL ION.EXCHANGE CAPACITY OF THE. HESIN .

| Final mé. ‘ CoP (1-XJZ  [oop(1-X)2
Pﬁint P % 'ﬁf'sgii? ' ’X (%;X)z ZG;P3 (7) (8)/(; 29)2) ]
69 Bl ¢-) Rl ) R 1) %‘L "(F§‘5‘L —(—;— L%'HH‘ (10
1 B.137 0.3249 0.16500  0.5078 0.4922 0.2423 .34l Q,gu13 0.801
2 3.898 0.2367 0,08201 'o.3ué; 0.6535 0.4270 0.9227 1.1371 1.066
3 3,574 0.1736 0.03L60 0.1993 0.8007 0.6412 0,620k 1.9960 1o413
L 3.258 0.1432 0,01750 0.1222 0.8778 0.7705 o.uéés 2,941 1.715
5 2,908 0,1208 0.00806 0.0667 0.9333 0.8710 0.3513 14,5875 2,142
6 2.841 0.1157 0.00654 o.osgs' 0,9435 0,8900 0.3287 5.1778 2,276
7 2.646 0,1087 0.00440  0.0405 0.9595 0.920L 0,2876 6.5359 2,551
8  2.415 0,094l 0.00266 0.0282 0.9718 0.9445 0.2280  7.636L 2,76l
9 2,046 0.0792 0.00122 0,015l 0.98u6 0.9696 0,1620 10,1997 _ 3.194
10 0,000 - - - .- - extrapolated - 5.57

st
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a = 4,818 meq (CaM+ Na') per gram of

dry resin

The experimental equilibrium constant (X) and the
total ion exchange capacity (a) were used to compute the
data necessary for the establishment of a general correla-
tion of the equilibrium liquid and resin concentrations as
a function of the total iopic concentration of the liquid.
Data for this general correlation are tabulated in the
Appendix. The equilibrium curves obtained by interpolation
of these data and experimental data for the stripping sec-
tion, from Table III, were plotted on Figure 11 for the
graphical determination of the number of theoretical eqﬁi-
librium stages required for the separation. The number of
theoretical equilibrium stages is tabulated in Table V.
Results of the numerical integration of the rate equation,
using data from Table III, are also tabulated in Table V.
These theoretical and experimental data were used to com-
pare the column performance in terms of theoretical versus

actual HETS (height equivalent to a theoretical stage).

Exchange Section Isolation

The typlcal pressure profile data presented in Table
II and Figure 9 were the result of one of the isolation
zone studies. These data were taken in an attempt to prove

that the isolation zones did not allow a liquid stream to
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TABLE V

-THEORETICAL AND -EXPERIMENTAL RESULTS COMPARED

TNo. of - Stage Height
Equilibrium RBesin Bed Height Actual — Theoret. _

‘Stagés ~  Actual  Calc, om./stage cm./stage % Bed
5 Run (Graphically) (em.)] - (cm.} (3)/(2% (41/(2) Effectiveness
i (1) » (2] . -(3}. N{Np - ATBI ] ‘ .17) -
) D, stripping 7.1 7lt.930 7.125  10.%64 1,000 9.51
{ E, stripping 6.6 74.930 6.549  11.353 0.992 8.7k
| G, stripping 3.1 7l.930 2,167  24.171 0.699 2.89
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flow between the tw0~exchahge sections, Similarly, the

liquid test samples_were'anélyzedmfor their chloride con-
centration 1n an effort to show that there was a chloride
balance around the individual exchange sections. These
data are tabulated in Table I, A third method used in
studying the isolation zone involved the study of liquid |
flow patterns with colored feed solutions. Observations
made during these tests indicated that zones of zero pres-

sure gradient did serve to isolate the exchange sections.

Resin Attrition

Two types of'fesin rate control systems were used
and their effect upon resin attrition rates was compared,
The particle size distributions are shown in—Figufe 12 and
Table VI for (a) the original resin supply, (b) the resin
after 1000 hours of operatlon with the adjustable control
valve, and (c¢) the resin after 100 hours of bperation using

the mechanicai controller,



OF TOTAL

%

OF TOTAL

%

%

OF TOTAL

51

()—
601 (A)
1 INITIAL SUPPLY
401
4 o—
20-
ol o o oo —F :
Y300 400 600 800 ' 1000 1200
PARTICLE DIAMETERS, MICRONS
601 (B) o—
a0]  AFTER 1000 HOURS
~]  USING ADJUSTABLE |
20 CONTROLLER
0300~ 400 €00 '~ 800 ° 1000 ' 1200
PARTICLE DIAMETERS, MICRONS
go{ (C) ? |
40: AFTER 100 HOURS
~{  USING MECHANICAL
201 CONTROLS § -
o) B — . ; S Se—
200 400 ' €00 ' 800 ' 1000 1200

PARTICLE DIAMETERS, MICRONS

Figure 12,

Resin Attrition Test Results



TABLE VI

RESIN ATTRITION TEST DATA -

Resin after  Resin after
Supply 1000 hrs. Use - 100 hrs. Use
Resin, with Adj. with Mech.
Screen % Resin Controller, Controller,
Size, on % Resin on % Resin on
mlcrons Scregn - -Screen Screen
1000 6L 7 54.8 5.7
8L0 30.3 38,1 63.8
710 . 2.8 o9 7.0
590 1.5 1.7 17.7
500 0.3 - : 2.4

350 0.l 0.5 3.hy




CHAPTER VI

DISCUSSION OF RESULTS

The Ion Exchange Column Design

- The original'design of a continuous coﬁntercurrent

ion exchange for thisuinVGstigation centered around two
basic design features. These features were (a) hydrauli-
cally balanced isolation zones to separate the exchange
sections and (b) a hydraulic ram to tfansfer momentum from
the liquid to the resin by frictional drag. The experimen-
tal equlipment embodying these design features essentially
vefified the soundness of the design insofar as ‘the inves-
tigation was extended., Until December 1956 the experimen-
tal investigation had been centered about the hydraulic
balance system with little extensivelinvestigation having
been made of the "hydraulic ram" feature. To a limited ex-
tent, however, the "hydraulic ram" feature was utilized in
all of the runs, since. the jet stream was pumped directly
to the top of the column as either resin 1lift liquid or for
pressure balance liquid. However, it was not possible to
increase the liquid upflow in the column significantly above
100 gallons per hour per square foot even with a pressure
dfop of 50 psi across the cocurrent flow "hydraulic ram"

section.
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Several miscellaneous equipment tests were carried
out in attempts to improve the column operability and the
system control. The results of most of these tests proved
informative in the negative sense bnly, i.e., they led to
direct conclusions as to what was not applicable to the ex-
perimeﬁfal system. Two examples were:

(1) The experiment with a mechanical resin rate con-
troller showed that such devices greatly increase the resin
attrition rate. |

(2) The attempt to alter the take-off section design
showed that the liquid flow area could not be reduced much
without greatly increasing the pressure within the column.

The major development in the experimental design was
the installation of two pneumatic control valves to control
the isolation zones. Extensive test runs and static tests
of the control instruments indicated that good control,
within + 0.2 inch of water, could be expécted from the con-
trol instruments. This variation was small relative to
many of the fluctuafions caused by upsets in liquid feed

rates, resin flow rates, concentration changes, etc.

Experimental Ion Exchange

No attempt was made to analyze the experimental data

for the loading section of the column because (a) the
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resin sample was taken from the top of the resin bed and
not at the top of the loading section and (b) the product
sample from the loading zone included the recycle liquid.,
It was ;nteresting to note in Table I that the resin picked
up calcium from the time it left the bottom of the stripping
section and the time it arrived at the top of the ion ex-
change bed for each run (item (7) and Item (9), Table I).
- The sharp disagreement between theoretically calcu-
lated ion exchange bed heights and the actual experimental
bed helghts in Table V cast some doubt upon the theoretical
calculation upon initial exmﬁination. However, Herrmann (L)
suggested, for fixed ion exchange beds, that only a fraction
of the total bed height is actually used for a particular
ion exchange., It is his hypothesis that the actual ion ex-
change bed height may be quite small if the ion exchange is
considered to occur in the following fashion: (a) there is
a "dead" or completely loaded section‘of the resin bed in
which no ions can be further exchanged, (b) there is an
"active" section of the resin bed in which all of the ion
exchange occurs, and (c¢) there is an Mactive" section of
the resin bed which does not contact an "active" liquid (i.e.,
all the exchange ions have been removed). Application of
this concept to continuous ion exchange 1indicates that the
actual exchange bed height requirements may be oflthe order

of magnitude of the theoretically calculated heights.
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Consequently it is concluded that the experimental bed
height requirements aré high because of other factors, pos-
sibly channeling and nonuniform flow conditions within the
exchange section.

The calculated stage heights, based upon the graph-
ical theoretical stage concept, ranged from 0.3 to 1.0 foot
for the actual experimental conditions. These stage helghts
were considerably lower than the 2.7 feet per stage reported
for the stripping section in the literature (3). This dis-
crepancy was difficult to explain since the other investi-
gators used a different chemical system in addition to a
differently designed continuous ion exchanger,

The values of the equilibrium constant and the total
exchange capacity of the resin are both higher than recently
reported values (2). Comparison of experimental resin ca-
pacities'obtained in this investigation with the total resin
exchange capaclty obtained by Anderson (2) and from Young's
(21) data indicated that (a) Anderson's value was low and
(b) the value obtained from Young's data was probably
slightly high. At the present it appears that the value

from Young's data is the best availlable,

Exchange Section Isolation

The constant dynamic pressure throughout the isolation
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zones (See Figure 9 and Table II) indicated that there was
no hydraulic driving force present for causing the flow of
liquid in these zones. The visual evidence afforded by
coloréd solutions fed into the column during operation
verified the pressure profile data. A chloride analysis
was made on each of the liquid streams moving thrqugh the
column to verify, by mass balance considerations, the iso-
lation of the two exchange sections. The chloride analysis
data (see Table I) indicated that 1little, if any, of the
feed streams actually crossed through the isolation zone.
This isolation feature is necessary for the satisfactory

performance of the continuous ion exchange column.

Resin Attrition

| On the basis of a visual ingpection after only 100
hours of operation the attrition c;used by the mechanically
driven resin rate controller appeared to be large enough to
warrant the determination of the resin particle size distri;
bution and hence show the extent of resin attrition. For
control purposes similar particle size distributions were
determined for the supply resin and the resin after 1000
hours operation with the adjustable control valve. The
screening tests verified the visual observation. After ap-

proximately 1000 hours of operation with the adjustable
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. ! )
control valve the percentage fines, i.e., particles of

diameter less than 840 microns, had increased from 5.0 per
cent to 7.l per éent, approximately 0,02 per cent increase
per pass through the column. After only iOO'hours of opera-
tioh with the mechanical controller there had been an in-
crease in the percentage fines from 5.0 per cent to 30.5
per cent, approximately 2 per cent per pass. The rate of
attrition with the-mechanical controller is excessive for
commercial applications. However, the rate of attrition
with the adjustable control valve is comparable to that
reported fbr Dorrts Hydro-Softener; a commercial continuous

water softening unit. A : \



CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

The conclusions made from this study on the performance
of a continuous cﬁuntercurrent ion exéhanger are:s

(1) The numerical integration of Anderson's (2). rate
equation gives a good first estimate of the bed héight re-
quirements for a given exchange,

(2) The experimental stage heights evaluated for the
stripping section in this investigation ranged from 0.3 to
1.0 foot. These values are significantly smaller than values
reported by other investigators,

(3) The pneumatically controlled isolation zones are
effective in separating the exchange sections.

(L) From four to five resin cyéles are required to-
approach steady state operating conditions because of the
time required for the resin to reach equilibrium with the
various liquid streams,

(5) The hydraulic ram concept has not been effectively
utilized in this investigation. ‘

N
S~

(6) The elimination of all contact between the resin
and moving valves within the column is necessary to minimize
the rate of resin attrition., | |

Recommendations for further study are:

(1) Develop experimental methods of resolving the
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observed discrepancy between actual and calculated ion ex-
change bed heights into terms experimentally evaluated.

(2) For the further determinations of performance
characteristics modify the present equipment to use: (a)
constant (known) camposition resin feed, (b) constant -
(known) composition liquid feed, and (c¢) distilled water
jet and balance system. This would enable the investigatqr
to reach steady state in much less time than closed-system
. operation allows. |

| (3) Consider the possiblity of cocurreﬁtly regener-
ating the resin in a jet 1lift stream since experimenfal
data indicated that significant lon exchange can be carried
out in this manner. |

(L) Obtain basic information on the frictional
charaCteristics of ﬁhb ion exchange resins in order to
épply the "hydraulic ram" principle for overcoming the
fluidization veloclty 1imit on the countercurrent‘opera-

tion.
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SAMPLE CALCULATIONS (A)

For most of the investigation a'waSh.stream was used
in conjunctioﬁ with_the regeneration stream. This required
that (a) an averaée ionic concenﬁrafion, (b) an average
- calcium hardness; énd (¢c) a total'liquid feed rate to the
stripping section be calculated. The following is .a sample
calculation for‘Buh E of'the~ofigiﬁal data in Table I and
Table III.. | | |

Assume:
The tbtal ionic concentrations in the sodium feed
solution.equal_to_the'sum of the calcium and sodiﬁm ion'

concentrations of the stream. _
(CO)Brine_=.<C°)Né‘F (CO)Ga

where: (Colppine = the total lonic strength of the

“sodium feed solution E

(CO)Né = the sodium ionic éoncentrat;on in
the sodium feed solution
(Co)ea s the_caléiumvionic,concentration in

the sodium feed solution

(Co)prine = [Item (L),Table i}r[item (3),Table ﬂ i@onversioh
| factor] |

_ | | -5 =' ‘meqe (Ca'+ NaT)
0,1885 + (215)(2 x 107~°) °°1928 ml. solution
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The feed rates‘afe obtained from Item (12) and
Item (13), Table I,

LBrine = 235 ml./min. = sodium feed rate

Lwash = 39.5 ml./min. = wash feed rate

Lyotal = LBrine ¥ Lwash
2354 39,5 = 27445 ml./min., which is

listed as L under Item 5,
Table III

(_Co)Wash = (Co) product = (ColgogM reea = Item (2),Table I.

°e(conversion factor)

the total 1onic concentration of the wash st?eam

(8155) (2 x 10~5) = 0.1631 meq/ml.

the average value of the total lonic concentra-

(co)Avg
tion in the feed to the stripping section .

(Co)Brine® (IBrine) * (Colwash®(Lwash)
LTotal |

(0,1928) ¢ (235) + (0.1631)(39.5)
274 e5

e ot -
0.,1885 meq(Ca” + Na ), which is listed as C. under’
ml, feed o

Item (5), Table III

hf = average hardness of feed stream

_ (hardness of sodium foed)s(Lppine)+(hardness of product)e(Lygsh)
| Lrotal - |
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s (0.000£3)(235) + (0.0502)*
27k,

5
meq catt {
= 0.0112 ml. solution e

- hf = 0.
%o T 0.

i tcoiAvg

3112 = 0,059, which is listed as X,
under Item (5), Table III

The remalning items listed in Table III are obtained

as follows for Column (5):

Item
R = 16 1 gm, dry resin, Item (10, Table I
min.
a = L.818 meq (Ca® + Na') , from Table IV and Figure 10
gm. dry resin
S = 1.3177 gm. resin , data by Anderson (2)
ml. resin
A = 1,000 m. liquid , density assumed to be approxi-

ml, liquid _
o mately that of water

o€ = 0,500, data by Straker (21)

Yo) = 0.677, Item (9), Table I
a
Y(zy = 0.888, Item (8), Table I

a

X(z)s ©xp. = 0.721, Item (6), Table I
(Co)Avg

X(z), calec. = 04390, calculated by equation (5) and the

preceding data
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The items listed in Table ITIT for the loading zones
are obtained similarly, except that the correctiéns for
- the ﬁash section are not required.

For example, for Column (6), Table III:
Item

R, a, f5s Jf;» and « are the same as in Column (5),'Tab1e III

L =385 ml., , Item 11, Table I
o min, '

0.1631 meq ca™ + Nat s Item (2),Table I °(con§rersion fac'tor)
' ml, .

(8155)+(2 x 1075)
Yo = 0.888, Item 8, Table I

Q
]

1]

a
Xo =1, Item ;2;, Table I , since calcium lons alone are
' Item (2), Table I :
- present

Y(zy = 0,81, Item (7), Table I
. A

X(z)exp. = 0,319, Item.%é}i.Table I
: ' ' Item s Table I

X(g)cale, = O.906,,ca1culatad'by equation (5)}and the
preceding data
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SAMPLE CALCULATIONS (B)
The equilibrium constant in equation (2) must be

evaluated from experimental data. The following outlime

is a proposed method of making this evaluation.,

Let: P = meq Ca¥ per gram dry resin

Thus: [Ca'"'] 2 Cy X
[Na'(Resin-)l 2 a(l-Y)
| [Faf] = ¢o(2-Y)
[Ca"-(Resin)a = ay = P

and equation (2) becomes

2
Kk = [Co(1-X)]"e(a¥) . G (1.x)2 ¥

2
Ka(l-P/a)z = G;ap. ilx;‘x)_

1— 2 %— - 1 ) 1
Ka(1l-P/a) = [c P(1-X } = K%a - KiP

_ N
Therefore, a plot of I})ol’(l-}()ﬂ§ versus P should be linear
X .

, 1
with a slope of (-K‘%‘) and an intercept at P = o of (aK®),

In evaluating (K) and (a) for the experimental system
the preceding method was used, The experimental data and
calculations are tabulated in Table IV. Considering the

calculations for point (1), the items aret
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Item
(1)
(2)

point number

4.137 meq catt P, experimental data

gme. resin

(3) = 0.3249 megq cat Cos ©Xperimental data

ml. sSolu.

(L) = 0.16500 meq Ca?* , final = experimental data
ml. solu.
(5) = 0.,5078 = X = (4) divided by (3)

(6) 0.4922 = 1-X =1 - (5)
(7) 0.2423 = (1-X)2 (6)2
(8) = 1.34l41 = CoP = (2)+(3)

(9) 0.,6413 = CoP(1l-X)2 = (8

(10) = 0.801 = [COP(I-X)Z]% . (9
X

Item (10) for point 10 is extrapolated graphically as shown
on Figure 10 to obtain (a).

Therefore:

K = I:- slope]2

= [- %]2 = [-1.156]2 = 1°3§6

and

. H +
a = int;;cept - %:%% = 1.818 meq (Ca™ Na )

gm. resin



SAMPLE CALCULATIONS (c)

Sample calculations for Run D, stripping, Table V
follow. '

Item

(1) = D, stripping, experiment identification

(2) = 7.1 theoretical stages, obtained éraphically from
Figure 11.

(3) = 7&.939 cm., measured value

(4) = T7.125 cm., obtained by numerical integration of
rate squation - See Table IX, Appendix D, page T6

(5) = 10.564 = (3) divided by (2)

(6)
(7)

1.004 = (L) divided by (2)

9.51% = &) = 100

71
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SAMPLE CALCULATIONS (D)

The equation (2a) must be evaluated for various
values of C, in order to establish an equilibrium relation-

ship graphically,

2 -
k = Co,(1-X)%Y (2a)
a  (1-y)%

Definition of g ,8 , »* according to:

(1-x)2 = g (6)
x =.8 (7)
ok =7 (8)

and solution for Y gives

y = 208+8 H M+Q ]A
28 2y

For this case, the only root of use 1is

'264_é+g o [|2%+Q}2_ 1]%
& £8 '

‘An equilibrium relationship can be easily.established
for any Cq, using this relationship. Table VII shows the cal-
culation for this relationship. In explanation of this table,

the items for the value of X = 0,05 are as follows:
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TABLE VII

CALCULATION OF THE EQUILIBRIUM CURVE,

Co = 0.190 meq/gm.

x, (gX)a 216 owarp 2L, (_%%2)2 (2& +2 o) [(éa'éwé;?_lT
B 1=(112“ 67 765(1) (3) (2) (4)/(3) (512 (6)-1 (7)% Gﬂ (8)
(1) zy 3y W) - (5} (6] -{7) (8) -€9)
0.05 0.9025 3.3878  1.2903 1.266397 1.60376 0.60378 0.7%69 o;u895
0,10 0.8100 6.7756  T7.5856 1.119547 1.25339 0.25339 0,503k 0.6162
0,20 0.6400 1345512 14.1912 1.047228 1;99669 -0;99669 10,3109 0.7363
0,30 0.4900 20.3268 20.8168 1.02u106 1.04879 0.04879 0.2208 0.,8033 .
0.40 0.3600 27,1024 27.4624 1.013283 1.02674 0.0267k 0.1637 0.81495
0.50 0,2500 33.8780 34,1280 1.007380 1,01481 0.01481 0.1217 0,8856
0,60 0,1600 40.6536 L0.8136 1.003936 1.00789 0.00789 0.0888 0.9151
0.70 0.0900 L47.4292 47.5192 1.001898 1.00380 0.00380 0.0616 0.9303
0480 0,0400 54.2048 Sh.2448 1,000738 1.00148  0.00148 0.0384 0.9623
0.90 0.0100 60.980L 60.9904 1.00016L 1.00033 0.00033 0,0181 0.9821
0,95 0,0025  64.3684 6l.3707 1.000039- 1,00008 0,00008 . 0.0088 10,9912
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Item ,
(1) = 0,05 = X or B
(2) = 0.9025 = (1-X)2 or &
(3) = 3.3878 = 2¢B = (constant) * (1)
| (L) = L.2903 = 2¥W+P = (3)+ (2)
= 1,266 = /2 - divided b
(5) . 397 ( 2@@;@) . (4) divided by (3)
(6) = 1.60376 = [208+%\2 _ (5)°
| (fTiTBié) = (3
(M = 0.t = (20a40) \¥ -1 - @ -1
N = ‘ 2 3
(8) = 06,7769 = [(23“2(; ) -ﬂ = ()}
= Y = (5) - (8)

(9) = 0.4895

A summary of five such tabulations is given in Table VIII,.

The numerical iﬁtegration involved in estimating the
exchange bed height is carried out in Table IX for Run D.
The increments of Y were made equal and even in number so
that _Simpson's rule for approximating plane area could be
used, Substitution of the numerical values from Table III

into equatibn (4) gives the following.

(0,8900)

KO'22M+5)(1-Y)2+ (0,0124435) (1-X)Y + l _
z = =1,7869 (0.966136)X(1-Y) + (0.013338)(1_X)§LJ % (9)

( [[0.85905)X(1-¥)2 - (0,023796) (1-X) ¥ |
(0.6920)




TABLE VIII

TABULATIONS-OF X VERSUS Y ASlA FUNCTION OF C,

. Y
Co20.1260 Co=0.1385 Co=0.1631 CoZ0.1770 Cg=0.1L0
X xgeq/ml. r?leq/ml. : ﬁeq/ml. r?leq/ml. r?wq/ml.
0,05 0.5566  0.5367 0.5148 0.5013 0.4895
0,10 0.6733 0.6606 0.6281 = 0.6265 0.6162

0,20 0.7791 0,7698 0.7529 0.7432 0.7363
0.30  0.8355 0.8293 0.8162 0.809) 0.8033
0.40  0.8759 0.8702 0,8599 0.85u6 0.8495
o.50l 0.9058 0.9016 0.8936 0.8895 0.9956

0060 40,9303 0.9271 0,9211 0.9180 0.9151
0070  0.9511 0.9488 - 0.9445 0,9425 0.9303
0.80 0.9692 069677 0,9650 0.9636 0,9623

0,90 00,9852 0.9846  0.9833 0.9827 0.9821
0.95 0.9928 0.9924 0,9918 009915 0.9912
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TABLE IX

NUMERICAL INTEGRATION OF RATE EQUATION FOR DETERMINING
THEORETICAL BED HEIGHT - RUN D, STBIPPING SECTION

(1) -y z2. . (1x) ( (1=X%a (1=§3§?-(1=Y)2X FEF: (1=X}§?_:§F§;T-
S5 S e S R A - SR R
0.6720 O, 3280 0,10758 0, 02u7 0.9753 0.9512 Ow00810 0,002657 0.6554 0.6392 1..08815
0,7156 0.28ly 0,08088 0.1000 0.9000 0,8100 0,028l 0,008088 0,640 0.6796 9.41971
0.7592 0.2408 0,05798 0.1752 0,828 0.6803 0.64219 0.010158 0.6262 0.5165 19.82955
0,8028 0.1972-0.03889 o°é505-0,7&95ﬂo;5918 0,04940 0.009742 0,6017 064510 30.22183
0,846l 0.1536 0.02359 0.335740;6643 003313 0.05156 0.007919 0.5623 0.3735 32,61666
0.8900 0.1100 0.01210 0.4:010 04,5990 0:3588 0,04111 -0s00l4852-0:5331 0.3193 16,.546141
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(0.8900
= =1.7869 £(Y)ay
(0.6920

0.3552

Since Re = 0,47036 and kp
= 19,2104

kr,

Equation (5) reduces to (10) upon substituting numerical

values.
X = l°7258 Y - 1.1350 (10)

These two equations; (9) and (10), give the numerical

values of

QZ\ - ¢ #q)
(dY Yoy, 1

Therefore, the tabulation in Table IX gives a numerical

value of Z whenASimpson's Rule 1s applied.

For Y = 0.6720, the items in Table IX are as follows.

Item
(1)

(2) = 0.3280
(3)
(4) = 00,0247 = (constant)e(l) - (constant) = X

0.6720

Y

1-(1) = (1-Y)
0.10758 = (2)2 = (1-Y)2



Item
(5) = 049753 = 1 - (k) = (1-X)
(6) = 0.95121 (5)2 = (1-x)2
(7) = 0,00810 (2)* (L)
(8) = 0.,002657 = (3)°(4) = (1-¥)%X
(9) = 0.65540 (1)< (5)
(10) = 0.63921 = (1)<(6)
(11) 4.08815 - £{Y), obtained by substituting

(1-Y)X

(1-X)Y
(1-X)2Y

Items (1) through (10) into

| "equation (9)

| 0.8900
Z = -1.7869] f(¥y) d¥

0.6920

-1.7869 E?:%Eié{;,08815+-16.5u6411-u(39.6u15u)

+ 2(52.4&621{%]

70125 Cme
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NOMENCLATURE -
a - total ion capacity of resin
A = void fraction of resin
B = symbol for simplification = X
Ca = ‘calcium ion concentration in liquid

Ca°(Resin), = calcium form of resin
Co = total ionic concentration of liquid
D = diameter of column
£(Y) = a function of Y simplification symbol
iy * K
Co

hy = calcium hardness or ionic concentration

symbol for simplification

=
"

equilibrium constant
ky, = 1liquid film diffusion constant

solid phase diffusion constant

{23
o
]

L = 1liquid flow rate

Na = sodium ion concentration in liquid
Na*(Resin) = sodium form of resin

P = calcium content of resin

# = symbol for simplificatio:i = (1-}()_._2

R resin flow rate

Re
L

Js = resin density

Reynolds number

liquid density

X calcium ion concentration of liquid divided by Cg,



P divided by a

ion exchange bed heilght
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