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ABSTRACT

This work is intended to give an insight into the use of
exfoliated vermiculite as an ion exchange medium for the removal of
certain transition metal ions from low# concentration waste waters.
Two different size grades of exfoliasted vermiculite were employed;
as supplied by a commercial source.

Both batch and column processes have been investigated and
centrifuge operation discussed. A simple model has been found to
fit the column data reasonably accurately provided the flow rate was
low. Diffusion coefficients have been estimated, from the model, to
be of the order 1077 cmZseci!.

The times tsken to breakthrough were in the order N12+'>»Cu2+

> gnt > crot. Tt 4as found that the sraller grade vermiculite
increasad the brerkthrourh time considerably over that of the larger
grade,

Total cation exchanse capacities of nickel and zinc were of
the order 1 meq.g:1, whilst those of copper and chromium were of the
order 2 meq.g:1. These values are of the same order as those found

in the literature.
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1. INTRODUCTION

Public opinion is very concerned with the problems of water
pollution, and pressure has often been brought to treat such effluent.
Often this waste is inorganic, such as in the metal plating industry,
and is in fact toxic because of the heavy metzls present, eg.
chromium, nickel, copper, zinc and cadmium which interfere with life
in the rivers in which such waste is discharged. Hence there is an
obvious need for treatment, but the cost is often prohibitive.

A possible course here was that of ion exchange so that a less
noxious ion, for example magnesium, passes into solution, but this
is still a2n expensive process as the ion exchange resin and the
contacting esuiuvment are costly. It was therefore considered worth-
while investigating whether an alternsative cheap, readily available
natural material, eg. a soil, could be used. The soil w@wculd probably
be used once, no regeneration, and then utilized in some other way,
or possibly if it was thought necesssry, the metal could be recovered.

Exfoliated vermiculite was founi to have a fairly high cation
exchange capacity for such metal ions (NFohn 1973), and so it was
'decigied to investigate it s use by cheap, simple methods of contact,
eg. batch or fixed bed operation. Concentrations in the range 25-200
ppm (by weight) were considered suitable.for this study (Yohn 1973%).

Once saturated the exfoliated vermiculite could be dried and
used in the building industry in the usual #ay, eg. insulation,
light 7eight cement, etc. Alternatively a way of recovering the
metal could be developed and hence the vermiculite regenerated.

Vermiculite is an aluiminium-iron magnesium silicate, resembling
mica in appearance. Hydrated magnesiuﬁ.ions are contained in sites in
the regions between the silicate layers, and these ions are free to
move and are available for exchange. The detailed structure of

vermiculite and the process of ~xfoliation, together with the exchange
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properties are explained in detail in chapter 2.

Chapter 3 deals with the methods availzble for operating the
process - namely batch, fixed bed and centrifuge. The first two were
chosen because they represent the cheapest and simplest methods of
operation; the latter was included as it was thought this process
deserves further investigation at a later date, as it has several
advantages over the other two techniques, although it is more
expensive especially for the process control. Laboratory and industrial
scale apparatus are also discussed.

The theory of ion exchange is discussed in Chapter 4. Ion
exchanre equilibria, ion exchange kinetics, rate determining
mechanisms and simple mathematicel models a2re all included. The models
considered are the Proportionate-Pattern case (unfavourable
equilibrium) and the Constant-Pattern case (favourable equilibrium).
Both particle diffusion controlled and film diffusion controlled,
together with corbined resistance control, are outlined. ’

The experimental details and results are given in Chapter 5
and the discussion and conclusions are presented in Chapter 6.

Suggestions for further work are outlined in Chapter 7.
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2. ION EXCHAIGE AND VERI:ICULITE

2.1 THE IECIANISM OF ION EXCHANGE

There are solids in which cavities are filled with positive
and negative ions that make up a salt. In the dry state, the ions
retain their average position in the framework, but wvhen immersed
in a polar liquid, water for example, one or both ions are free to
move. It is often found that one ion is free to move throurh the
solid whilst the other is held firmly to the framewcrk. The mobile
ion can nove into the surrounding liquid if the solid as a whole
remains electrically neutral, that is if ions of equivalent charge
pass from the liquid into the solid. The seme requirement of
electrical neutrality excludes from the solid, ions of the srme
polarity as those held firmly by the framework, see below. The net
result of the process is to exchange mobile ions in the solid for
ions of the same polarity in the liquid. The process is termed ion
exchange and can be used for replacing those in solution by others
with more suitable prcperties, or to recover ions from solution.

The tendency for ion exchange reactions to reverse vary greatly.
If at equilibrium the exchange is predorinantly in the forward
direction the reartion is considered to be fzvourable, and if
predominently in the reverse direction it is said to be unfavourable.
dheré the forward and backward reaction have the same tendency the
process is linear. If the reaction is characterised by being
p4;;ally favouréble and partially unfavourable it is said to be
sirmoidal.,

Figure 1 illustrates the various types of equilibrium curve.
Jlere the lines are for éonétant total normality, ie. isonorrals,
and represent the path followed in a simple exchange reaction.

. Equilibrium could be qualitatively described in terms of the



13

affinity of the exchanger for one ion'relative to that for another.
For dilute solutions the relative affinities usually follow a
pattern. That is, affinity is in order of valence, divalent being
more strongly held than monovzlent, and among ions of the same
valence affinity has been founi to increase w#ith decreasing hydrated
ionic radius (Nachod/Schubert, 1956). ¥ithin a gfiv:a\gr\{gbrgfia the
hydrated radius decresses, so affinity increases, with atomic weight.
Attainment of ion exchange equilibrium is complicated by the
existence of electr-static as well as concentration differences. If,
for example, a cationic resin is immersed in a dilute solution of
electrolyte, the cations in the resin, which are the counter-ions
in this case, #will tend to diffuse out of the resin., From the
solution, both the original counter-ions and co-ions #ill tend to
diffuse into the resin. But the condition of electro neutrality has
to be maintained. The net positive charge is constant if, for every
soliudion counter-ion diffusing in*to the resin, a resin counter-ion
diffuses out into solution. Since the negative charges on the
resin are fixed, no such exchange of anions cen occur. l'ovement of
'small numbers of anions down the anion concentration gradient will
generate an electrostatic potential between resin and solution
which effectivelj excludes the anions. This is knoan as the Donnan

potential,
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THE DIFFERENT TYPES OF ION EXCHANGE EQUILIBRIA:

a) favourable
b) linear

¢) unfavourable
d) sigmoidal

FIGURE 1
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2.2 TYE STRUCTURE OF VERMICULITE

Vermiculite is the geological name given to a group of hydrated
laminar minerals which are aluminium-iron-magnesium silicates
resembling mica in appearance, The unit cell of vermiculite has the
approximate composition (HgFe)E(AlSi)4O1O(OH)24(H20). Work has shown
that vermiculite is neutral layers of (MgFe)E(AlSi)4O1O(OH)2
alternating with layers of water. On hecting slovly water is driven
off and the solid layers exfoliate (unfold), see photograph 1, into
curled filaments resembling worms. When carried out at 7500C the
water is driven off and the neutral layers take the tale structure
(Black, 1960). Basically the alurinosilicrte structure of the clay
is composed of alternating, parallel, two dimensionzl layers formed
from silicate tetrahedra and aluminate octahedra, see figure 2. This
silicate layer is approximately 10 £ thick (Walker, 1969) .

Vermiculite is formed in the clay fractions of certain soils
by the leaching action of supergene solutions by the replacement of
the interlayer ¥* of biotite or phlogonrite with exchangeable Kg2+,
exchangeable Ca2+ (to a much lesser extent than Egz+, See below *)
and a double .ater layer (Mohn, 1973); it therefore should be
regarded as a clay mineral. It's characteristic properties such as,
high cation exchange capacity (CEC), the ability to form complexes
aith- orgenic substances and a variable interlamellar spacing depending
on the exchangeable cation present ani the humidity of the samnle

bear a striking resemblance to those of montmorillonite. The

* Mg2+ is preferred over ca®t ag (Peterson/Rhoades/Area/Coleman, 1965)
i) Mg-HZO structure is very stable, primarily bec:use of hich charge
on silicate lattice
ii) does not readily accomodate Ca2+_ion - disruption and expansion
of the structure

iii) losser Ca-ﬂzo interlayer should more freely admit rg2+.
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PHOTOGRATH 1. EXFOLIATED VERMICULITE

Approximately 10 times magnification.
- note, much smaller particles were

used in the experirents.
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Structures are also similar, and, as far as is known, consist of
complex silicate layers interleaved with layers of water molecules
carrying exchangeable cations (Mathieson/Walker; 1954).

It has been shown that the interlamellar Mg2+ ions are located
in a plane midwsy between silicate layers, These ions are hydrated
and consist of two sheets of dist-rted hexagonally linked water
molecule sites with cations occupying definite positions in the
midway plane. Chemical data require ohly-% of the cation sites, and
%-of the water sites to be occupied, but random filling is nnt a
requirement of such data end a well ordered structure seerms probable.
The cavities not occupied are believed to form a weak spot for entry
into the structure (Barshad; 1954). In the interlamellar region, the
water gmolecules within the sheet are linked by weak hydrogen bonds
and the individual water sheets are held together by the cations. The
hydrogen bonds binding the water molecules to the oxypen ators of the
silicate surfaces are probably stabilised to some extent by electro-
static forces acting through the water molecules. The location of the
water molecules sites is determined by the surface of the silicate
layers.

The interleyer cations and water molecules are mobile at
ordinary temperatures, but migrate bet.seen specific sites., The cations
sites are refularly spaced 5.3 ) apart, but with divalent ions only
ahouf 4 of available sites are occupied and the meen distance
between cations is about 9 £. Reaction spreads in 2 highly regular
fashion from tﬂe edge tovards the interior and the experiments
indicate diffusion control (Walker; 1969).

Replacement of interlayer ¥g by Sr involves a change from 14.4
K. to 15 K, the increase b;ing due to the different size of the Sr
Aion. In fact there is a contracted state for K+, NHZ, cst or Rb+,

and an expanded state for Ba2+, Ha+, Li+, H+, Ag+ (Barshad; 1954).
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So if contracted, replacement is by ions that cause expansion, but
if already expanded, they ﬁ;& be replaced by either. Lithium and
silver (and Na under certain conditions) cause expansion to the
point of disintegration.

In fact large monovalent ions become fixed and reduce the

Cation Exchange Capacity apprecg%bly, as seen in Table 2 below.

TABLE 2 (Sawhney; 1969)

MINERAL SATUPATIRNG CATION % DECREASE IN CEC ON SATURATION
vermiculite WITH
Na or Ca X Cs K Cs
Libby 140 102 36 27.1 T4 .1
Transvaal 127 118 35 Te1 T2.5
Llano 146 139 92 4.4 63.8

The amménium ion has a marked affect on the release and fixation
of potassium ions, for exarple, by vermiculite, presumebly due to the
similarity of the tvo ions, with respect to size and chemical reactivity.
Apparently, the presence of the amronium ion ceauses the vermiculite to
contract so that ¥ ion is prevented from either entering or leaving
the structure. Other ammonium compounds were tried to see what %ffect
“they had and it vas found that n—butyl~a#mine hydrochloride had
little effect, but 2,4 diaminophenol dihydrochloride and eniline
hydrochloride greatly reduced ~dsorption. In these latter cases,
however, the lattice size was little chansed and so it murt be assumed
that the surface of the vermiculite becomes clogred with ions K
cannot replace, (Ilortland; 1961).

Walker (1949) describes the affect obteined when vermiculite
is heated to 110°C. The tale like layers 9.26 f (Gruner; 1934) high,
alternate with:ater layers 4.95 R high. Previous work had showvn that
apparently ha}f the water was driven off but no noticeable change in

distance of the structure had been noted. Experiments showed,

however, that heating to 11006 in a sealed atmosphere to stop the
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rehydration, rives a basal reflection of 11.8 § instead of 14.2 K,
giving a water layer thickness of 2.54 X; approximately half the
original value., It is apparent, therefore, that removal of half the
water is accompanied by the replacement of an orisinal double layer
by a single water-layer. The rapid rehydration is believed to be
comnected with the high cation exchange capacity.

Searle and Grimshaw (1959) note that heating to moderately
high temperatures causes the collapse to 9.26 X, but rapid heating
causes exfoliation, a process that can increase the volume up to 100
fold, presumably iue toigé explosive release of water pushing the
8ilicate layers apart.

TABLE 3 Sizes and densities of the standard grades of exfoliated
vermiculite are as follows (as supplied by l'andoval Ltd.).

GRADE SIZE 1b.£t77 DENSITY kgom.o
Fine 2 mm down 55— 88-112
Superfine 1 mm down . 63-9 104-144

Micron 0.5 mm down 65-10 104-160
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2.3 TON EXCHANGE IN VERMICULITE

The basic principles for ion exchange on vermiculite have
been discussed in the preceeding section, together with many other
features of the exchange, and theyidll not be discussed further
here.

#ild and Keay (1964) have shown that the cation exchange
capacity of vermiculite depends on the nature of the exchanging
ions, the charge of the crystal lattice and thtzﬁénge from expanded
to contracted interlayer spacing. The order of affinity of ions
decreases as the unhydrated ionic radius increases and vermiculite
has a preference for divalent ions over monovalent ions, and
trivalent over divalent ions. They studied the exchange of ia, g,
Ca, Sr and Ba ions with vermiculite and found that vermiculite shows
a greater affinity for the divalent ions than for Na¥, Some of the
results are shown in figure 3.

The preference of vermiculite for hirher valent ions appears
to be due to the greater entropy of the ruliivalent ion-vermiculite
system.

Bower and Troug (1940) found that a number of cations which
form weak bases were sorbed in excess of the cations which form
strong bases. Demumbrun and Jackson (1956) also noted this phenomena
with copper and zinc, both of which forﬁ weak bases, and explain the
difference by saying that they react with the structural hydroxides
of the several layer silicate clays, as evidenced by a decrease in
hydroxyl absorption peaks. It is possible that this svecial reaction
is responsible, in part at least, for the additional increment in

exchange capacity found with such materials,
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TABLE 4. CATION EXCHAICE CAPACITIES OF UNTREATED VERNICULITE

CEC EXCHANGED CATION
meq/100g.

160 Not stated
90-100 Yot stated
120-160 Not stated
133 582+
124 Ca.2+
120 srot
124 Ba’t
133 Nat
115-159 Not stated
100-170 Not stated
159 r
120-160 Not stated
100-130 Yot stated

EXCEAIGE ON EXFOLIATED VERIICULITE:

92 v . Zn2+
190 - - cut
005 o crot

REFEREICE

Amphlett (1964)
Vermiculite (1972)
Barshad (1948)
Keay & wWild (1964)
Kery & Wild (1964)
Keay & #ild (1964)
Keay & Wild (1964)
Keay & Wild (1964)
Malcolm & Kennedy
(1969)

Weiss (1958)
Alexiades & Jackson
(1965)

Feay & #ild (1961)

Jalker (1949)

Mohn (1973)
Yohn (1973)
Mohn (1973)
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5« METEODS OF OPERATION IN PRACTICE

3.1 BATCH OPERATION

This is the simplest procedure for ion exchange. In this case
the exchanger and electrolyte are charged into a suitable vessel
and contacted until exchange equilibrium is obtained. The reaction

may be represented by:

z+ X+
IE.zC2 + xC1 = IE.XC1 + zC2

for the exchange of ions C1 and 02 of valence x and z respectively.

Obviously the degree to which the process occurs, in a finite
time, is dependent on the equilibrium constant. In most cases batch-
wise operation is limited to cases where the equilibrium is well to
the right of the above reaction. Once equilibrium has, however, heen
attained it becomes necessary to filter out the exchanger, and if
further seprration is required, contacting #ith another portion of
the exchanger. This process could therefore be carried out in a
geries of bsich operations until the desired concentration is reached,
but, as mentioned below, it is in this way that the column operation
is usually adopted.

For industfial scale operation it should serve to describe two
types of equipment. Firstly, it is customary to use a suitably
modified stirred tank, as for example in fifure 4. Here the exchange
solution is injected through the base valve, and maintained
fluidised by a'continuous gas injection so that the equilibrium is
achieved more quickly. Once the reaction is complete the tank is
drained through the base valve. Regeneration can then be tackled in
a similar way, using the regenerant inétead of the exchange solution,

or, the tank could be recharged with resin.

Secondly, the 'resin in pulp' (RIP) (Dorfner 1972) process



FIGURE 4

GAS PRESSURE

-

] L ]
.........

EMPTY

GAS PRESHURE

CHARGING

s GRS

CAS PRESSURE

EQUILIBRATION

BUBRLE

GAS PRESSURE

e

1

DISCHARGING

9¢



27

should be mentioned. It is the process used in the uranium recovery
industry, and in operation the ion exchanger is charged into baskets

which are moved up and dovn within the exchange solution.
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3.2 CENTRIFUGE OPERATION

Cumberland and Broadbent (1969) reported on the application of
the basket centrifuge when using vermiculite as an ion exchanger.
They noted the principle considerations for a fixed flow rate are:-

i) the void space which determines how much contact there is
between particles and solution,
ii).the degree of furbulence around each particle, ie. determining
the thickness of the surface film,
iii) the particle size which is obviously related to the available
area of contact.

The choice of the centrifuge as the operating unit meant that
the relatively high centrifugal forces gave rise to a fairly hirh
flow rate thr;ugh the bed, together with bed compaction. So, to be
successful, the increase in apparent rate of exchange must compensate

for the shorter contect time resulting from the higher throurhput. It
was found that smaller particles were required. '
‘The advantases were found to be:-

a) a shorter contact time was possible in order to achieve a
cor.parable decontamination efficiency, using a finer grade of
vermiculite, .

b) should the bed become partially blinded by suspended solids

‘in the effluent feed, the norral operating rate could be rerzined

by ploughing off a thin layer of bed, thus removins the affected
part,

c) the removal of the exhausted bed is simple, clean and rapid.
The one major disadvantage they reported, is that more accurate
control is required, so that the higher cost must be outweighed by
the centrifuse's merits which are mainly noticeable when:-

i) acceptable flow rates are unsuitable for column operation,
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ii) a smaller quantity of the material is required due to the
increased rate of exchange obtainable.
One further point to notice is that the much lower cost of
verriculite may well offset the difference in cost betveen using this

technique and using a synthetic ion-exchanger in a column.
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5«3 COLUI'N OPEPATION

If the cation CT of an electrolyte C:Y- is to be replaced by a

* the process, in principle, could be carried out as a batch

2

operation as described above. This, however, would require a larse

cation C

excess of ion exchanger or repeated equilibrations with portions of
the ion exchanger. In a column this result is achieved as one operation,
as on it"s way through the column the solution comes into‘contact with
exchanger in the %5 form over and over again. Therefore all the C;L
should be removed, provided the operating conditions are suitable.

Ordinarily the process consists of percolation, usually downflow,
of a solution through a column packed #ith ion exchanger. The column
is therefore packed with ion exchanger and rinsed through with
distilled water, then it is ready for the solution to be passed.

Now, before describing the process which occurs in the column,
it is useful to make a few definitions. Firstly, the total number of
exchangin~ groups in the column, usually expressed in milliecuivalents
(meq.'s), is called the TOTAL CAPACITY of the column. .thilst in
operstion, however, there is another expression used for the filter
-capacity, or BREAKTWPQUGH CAPACITY, which is defined as the quantity
of ions which cfn be taken up quantitatively by the column, overating
under specific ph&sical conditions, #ithout any leakage of the ion
C: into the effluent stiream. It is obvious that this value is lower
then the total capacity and that it is dependent on a number of
variables, eg. particle size, filtration rate, solution composition,
etc. Finally the column would be required to operate at maximum
efficiency and so the fatio of the brgtthrough c: pacity to the total
capacity is defined, and called the DEFEEE CF UTILIZATION.
THE SORPTION STEP - Consider, as above, the exchanre between a solution

:Y_ and an ion exchahger with exchangeable ion C;. The principle

is illustreted in fifure 5.

of C
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The solution C:Y-, is introduced into the top of the column.

Here the influent comes into contact #ith the top layer of ion

+
2

the solution. ITn ideal cases this could go to equilibrium, see below.

exchanger and an equivalent amount of C, ions are transferred into

Now, as the solution moves downward, the 'front' comes into contact

with the C; saturated ion exchanger. The uptake of CT ions therefore

continues; the reaction trying to achieve enuilibrium in which the

quantity of CT ions in solution is less than the orginal.
Simultaneously a new portion of cTY™ solution comes into contact with

1

the top layer of the ion exchanger, which takes up a further amount

of C: ions. Therefore, after a certain amount of time, sufficient

solution has been passed through the column to saturate the upper

portion of the bed, 'x' in the figure, and so this part no longer

+

fulfills a useful purpose, whereas the bottom is still in the 02

form.

concentration
in effluent FICURE 6

brea'through

volume of effluent

NOTE: The area between the two curves.to the left of any abscissa
value is proportional to the weight of ion taken up by the exchanger

in the exhaustion un to that time.
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So at this point the concentration of c: ions (C) in solution
is, in the upper part of the column, the same as the influent (CO),
whereas in the lower part 'z' it is equal to zero. In the inter-

mediate zone both C? and C; are present in the resin and solution.

Here the concentration varies with location - being a f(s) as

+
1

and contains an eguivalent amount of CZ until such time as sufficient

solution has been passed through the column so the boundary ‘'daf!

indicated in the diagram. Obviously the effluent is free from C

reaches the bottomg of the resin bed. Breakthrough has then occured.
This is represented diagrammatically in figure 6 above.

EQUILTBRIUN - This is imnortant as separation can only be accomplished
when the exchanger exhihits different equilibrium affinities for the
different components. See Coulson and Richardson (1971) for

mathematical details.

+
1

€
nd so there is a sharp b#%kthrough boundary. It also

Favourable eguilibrium mesns that the ion C, is preferred to

+ o
2! -

means that the operation is self stabilising, ie, ions C; behind

the ion C

the boundnry are preferentially displaced by CT and hence catch up

+
1

retained by the exchanger until the boundary passes, and therefore

with the boundary. I"'eanwhile any ions C, ahead of the boundary are
any perturbations are counteracted and the boundary is said to be

SELI'-SFARPENIIG. See figure 7.

- If, on the otherhand, equilibrium is unfavoureble the situation
is reversed. Any C; behind the boundary falls further behind, and zny
ions CT in front accelerate avay - hence boundary spresd is enhanced
and it is said to be NON-SHARPFITIG,

DISTRIBUTION - There are exchangeable ions in both the solid phase
and the rmoving liguid phase, and the ex;hanre depends on the

distribution between these two phases. Therefore the distribution

coefficient is introduced and defined by:
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C
't=0 t=t1
q
C
1=0 t=‘t1 ‘t=t2
q
C
1=0 t=t1 t=t2
q

Effect of the shape of the isotherm on the
development of a sorption wave through a
bed with ihe initial distribution of sorbate
shown at t=0.

FIGURE 1T
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N\, = quantity of comnonent i per unit wt. of exchanger __é: (1)
i quantity of component i per unit volume of liguid =~ C

Now consider zone 'y' where there is an overlap of the two
saturated@ exchange forms. The total concentration in either phase

rerains constant, so that the overall concentration is equal to the

influent concentration CO. Therefore the A's of C: and C; are the

same in their saturated zones, 'x' and 'z' respectively, and are

independent of the nature of the counterion. The value is given by
+ +
) and 02

migration rate increases with increase in feed concentration, decreases

G/Co and C in their own zones move at equal rates. The

with increasing concentration of fixed ionic grouﬁ and is proportional
to the flowrate. In the overlap region the preferred ion has the
larger distribution coefficient and so roves at the slower rate. Hence
the exchanger and operating conditions should be chosen to favour the
ion in the feed.

By plotting ) (Dorfner 1972) the exchange isotherm is revealed,
which will be one of three types, one linear and two non-linear.
Figure 8 shows the three distinct types, and also shows the respective
chromatographic bands resulting from the said isotherm. A symmetrical
band corresponds to isotherm A, one with a sharp leadins front gives
a convex isotherﬁ B, and a concave isotherm is produced by a band
with a sharp trailing edge. Investigations have shown that the
distributicn coefficient is linear for a low external concentration
and low capacity.

OPERATING CONDITICYMS - Affects the boundary sharpness. Any volume
element only has a finite contact time with any given section of a
bed and this is usually insufficient for equilibrium to develop. The
boundary may, however,.be sharpened by adopting a slow flow rate and
a high exchanre rate,

FLOW RATE - The curve becomes sharper and breakthrouch capacity is
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higher the lower the flow rate. It has been shown that the flew rate
is f(par-icle size, exchanger). There being a small influence on
changing the flow rate for an open networl: structure exchanger, but

where there is high cross-linking the change may be considerable,

especially for coarse particles.AEas§Dto understand as network

structure and particle size are of utmost importance to exchange

velocity. For very dilute solutions, or where a risk of decomposition
is evident it may be necessary to use a high filtration rate.

KOTE: i) after operating for some time the rste will decrease, so
exchanger should be removed and eritated so that fine
porticles can he separated,

ii) swelling changes may occur and clog the filter so it may
pay to use a wide filter and introduce the exchanger into

the ~olurn whilst it is in it's larrest forr.

PARTICLE SIZE - highly 1
FIGURE 9

L
C
o

important. Exchange

brealthrough capacity

increases with decreasing
A ) 3 . .
.uecrea81“g size. For partikle size

quantitative uptake

it is necessary to ///
use fine particles. //

Effluent volume
TENP RATURE - Increased temperature leads to an increase in the rate
of both ion exchange and breakthrough capacity and sharpens the
breakthrough curves. Note that the viscosity decrease with temperature,
and diffusion increase with t emperzture; both sugsesting that a higher
temperature should be adonind. If the solution tends to irreversible
hydrolysis an_increase in temperature would not be advisable, and for

a solution tending to decomposition at ordinary temperatures lowering

\?’
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the temperature may well be worth trying.

CONCEKTRATION - usually relstively low concentrations as uptake of
ions increases with dilution. In very dilute solutions, or highér
concentrations, where there are risks of complications by hydrolysis
it may be possible to avoid difficulties by increasing the flow rate
or by adding sufficient acid to the solution

ACIDITY - In general the quantitative separation can be performed

by filtering even very acid solutions through Bt saturated filters.
The breakthrough capacity is, however, usually reduced by a
decreasing pH (Kihsk and Fassan, 1973; Lee; Demumbrum and Jackson,
1956) . Keay and #ild (1961), however, report differently for the
case of exchange on vermiculite. They say that pl! 4 to 9 showed no
affect, whilst below DIl 4 the rate was increased due to the presence
of the oxonium ion, and above pd 9 precipitation of Mg(OH)2
decreases the exchan~e rate.

COLUI'N STZE AND SHAYE - Increasing the length brings about an increase
in breakthrough and overall capacities, so the degree of utilization
increases if favourable equilibrium. On the otherhand, if the
exchange is unfavourable it adonts the wroportionate pattern (ie.
non-sharpening) and breskthroush shifts tothe right and svreads out.
In this case the increese in length brings about no useful change.
An obvious disadvantagre is the exira resin required and the extra
flo# resistance.

The ASPECT RATIO (L/D) if high (at constant flos rate and bed
volume) improvés the utilization if the equilibrium is favourable,
and has little effect if unfavourable. Disadvantages are the high
flow resistance and so low flo«# throurhput, and for too small a
dismeter the nroblem of Kaidistribution beceuse of the wall effects,

Note that the boundary may be distorted by irregularities in

packing and hydrodynamic phenomena (flow maliistribution, channelling,
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fingering), so careful packing and uniform particle size are essential

for a sharp boundary.

In general there is a high degree of column utilization if:-
i) there is a strong preference of the ion exchenger for
the feed counterion
ii) small and uniform particle size
iii) high volume capacity
iv) low decree of cross-linking
v) elevated temperature
vi) low flow rate
vii) low concentration of counter-ion in feed
viii) high column length or aspect ratio
ix) suitable pi.
Note that the gain in column efficiency may be offset by
undesirable side effects, but the above mentioned are in agreement

with experimghtal results (Dorfner, 1972).
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5+3+.1 LABORATORY APPARATUS

Due to the wide range of operating conditions that have to be
accomgaated in the laboratory the literature describes numerous
designs for ion exchange columns. Usually for analytical work the
ratio of height to diameter is in the range 1:10 - 1:20, lower if
required to work quickly, and a diameter of 8 to 15 mm is selected
(Samuelson, 1953). Obviously, whatever design is adopted it must
2llow easy flow fhrough the column.

A simple column can easily be made from a glass-tube with bored
stoppers at each end (see figure 10A) (Sarmuelson 1953%; Dorfner, 1972;
Stock and Price, 1974). The bottom is attached to a capillary
dropping attachment via a flexible tube commection; the dropping rate
being controlled by a pinch cock. The top of the column is provided
with an ordinary dropping funnel as a reservoir. Inert packing
material (cotton or glass wool, quartz, cellulose, etc.) are placed
at both ends of the resin to prevent plugging of the discharge tube
by 'free' ion exchange particles and to prevent turbulence of the
bed a2t the top end. Figure 10B sho.s a mcre refined version made by
glass blovers. Fere ground glass joints are used and reservoirs of
different sizes may be attached. A further refiner.ent would be to
include an overflow tube, figure 10C, at the bottom in order to
prevent dr-inage of the column during operation.

Countercurrent columns are also zaid to offer some advantages,
and the appartaus of figure 10D can be used in both descending and
ascending flow. This is achieved by reans of the control offered
by the three-way stop-cock. The main advantace (Doxfner, 1972) is
that materials which have been exchanged near the top of the bed do
not need to cover the distance through the entire column and can

thus be eluted more easily. The same end is achieved very simnly

by the Jickbold inversion column, figure 10E.
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FIGURE 10

A. Simple homemade ion exchange column
B. Ion exchange column with ground joint
C. Ion exchanre column with overflow

D. Counterpurrent ion exchange column

E. ¥ickbold inversion column
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Very often a burette is used in the laboratory, figure 11, the
only adaption being rade for loading and unlcading solutions. fhere
high temperatures are to be employed the column may simply be fitted
with a temperature regulating jacket, figure 12.

In parallel studies with ion exchange resins means that a column
system may be adopted. Here several 333i§§§°are Joined together by a
distribution system, see figure 13. Obviously each could have its'
own reservoir acting independently;

Larger columns may be constructed in a similar way to these
simple versions, glass being used as the main material of construction.
Dimensions of 50 ﬁm diameter and 800 mm length are recommended
(Dorfner, 1972). In this case acid-washed sand or quartzite is usually
used as the sup?ort fort;e resin, Experiments on this scrle can often
be directly scaled-up.

Seedhouse (1957) reported the use of vermiculite in columns of
5 ft. diameter which were satisfactory in dovmward or upvard flow.
Ea'h column was capable of handling 900 gallons per hour (gph) (3.74
ml.cmfzmin:1), but it was found best not to exceed 600 gph (2.49 ml.
cm?gmin:1). Bed depth was found to be best at 18 in. as there wvas no
improvement for depths greater than this. Tests were reported that
showed vermiculite will support algae growth, although unlikely in
plants using demineralised water, and it is therefofe necessary to
ensure that airborne raterial and sunlirht are avoided. However if it
does frow it.can of course be destroyed with hypochlorite.

Charying the ion exchanger into he colurn is easily done with
practice. First the resin must be treated with water so that any
s«#elling occurs whilst outside the coiﬁmn so that rupture of the
colunn is avoided. Two hours are usually sufficient for swelling

(Dorfner 1972). The exchanger is then charged into the columnj; rapid

charring leading to uniform packing of the different sized exchanger
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particles. It must be ensured that the bed is always covered with
water (Dorfner 1972 Samuelson, 1953) but the excess is continually
removed. If by chance too much water is taken from the column énd
air enters the packing it is usually sufficient to add water and
swirl the bed by tipping the column. Finally the inert material is
placed on top of the packing.

Three parameters (Dorfner, 1972) serve to describe the dynamic
and chemicde processes taking placevin an-exchange column, i=z. flow
rate, pressure drop, and breakthrough capécity.

Usually flow rate is expressed in ml.cm?zmin:1. If the flow is
given in ml.min:‘I the column diameter must also be supplied. The
linear flow rate of cm.m:i_n:‘I or cm.sec:1 are frequently used.

The resistance‘produced by friction leads to pressure drop as
the solution flows through the column; so that flow rate is limited.
The pressure drop is obviously applicable to both cationic and
anionic exchange processes and is a functioﬁ of apparent density,
particle size ant shape. 7

Breakthrough capacitj has already been discussed in sore detail
' above,

On the industrisl scale the process is often continuous in a
counter-current co’umn. A characteristic of such processes is that
a large part of the upper ion exchange bed remains in the column
wifhout utilization during the run, rhile the lower portion performs

the exchcnge (Dorfner, 1972).
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3+3.2 TIDUSTRIAT, FOUIP WNT - COLIT NS TH INDUSTRY

The column process is the most important industrial technique,
although it.is very rare that laboratory operations can be directly
scaled-up. For column operation the most important feature is the
total cepacity for it is this value which determines the amount of
ex-hanger; usually with operation being based upon a 50-T0% usage.
Usually the exchange material must have high selectivity, small size,
and high porosity together with suitsble bhysical conditions, and
often a colurmn of high aspect ratio, ie. length/diameter, is adopted.
It must be noted that the nature_and control of regeneration
essentially determines how the column capacity is attained, but, for
the work being considered here regeneration has not to be considered
as the exchanger will he replaced after each run.

The hydraulics of the process should be considered as uniform
flow through the whole column and even distribution at inlet and
outlet are of importance. Darcy's law serves to'iescribe the pressure
drop and Stoke's law deals 7ith the expension of the bed (Dorfner,
1972).

After charging the column backwashing is usually adopted to
remove any small particles and to layer in order of lecreasing size
the exchancer. The exchanger solution can then be loaded until the
column is 'exhausted' whence cleaning-out and recharging can be
carried out.

mo achieve such 2n operation uniform flow, as mentioned above,
is requifed to ensure that the whole filter bed is used. Hence the
column must have such a configuration and necessary equipment to
ensure the operation can be accomgaated. Figure 14 shows a typical
~ ion exchenge.column. It consists of a cylindrical tank containing a

layer of porous material (er. quertz, gravel, etc.) on which the ion



A SII'PLE ICKN EXCHANGE FILTER KOR
& COLUL'N PRCCESS

FIGURE 14



47

exchangmer may be londed until it has reached a level some what above

the rid-point of the tank., Often stainless steel, or another

suitably acid resistant material, is used in tﬁe construction, ﬁore

complex systems for the column process are discussed fully in Dorfner

(1972) and Coulson & Richardson (1971).

To be able to produce absorbate-free effluent, a bed must be
long enough to contain the whole sorption zone, see fifure 10. It
must also be long enough to give the.zone a residenée time at least
equal to the required on-'ine time; 8, 12 or 24 hours being normal
in conventional designs, but periods may be as short as ten minutes
in others. |

The advantagce of a fixed bed is that it is simple'and easy to
construct, but there are a couple of disadvantages which arise from
the very simplicity that makes it attractive:-

i) because it is discontinuous it s to be switched to regeneration
at regular intervals. “his mey be done manually or automatically,
the control system being aciivated by effluent concentration,

ii) in order to give the sorption zone a convenient resideﬁ%é time
and to provide a stand-by bed, much more sorbent is tied up in
the unit ihan is actually being used at any one tirme. This also
lead:s to a higher pressure drop than is necessary.

Distribution and dischargé are of great importance with
uniformity being the main essential. This ensures that parts of the
column are notAmissed altogether or only prrtially used due to local
high flow rates. Typical units are depicted in the dicsram, and note
that during bacic-washing the tasks are reversed. The maximum efficiency
is obviously a function o? this feature.

Process control.has to be developed for each unit as there are

such a variety of designs and operating features.
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4. THEORY

4.1 TON EXCEANGE EGUILIBRIA

Ion exchange equilibrium is attained when an ion exchanger is
contacted, for a sufficient time, with a solufion containing a
counterion different to the one contained in the exchanger itself.
The exchange is both reversible and stoiéhiometric,'and in the

simplest case may be represented by:

+
2

+ C: = 1E.CT + ¢t

IE'C 1 2

where:
'TIE' denotes the ion exchanger

and C1, C~ are the counterions of valence one.

2

Obviously, &t equilibrium the solution and exchanger both contain

the isns C';‘ and c;_.

So, by formal applicrtion of the Law of l'ass Action, eguilibrium

ray be represented, in terms of activities, by:

a .av
K =-=1—=0 L., (2)
¢ sC

2 1

where:

a & a are the activities of ions C, & C, in solution
1 sC2 1 2
and a & a are the activities of ions C, & C, in the resin.
rC1 r02 1 2

Then the activities may be replaced by the product of
concentration and activity coefficient, thus:

f 'f 'C
xC, £C, .E1_2

K = —

f of . 'C
C )" C, ch 1

ee (3)

where: q denotes the concentration in the resin phase

C denotes concentration in the solution



49
f denotes activity coefficient
Then, by noting that the total concentration in the solution
remains constant at C0 and denoting the total capecity of active
exchange sites by Q, we can replace the concentration as shown below:

q‘C1=q - C1=C

qu =Q -q C,=C_-C

[24

eee (4)

which on substitution gives:

1 -c¢c/fc /Q f_..f
K = Oe . I'C,.I SC2 e (5)
c/c0 1 -4/Q frc.fsc
2

1

The ratlo.fscz/fsc1 is approximately unity, and frC1/fr02 is
difficult to compute, and so it is grouped with the constant X to

give an empirical constant X', as shown below:

’

o/Q c/c,
=K'y —— ees (6)

1 -4q/Q 1-(3/00
This equation is plotted in figure 15, for different values of X',

The use of Iass Action has been justified experimentally (Drew/
Hoopes, 1958). It has also been shown (Drew/Hoopes, 1958), that for
orranic resin exchangers, K varies with changes in resin density that
occur progressively during exchange. High concentrations in the
solution phase lead to an appreciable uptake of unbound ions by the
resin structure, and this uptake also affects the apparent equilibrium.
Further, the activities of the exchanging ions in soiution will change
with changing ionic strength; for t. o ions of equal valence, the
changes in activiiy coefficients will often be almost equivalent, and
for these cases K will be nearly independent of the total ionic

concentration of the sclution.
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TﬁeSe factors make it difficult to obtain a completely general
relation for exchange of heterovalent ions. But l'ass Action, again,
gives the best approximation. Note that in this case the ‘
concentrations should be expressed in equivalents rather than in moles.

In a more general form the exchange may be represented by:

7+ +
IE.zC2 +xC1 = IE.xC1 +zC2

where the counterions C1 and C2 are of different valence, namely 'z

and 'x' respectively. In this case, proceeding as above, the Law of

¥ass Action yields:

x-
K' = 29-1——— ees (D
%

and for x =1, 2 = 2, it can be shown that:

a/Q K'Q c/c
= fa. 2 eee (8)

(1 -o/@® ¢, (1-c/c)?

(o]

This is plotted in figure 16, with K'Qfa/co as parameter.

Kote, & is the apparent density of the exchanger in g. dry E form/cm?
and the ratio of t he solution phase activity coefficients have again
been taken as unity.

Bauran and Eichhorn (ZNachod/Schubert, 1956) have shown that the
above resulis could be obtained by regarding the resin and ligquid
phases as being separa#ed by a semipermeable membrane #hich confined
the exchange active groups, and applying the principle of Donnan
equilibrium to the diffusable ions,

THE EF'ECT OF CONCENTRATION - From the theoretical relationship it
can be seen that when ions oi different valence are exchangcing the

equilibrium parameter is a function of total concentration. This is
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a/Q

6 .8 1.0

c/c

THE GENERALISED EQUILI?RIUK PLOT  sevee

for the exchange of ions of equal valence

FICURE 15
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THE GENERALISED EQUILIBRIUM PLOT ..eee

for divalent-monovalent exchange

FIGURE 16
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similar to the equilibrium constant for a gas phase reaction written
in terms of mole fractions, the equilibrium constant being dependent
on the total pressure in a manner known in qualitative form as ﬂe
Chatelier principle. Hence, in the exchange of univalent for
divalent ions, the equilibrium parameter is shifted to favour pickup
of the univelent ions by an increase in concentration.

This is very important for industrial scale operations as
regenerants are usuaslly univalent and if dilute solutions were
employed regeneration would be ineffectual. Higher concentrations
mean that the equilibria are rore favourable in the desired direction.

This is illustrated in figure 17.
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1)
19.5 meq/1
'K
g 2000 meq/1
2
U .
|
& li
e ' C:)C; — Cu

EYFECT OF CONCEKTRATION - COPPER-HYDROGEN EXCHANGE,
AVBERLITE IR-120

FIGURE 17
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4.2 ION EXCUVA'GE XINETICS

Obviously, for practical reasons the rate éf reaching equilibrium
is of great importance, as if the rate is slow, the time required is
high and so in the case of column operation a slow flow rate has to
be adopted.

Essentially an ion exchange resin is a three-dimensional cross-
link%ed network of chain compounds which carry fixed ionic groups, the
charge of which is balanced by mobile ions of onnosite charge. These
are the COUNTER IONS, and they are free to diffuse within the resin
network. The ion exchange process results in the resin taking up some
solvent and additional mobile icns (counter ions and co-ions, the
latter having the same charge sign as the fixed ionic groups). The
result is the.exchange of the originally present counter ions by a
different species. So each stage of th~ diffusion, <hether in the
resin or solution phase, rust be accompanied in the presence of an
ion of opposite charge, for the law of electroneutrality mist be
obeyed at all times. Even at los dilutions, the Donnan conditions are
such that the situation is satisfied.

But, it is al.o possible to have an ion enter into the exchange
within the resin phase without the presence of an equivalent number
of oppositely charged ions. Jemny's (FKunin, 1958) contact exchange
theory rmust be adopted here. It may clearly be assumed that an ion
that can enter into exchange reactions reversibly is dissociated when
in the exchange complex. This ion can therefore oscillate a finite
distance and may be considered to be occupying an oscillation volume.
According to Jenny's concept, exchanre results whenever these two
oscillation volures overlap. This can take place between the exchange

surfaces of two particles or within an ion exchange particle. This

concept may therefore account for exchange without the entiry of free

electrolyte within the resin fhase. A systenm consisting of a resin
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having a high fixed ion concentration and an extremely low bulk-
solution concentration mey require such a mechanism, for the amount
of free electrolyte entering the resin phase would be ridiculously
small.

So considering an exchange pellet located in a solution there

are five rate controlling steps for the reaction (Salmon/Hale, 1959) :

+

ig.ct + ¢t = 1m.ct + Cy

2 1 1

These are:-
i) the diffusion of C: ions through the solution up to the
surface of the ion exchange resin particles,
ii) the diffusion of C: ions through the resin particle to the
exchange sites,
iii) the replacement of C; ions by C: ions at an exchange site,
iv) the diffusion of C; ions back through the resin perticles
tovard the solution,
v) the diffusion of C; ions away from the surface of the resin
particles into the bulk solution.
These processes occur simultaneously, and by assuming electro-
neutrality of solution and resin during the exchange processes (i)

and (v), together with (ii) and (iv), can be linked together

resulting in three rate controlling steps, as listed below:-

i) the diffusion of C: ions up to the surfece of the resin
particle and simultaneous diffusion of C; ions away from

the resin surface,

+
1

the exchange sites.and simultaneous diffusion of C; ions back

ii) the diffusion of C; ions through the resin network towards

through the resin towards the solution,
+
2

+

1 ions at exchange sites

iii) replacement of C, ions by C
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These processes occur simultaneously, and it is obviously the
slowest which determines the rate. It has been shown (Helfferich &
Plesset, 19%58; Varcus & Kertes, 1969; Boyd et. al., 1947) that
diffusion is the rate controlling step, ie. steps (i) or (ii).

Xow, step (i) depends on the degree of mixing of the bulk
solution, which is usually considered as perfecily mixed. But
hydrodynamic conditions lead to the adoption of a theory that assumes
a thin film of unmixed solution around thé pellet itself. See figure
18. This is the 'Nernst Film', and is considered to have thickness &
which is dependent on the degree of agitation for a batch process,
or the flow rate of a column process. The faster the mixing the thinner
the film. The usual thickness of the Ternst Film is of the order 10-2
to 10—3 cm. (Kitchener, 1957; Rigman/Jalton, {970), but of course
this is impossible to meacure. The rate of film diffusion is increased
by:-

i) reducing the thickness by increased agitation or flow rate,
ii) increasing the concentration of exchanging ions in the
solution,
iii) increasing the surface area, by decreasing the particle size,
iv) increasing the temperature.

Process (ii) on the otherhand, involves the diffusion of ions
through the resin and is terred 'particle diffusion'. If the rate of
film diffusion is high, the surface of the resin particles will be
almost in equilibrium with the solution and the rate of particle
diffusion will be determined by conditions inside the particle. Hence
particle diffusion is increased by:-

i) increasing the porosity of the resin - ie. decrease cross-
linking, |
ii) decrease the particle size,

iii) raise the temperature.
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¥IXED SOLUTION

/
N—s
' 7T [ ot RESIN PHASE,
; 2 Particle diffusion
control
- | «—
C+

N NERNST FILL, Film
~diffusion control

~~
—~—— —

SCHEIATIC REPRESEITATION OF THE RATE
CONTROLLING STEPS OF ION EXCHANGE

FICURE 18
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Salmon and Hale (1959) report that film diffusion is usually
controlling at low concentrations, #hereas at higﬁ concentrations it
is usually particle diffusion. Under ordinary conditions, ie.
moderate stirring and a moderately or highly swollen resin, diffusion
througsh the film is the s8low step with solutions of the order of 0.01¥
or less, #hile diffusion in the resin is ordinarily the -lov step
with solutions of the order 0.1H or more (Rieman/{alton, 1970).
Samuelson (1953) reports that in rost cases the diffusion of the ions
through the resin particles is the rete-determining factor. The rate
of exchanre with multivalent ions is rorg likely to be controlled
by varticle diffusion. Large organic moL;g;i;s usually exchange very
slowly and the rate is controlled by particle diffusion at all
concentrations.

IFarcus and Xertes (1969) state that diffusion is improved by
increasing the valency of the counter ion and by decreasing the
hydration tendency of the ions. Yunin (1958), on the other hand,
reports that the effect of charge is to decrease, rourhly ten fold,
the diffusion rate for each increase in unit charge.

At norral degrees of cross-linking for commercial resins, the
self diffusion constants are approximately 1/5 to 1/10 of the
constant in free solution. Inczedy (1966) takes these approximations
further, an® states that the diffusion constant in the resin (Dp)
for univelent cations at room temnersiure with common ion exchange
resins is in ren-ral 1/3 to 1/10, for bivalent cations 1/5 to 1/100
and for tervalent cations 1/10 to 1/1000 part of th- diffusion
constant (Do) reasured in aqueous solution. However, as the degree
of cross-lirking is decreesed the rate of diffusion within the resin
approach those in free solution.

Note tﬂat the raté deternines the steepness of breakthrough

curves, the sheorpness of elution peaks and the degree of overlep in
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chromatographic separations. Also, if dry resins are employed the
reaction is slover than for resins which have been kept under water
for some time (Samuelson, 1953).

The diffusion coefficients, for diffusion in free solution,
can be taken to be given by (Cupta, 1973):-

D; = 2.66 x 1077 x Xoi cmZsecs! ... (9)

2,
i

where %bi = limiting ionic conductance (Parsons, 1959)
Zi = valency

The estimsted values are given in the table below.

PABLE 5
cATIONS AT 25°% LINITING IONIC DIFFUSION IN
CONDUCTANCE JATER
Ohm-1cm% cm?sec:1
cut 56.6 T.5% x 1078
o 50.8 7.02 x 108
6

cpot 67 5.9 x 10~



61

4.3 RATE DETERNMITING MECHAMNISHS

1. FLUID-PHASE EXTERTAL DIFFUSION (FILM DIFFUSION). The counter
diffusion of '1' from the bulk fluid to the outer surface of the
solid particle and of '2' from the particle to the bulk fluid.

The rate of transfer of '1' into the particle may be expressed

as:
49, - xaS (c, -¢Y) ... (10)
dt f pf% 1 1
where kf = [luid-phase mass-transfer coefficient
ap = external area of particles / unit bulk volume of packed
column
& = fraction of external voids
t = time

bulk density of packing

Cy

2. PLUID-PHASE TORE DIFIFUSION. In porous bodies where the pores are
freely accessible to the bulk fluid outside. Counter diffusion of '1!
through the pores of the particle to the point where exchange occurs
and '2' from the point of exchange in the pore surface hack to the
outer surface of the particle.

The pore diffusion rate is given for e sphere by Vermeulen

(Drew/Hoopes, 1958) as:

azci 5 9C, 3¢, Oqj
Dpo.re( arz + ;-a—";) = X—é: + ep—s-; eee (11)

where D
pore

diffusivity in pore (given by D, /2)

o

internal norosity of solid particles

density of adsorbent particle

Q O
Lo}
n i

fluid phase concentration of component within particle

at radius r
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! = q; - Ci’ equilibrium value. with Ci

The mean concentration of the entire farticle, of total radius
rp, is

3 (2,
q = _3 qir-dr see (12)

These equations are usually written in terms of the component being

adsorbed.

3. REACTION OR PHASE CHAMNGE. Desorption of '2' from the solid phase
at pore surface or at the outer surface, and adsorption of '1' in
its place.

For exchange between two components, usually from the liquid

phase:

d(a,);

— - k (6, ((a)g - (g,);) = =(a);(c, =€) eee (13)

Here q; or (q1)i is the solid-phase concentration at the
surface and ki is the rate of surface reaction. The latter is not
known by experiment as the rates are so fast, and therefore this is

usually not a rate c ntrolling otep.

4. SOLID PHASE IYTERNAL DIFFUSION (PARTICLE DIFFUSTON). Diffusion
through a homogeneous, permeable (ie. absorbing), non-porous solid;
diffusion in a mobile, adsorbed phase covering the pore surfaces of

a porous solid whose crystalline portion is impermeable; or diffusion
in an abéorhing liquid held in the pores spaces of a solid.

The rate is expressed by

9y " 9% da; '
D — e = - XX (14
p( ar? ' Tdr ) - Ot )

where Dy = particle diffusion coefficient



q; = particle phase concentrations at radius r
This equation has been solved only for irreversible- and linear-
equilibrium cases of fixed bed operation (Drew/Hoopes, 1958). It is

usually approximated by the linear driving force relation:

‘931 =ka(q:-q1) ese (15)

vhere k a = 60Dp/d2 is the mess transfer coefficient
PP P

q = concentration of 1 averaged over the entire particle
*
q = concentration the particle would have if it vere in

equilibrium with the instantaneous, fluid phase
concentration at the outer surface of the particle
The sequence of steps will be (1)-(2)-(3) in ion exchange with
synthetic resin partiicles, and in partition absorption or extraction.
For simple adsorption, (or ion exchange on inorganic zeolites), the
sequence will usually be (1)-(2)-(3), occasionally (1)-(3)-(4), and

rarely (1)-(2)-(3)-(4) (Drew/Hoopes, 1958).
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4.4 MATHEMATICAL 'ODELS

Figure 19

FCdt € .JC.dwdt

@yt
VOIDS

29
at.dwdt

EXCHANGER

Y
F(C ~3C.daw)dt

ow
. 3ene]
F - Flow rate, cmisec.
€ - void fractionm, cm? void (g. dxy exchanger)_1

w

bed weight, g.

C - conceniration in liquid, meq.cm.3

Ko
1

concentration of exchanging ion in exchanger phase, meq.

(g dry 1 J’.‘orm)_1

Qb apparent density of a particle of excharger, g.cm:3

t time

VATERIAL BALAYCE - If an element dw of bed of unit cross-sectional
area normal to flowv is considered, as shown in the figure, the
following material balance may be written:

FCdt = P(C - 3C.dw)dt + €.dw.dC.dt + Sg dwdt ... (16)

Sw | b ot St°

which reduces to



and by substituting the variable

Y=Ft -€w ... (18)

S

the material balance equation becomes:

3C

—

ow + éﬂ

Y or

g = 0 e (19)

or in the form used by Vermeulen (Drew/Hoopes, 1958)

c)cl S
Sy _ve+€bé—,\%\v =0 ... (20)
Then by defining the following parameters (dimensionless):

i) The Solution Concentration Ratio, x, expresses the ratio of

solute concentration at any dovmsiream point to the feed value

(which is assumed consiant), thet is:

X = C/CO eee (21)

ii) The Solid Concentration Ratio, y, expresses the ratio of
solute concentration on *the solid to the maxsimum attainable

concentration, ie. the cation exchange capacity, so

y=4a/Q@ ... (22)
iii) The Throughput Ratio, Z, which reaches unity when the volume
of . feed that has passed throusn the column becomes
stoichiometrically equivalent to the exchange capacity of the

column. The stoichiometric volume, V » can be defined by

stoic

the relation

Co¥stoic = QRY  ** (23)
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The throughput parameter is then:

7= Love _ ¢ -ve)  (p

V’s‘toic Q %v

the equation becomes

-%%1ZV = ?—)_%v‘v .o+ (25)

and by introducing the number of iransfer units, as defined below,

the resulting equation is dimensionless and has the form:

-%%c’l ZN ~ %%HIN vos (26)

Hote that it is this equation of contimuity, rather then the rate

equation used with it, that reflects the special behaviour of the

fixed-bed systems.

iv) The Xumber of Transfer units, N. For fixed bed operation it is

desirable to obtain a steep, by comparison with the total
volume of solution handled, breakihrough curve. In this case
it is possible to utilize the greatest amount of bed.

The relative steepness increases as the volume of bed
increases and also as the excharge rate increas=s. These two
factors may be combined into a comﬁon, dimensionless, column
capacity parameter N, the number of transfer units.

For external diffusion controlling:

Nf = kfa.pVE/F soe (27)

If pore diffusion contributes or controls, kf is replaced by
1
kf.

#hilst for solid phase internal diffusion controlling:

N, = kpaPDve/F eee (28)
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with kpap = 60Dp/d§ (Drew/Hoopes, 1958). For both resistances

appreciable, thec overall number of transfer units (NTU's) are defined

by:
b.v
£
N'Of = ( 1 1 ) ss e (29)
13
k k aDbD
£2p PP D
P D v
N, = Ll ees (30)
op D 1
(k ap + k a )F
£p PP

where bf and bp are coefficients with values usually near unity.



68

4.4.1. LTVITIIG CASES OF EQUILIBRIUN BEHAVIOUR

1. PROPORTIONATE-PATTERN CASE (UNFAVOURABLE EQUILIBRIUN). A classical

theory of chromatography, and has been treated by many workers (Drew/

Hoopes, 1958). It is assumed that equilibrium is maintained everywhere

in the column, ie. the number of transfer units () approaches

infinity, due to the high mass-transfer rates or long residence times.
Rewriting the conservation equation (25)

x| _ 9x | dy ... (31)
5;|Zv - §E¥lv‘dx

and rearranging

dy _9x/ovlzv _ dzv
dx xfozviv - ov Ix

= vg%-x + 2 .o (32)

This may be integrated, as done by Devault (Drew/Hoopes, 1958), at

constant x and constant dy/dx, to give:

%—XX=Z + % eee (33)

where 'a' is a constent of integration which may be eveluated with

the aid of the material balance integral (Drew/lloopes, 1958):

Jaﬂ(co - 0)d(V - ve) = QG%V eee (34)

X =1

or (1 -x).d2 =1 ... (39)
z2=20

this relation is comparable to equation (25) but is w#ritten for the
wvhole column rather than a differential section of it.

For a constant separation factor, x, Verrmeulen gives (Drew/
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Hoopes, 1958)

d r
E% R TR R (36)

and to a = 0. Combining equations (33) and (36)

kN
z _
X = (f2)% - r eee (37)

1 -7

The limits of velidity are x = 0 at 2 =1/r; x =1 at 2 = r. It
provides a proportionate pattern as x depends only on Z, and not on
N or v. The relative sharpness of the breakthrough curve cannot be
incresrsed by lengthening the column.

If the equilibrium becomes favourable, #ith r<1, dx/dZ will take
on a negative slope which is prohifited by the material balanci; So
the breakthrough curve for 'equilibriun' must be drawn verticai:%or
the concentration region for which rg1.

At r< 2, the equilibrium~-limit breakthrough given by equation
(37) is approached only 2t high values of M (>%500). For r>10,
however, this limit will apply at nearly all ! values (;;10).

2. CONSTANT PATTERY CASE (F/VOUR'RLE EQUILIBRIU)., It is assumed that
there are a region of r values for chich the efiluent concentration
pattern is indepeﬁdent of column length. This is eruivalent to
aZv/3y|x 2 constant.

Jith this assurption equation (%3) still applies and integration

gives
Yy = (Const.) X seoo (38)

and since y and x have the same limits -

Yy =% e (39)

This is the enntinuity equation for this example.
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In order to obtain realistic concentration-history curves, the
rate can no longer be assumed infinite. Instead the breakthrough is

dependent on rate.

a) EXTERYLL DIFFUSION. For irreversible adsorption (r=0) equations

(9) and (39) lead to

dx
'd"‘%' = kfapr oee (40)

where D is as defined below,
v) The Distribution Ratio, Ds is the limiting value reached as

saturation is approached. For simple binary exchange:
D= (’}Qh%b LN Y (41)
o

Integration for a column of given v, as described by Vermeulen

(Drew/Hoopes, 1938) produces the following result

YE  os (42)

= 7 - -
1 + 1lnx kfapD(\ Ve~ Voisio

or
In x = Nf(Z -1) - ees (43)

Equation (43) applies between Z = 1/N (below which 1ln x = ~Ne)
and 7 =1 + 1/Nf, at which x becormes unity. Verreulen (Drew/Hoopes,
1958) also gives the result of llicheaels, which is for the case of a

constant separation factor

1 x2(1 - x1) (1 - xz)
T-z 10 % (- %y 1o T =%y ~ Ne(Zy = 24)  eee (44)

b) INTERYAL SOLID-FIASE DIFFUSION. An exact solution for the
irreversible constent pattern breakthrough has been provided by

various Workers and describedl by Vermeulen (Drew/liocopes, 1958):
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X =1- %2&2%--%2 exp (-nz("FNb(Z - 1) + 0.97))  «.. (49)

where Np is again piven by 6ODPDV€/Fd§. For this case (r=0), ‘+’=T?/15.
The linear driving force approximation is also given, which on

integration for the irreversible case becomes
X =1 - exp(—Np(Z -1) + 1) ... (46)

If used in this form this equation gives a good fit to (45) for the
lower part of the curve, when 0<x<0.6.
Boyd et. al. (1947) give the solution for the case where the

adsorbent particles are slabs, rather than spheres:

x=1- .',%? n§=1 —('271—1_—772 exp(~(2n - 1)2‘f’NpZ) .ee (47)
i

where, in this case Np = 6ODpDvE/F@§5and ‘f:'ﬂ2/240. Since the
adsorbent particles in their experiments were far from being exact
spheres, it was thousht possible that a better fit would be obtained
with the slab equation. Cn examination both were found to arree
closely with the experimental data, but the equation for the spherical
.case gave the better approximation.

The formula for partially irreversible adsorption, one of highly
favourable equilibrium with a constant separation factor, is that of
Gluegkauf 2nd Coates (Drew/Foopes, 1958):

. x,(1 - x1) (1 - x1)
1 - o In x1(1 _ xz) + lnﬁ—:_x—zy = Np(Z2 - Z1) vee (48)

The 1limits of validity are the same as those for equation (44).
Further solutions are alsp discussed by Vermeulen (Drew/Foopes, 1958),

including a quadratic drivinge force approximation which interrates to:

1
2

x = (1 - exp(-“f(np(z - 1) + 0.93))) ... (49)
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This equation is also given by Coulson and Richardson (1971), but in
different fofm.

¢) PCRE DIFIUSION. The fluid phase concentration in the pores is
assumed negligible compared to the solid phase value. Equation (10)

then becomes:

D oC, daq,
pore EL (r2 __;) - es _Eg ..o (50)

r2 or 5r At

Differentiation of equation (11) gives

2
Sy 2370 L (s1)
T

g W

Combination of these two expressions and considering the
irreversible casej; where the concentration wave entering the particle
will saturate each spherical particle layer before it penetrates
further. That is, Ci cannot exceed zero at a particular radius ry
until a5 at that radius has become ecual to the srturation value Q-
Iith ¢c/C_ = afq =1 - (ri/rp)3 by material balance over one

particle we obtain (Drew/Hoopes, 1958):

d k r2 + T T, + r2
Ts = - “pore Tp p i i ... (52)
dt - 15 T,
i
2
where kpore = 60Dporeco/€%qmdp eos (953)

Integration of equation (53) can be followed by numerical evaluation

of x. The result fits the enpirical relation:

x = 0.557(x% (z - i) + 1.15) - o.o7i4(n (z - 1) + 1.15)2 eee (54)

pore pore

. ' 2 .
where Npore = 60Dporev/ﬁdp eee (55)

Note that at x = 0, 2 =1 - (1.15/Npore) and at x=1, 2 =1 + (Z'AB/Vpore)'
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d) CONBINED EXTERIAL AND INTERFAL-DIFFUSION RESISTANCES, where

these processes have similar rates, external diffusion will tend to
predominate at low extents of brealtthrough and internal diffusion
will have more of a retarding effect as full saturation is approached.
The describing equation according to Vermeulen (Drew/Hoopes, 1958)

is;

2
-x

I3
kf(x - xi) = ka o e (56)
In the initial stages of breakthrough, under irreversible conditions,
X = 0 and v 1, so that breskthrough follows the external diffusion
curve, equation (43). Eventually v reaches unity, and abruptly X,
becomes finite, equation (46) then applies. Equation (56) can be

solved for x at the transiticn pcint.
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5+ EXPFRUIENTAL

5.1 THE EXPERIINMTAL DETAILS

The vermiculite used in the experiments was exfoliated and
graded, by lMandoval 7td., as 'superfine' and 'micron'. It originated
from the Palabora deposit in the North Bast Transvaal. In contrast to
Iiiss I'ohn's work (1973), where the vermiculite vas dried ofernight
at 11000, it was decided to use the fermiculite as it was, straight
from the bag,

Although exfoliated verniculite absorbs a considerable amount
of water it was found to have poor wetting proverties and so .Jeighed
samples were allowed to stand, in contact with weter, overnight for
ease of charging the column. The batch experiments were carried out
by cherging the dry vermiculite to he stirred vessel.

The transition metal ions investigated in this study were copper

L 2
i

(Cu2+), zine (Zn2+), nickel (7i“") and chromium (Cr3+). In 2ll cases

analytical grade sulphate was used to supply the ion, as below:-

Copper CuSOA.5H20
Zinc ZnS0, . 11,0
Nickel Niso 4 <THL0
Chromium Cr2(80 4) 3 1280

Solutions were prepared with distilled water, of pF approximately 4.9,
and for batch experirents the volure used was 500 ml.
BATCH EXPERL'EXNTS - The quantity of vermiculite used per sample varied
from 0.1 to 0.3 g. and the metal ion concentration ranged from 25 ppm
to 200 ppm (by weight);

Conical flasks Were_charged with %00 ml. of stendard solution
and mixed Ly magnetic.stirrer. The weighed, dry vermiculite was then
charged. Stifring was allowed to conéinue for 20 hours (¥ohn (1973)

deternined 18 hours was sufficient to achieve equilibrium), whereupon
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samples were taken, diluted and analysed by means of atomic absorption
techniques (see Appeniix 2). Different grades of vermiculite were
employed, Investigations with nickel were not carried out,.

CATIOMN EXCUAE CAPACTITY DETERNINATION - Conical flasks were charged
with standard solutions of the ions, concentration 500 ppm. Jeighed
sam~les, 0.5 g., of vermiculite were added and stirred for 20 hours,
The samples were then left for 20 days, stirring at regular intervals;
to ensure the cation exchange capacity was being determined. The
solutions were then diluted and analysed by atomic absorption
techniques (see appendix 2)., Different grades of vermiculite were
employed.

COLUI'Y OPERATION - The quantity of vermiculite used was generally 15
g.y 10 g. in the t.elve hour experiments, and usuelly the initial
concentration was 100 ppm; two experirents being carried out at 50
ppme.

It was decided to use a simple column process, ocutlined
schenaticelly in figure 20. The standard solution was charged to the
storage tenk 'A' and pumped by means of a peristaltic pump 'B'. The
constant head device 'C' .as employed to help with the control which
was carried out by means of t#o taps 'E' and 'F'. The solution then
passed through the column of vermiculite, supported on glass wonl,
and out of the bottom where samples were taken at half-hourly intervals
(hourly in the twelve hour experiments), diluted and analyzed by means
of atomic absorption techniques (see Appendix 2). Different grades of
vermiculite wére employed.

The colunn itself was made of glass, it¥'s dimensions being
given in Appendix 1.

Yote that the top of the bed wa§ covered by a pluc of glass
wool to help prevent turbulence of the bed which would result from

the drops of liquid falling into the top of the column,
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The flos rate was measured by recording the time taken, by means
of a standard stop-watch, to collect 50 ml. of effluent. This
procedure was repeated several times and the average value taken.

NCTE: All experiments were carried out at room temperature.
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FIGURE 20

SCHENATIC DIAGRALT Of APPARATUS
Flow rates controlled by means
of valves E and F.
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5.2 THE EXPERIMENTAL BFSULTS

5.2.1 BATCH RFSULTS

The resulis of the batch experiments are depicted as shovm in

Table 6 below.

TABLE 6
IoN GRADE OF VERNICULITE GRAPHICALLY DATA
2 . .
cu“’ Liicron Fig. 21 Appendix 1 Teble 12
2
cu“t Superfine Fig. 22 Appendix 1 Table 13
Zn2+ Iiicron Fig. 23 Appendix 1 Table 14
2 . ]
7n°T Superfine Fig. 24 Appendix 1 Table 15
crot ricron Fig, 25 Appendix 1 Table 16
Cr3+ Superfine Fig, 26 Appendix 1 7Table 17

From the graphs it is clear that micron grade vermiculite gives

the better separation and further that Cu2+ is preferred to Zn2+,

#hich in turn is preferred to Cr3+. Both as shown by the higher
values for a given C/CO. In fzct the graph for cult (micron vermiculite)
is pretty close to that for linear equilibrium, see figure 16 which
is similar.

A1l these values are recorded as higher than those obtained by
I'iss ¥ohn (1973) (but within the bounds met by other workers, Table 4).
On the otherhandACEC values are in close agreement with her work, in
fect for chromium they agree exactly. The Aifference I can only
presume is due to the different grade of vermiculite used (Hiss }7ohn
used gr:de 'fipe') and to the method of measurement used as she used
a colourimetric method (AST: D1688, D1687, 71691) whereas I used
atomic absorption techﬁiques (AoTM D.2576, Appendix 2), which should,
precumably, give the more accurate results.

All the results indiczte that the exchange is unfavourable in

all cases.
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FIGURE 21. COPPER EXCUA'GE / I'ICRON VER'ICULITE x }“'ﬁ of ¢
1.0 Co - 25 ppm
a/Q C, - 50 ppm
0'9‘ CO - 75 ppm X
Co - 100 ppm
¢, - 150 ppm .
0.8
N ¢_ - 200 ppm
0
v
OI7-
a L]
&
0.6
e O
-3
v
0.5
0.4 «
(]
0.3
0.2
0.1 ]
0.
Y T 1 3 T
0.4 0.5 0.6 0.7 0.8 0.9 1.

c/c

o]



80

FICURE 22. COPPER TXCUA'GE / SUPFRTYE VERFMTCULITE
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FIGURE 23. ZT3C WXCPAMGE / I'TCROW VERIICITLITH
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FIGUPE 24, ZINC EXCI'AGE / SUPERFINE VIRNICULITE
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PICURT 26, CHRCUIUN EXCHATGE / SUPERFINE VERVICULITE
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FIGURE 28 y ZINC 12 HOUR EXPERIMENTS
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PIGURE 29, EFFICT O PARTICLE SIZE O ICY FEICTATTGE IN A CoLmd
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FICURE 30. €/C_¥S. TI'E FOR STI'TLAR FLOJ RATES ¥CR TVE DINFERETT
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TABLE 7
The approximate degree of utilization of the column for the various
ions for approximately the seéme flow rate (see figure 30),

Nicron grade vermiculite.

10N DEGREE OF UTILIZATION
cut 129
7nt 155
512t 207

crot . %
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5.2.2 COLU'Y RESULTS / THE NODEL AND ESTIMATION OF DIFFUSION

COEFFICIENTS

The coelumn data is shown graphically in figures 27 to 39 and
shown in tabular form in Appendix 1, Tables 18 to 28. From these
results, especially figure 30, it is clesr that breakthrough is in
the order miZ* > cu’t > Zn2+ﬂ:>Cr3+.

The best fit to the data was found to be given by equation (49)

for low flov rates, ie. less than about 1.5 ml.cm?zmin:1, that is

3.
2

x = (1 = exp(=P((2 - 1) + 0.93)))

wnich on rearranging gives

1n(1 - x%) = (1 - 2) - 0.95F ... (5T)

So a plot of 1n(1 - xz) vs (1 - Z) should be a straight line,
see figures 40-47. This equation allows the prediction of the solid
phase diffusion coefficients. The value of ¥ can be found from the
intersection on the 1n(1 - x2) axis (ie. 0.93%Y = intersection value)
and the value of V“Np may be estimated from the gralient. Thus Wp may

be found. Then equation (28) gives:
" N_ =k _a Dve/F
D PP </

and after substituting for kpap (=60Dp/d§) and D (equation (41)),

this mey be rearranged to give:
D= §.a% F/600% ... (58)
D ppo

Note that the particle thase diffusion coefiicient is a fun~tion of
{low rate.
The estimated values of the diffusion coefficients for a

particular flow rate are given below. For copper they seem to vary
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considerably with the gfade of vermiculite employed, but otherwise

they are fairly consistent.

TABLE 8. Estimated diffusion coefficients (Flow rate = 1.2 ml.cm._zmin. )

TON 1TCRON VERIICUT.ITE SUPERFTIE VERIICULITE
Copper 5.4 x 10710 2 x 1077
ickel 1.7 x 1077 5% 1077

Zine 1.2 x 107 3.9 x 107
Chromium 1.7 x ‘IO_9 5x ‘IO-9

The values of the constants, Y} and ‘pr,'estimated from the

data are given in Table 9 below:

TARLE 9. Values of liodel Constants

I0KR I'ICRON VERNICULITE SUPERFIVE VERNICULITE
- T, N T
Copper 0.8 0.88 2.2 2.5
Zinc 1.18 1.66 1.34 1.58
Nickel 0.22 0.37 0.66 0.85
Chromium 1.45 1.53 3.48 3433

Jote that the value of ‘f’and ﬁfﬂp for the superfine grade vermiculite
are usuwall; hirgher than the corresponding values for the rmicron grade.
The reletions for Dp as a function of flow rate are given

below:

TABLE 10. Relations for the diffusion coefficients as a function of

flow rate

I0oN I'ICRON VERNMICULITE SUPERTIYE VER: ICULITE
Copper 7.7 x 10 Mg 2.8 x 10719

: -10 < -10
Zinc . 1.7 x 10 ' F 5.6 x 10 F

. -10 -10
Nickel 2.4 x 10 ' F 7.1 x 10 13
Chromium 1.24 x 107 % 4.6 x 10 1%

. . . =1
NOTE: here the flow rate (F) is expressed in ml.rin.
JOTE: these values are only correct for an initial concentration of

100 Ppmn.
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FIGURE 40, COPFER EXCTANGE / VICRON VERVICULITE / VODEL
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FTGURE 41. COFPER TACHANGE / SUPERVINE VEPI'TCULITE / 1CDEL
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FIGURE A2, 7T°T RYXCPAGE / FICPOW VERNICVLITE / FODEL
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FIGURE 43, 2Y5C EXCHAMGE / SUFERYINE VERN TCULITE / VODEL




105

FPICURE 44. M CKEL ¥XCPA? -
44. NWCKFEL FXCPAIGE / MICRON VFRFICULITE / MODEL
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m TRV TN N ) TLTT
FICURE 45. NICKEL EXCHAIGE / SUPERFINE VEPNICULI

% / FODEL
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FIGURE 46, CHRONTIY EXCHAMCE / KICRON VERMVICULITS / FODEL
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FIGURE A7. CHRCI'TUI EXCHA'GE / SUPERFINE YERNICULITE / FOntL

0. 0.2 0.4

0.

-0'7 -

1n(1 - x?')




109

6.1 EXAI'PLE DESIGN

Supposing it is desired to treat 200 gal.hr:1 of an aquecus
effluent containing 100 ppm of Cu2+ with micron grade exfoliated
vermiculite. The desired exit corcentration not exceeding 10 ppm

and the bed to be replaced after 24 hours operation.

From the graph (20) (or the model equation (57)) we can find

the value of (1 - 2), and hence Z.

ie. In(1 - x2) = 1n(1 - 0.1%) = 1n0.99 = -0.01

so (1 -2) = 0.83

n

Z = 0.17

Then equation (24) may be rearranged to give the volure of the

bed, ie.
v = COV/(ZQQ% + C &)
where Co = ‘IO_1 mg.ml?1
V = 200 x 24 gals. = 2.2 X 107 ml. '
2 = 0.17
Q = 66.3 mg.g:1
Py = 0.15 g.cm:3
- € = 0.39
hence v=1.3%x 106 cm? = volume of bed

Now to find the diameter of the bed we note that the flov rate must

. : -2 . -
~» not exceed 1.5 ml.cm. min.

2.2 x 107/24 x 60 x 1.5 cms

1.02 x 104 cm?

4

80 Area of bed

i

i

i
2

x 4/3.142)

hence & = (1.02 x 10
| 1.15 x 10° cm.

]
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and bed height is given by Volume/Area = 1.3 x 106/1.02 x 104

L}

u

1.27 x 102 cm.

Therefore the desired column size is 127 cm high by 115 cm diameter.

Wow, the volume of the bed is 1.3 x 106 cm?

so the mass of the bed

U

1.3 X 106 18
0.15

8.67 x 106g

"

hence total capacity of bed = mass x Q

8.67 » 66.3 x 10°

5.7 x 108 mg

|

and the brealkthrough capecity = 2.2 x 104 x 90 mg

1.98 x 106

"

s0 Degree of utilization = 1.98 x 106 / 5.7 x 10°

= 0.345
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6.2 DISCUSSICN OF RESULTS AND CCICLUSIONS

The experiments gave the value of the cation exchange capacity
of copper of the order 2 meq.g:1 whereas that of chromium was 2,2
meq.g:1 and those of zinc and nickel were of the order 1 meq.g._1.
These values are in close agreement with those of Mohn (1973) and
other workers, see Table 4. The high value of the exchange capacity
of copper may be due to the precipitation of Cu(OH)z. Yote that the
same value was found for the itwo grades.

HWigher values were found than those of !"ohn (1973) in the batch
experiments; this can only be assumed to be due to the finer grades
of vermiculite that were employed in this study. Grade 'Fine! being
used in her w-rk #hereas 'micron' and 'superf{ine' were used in this
work,

The batch results indicate the preference for the ions to be
Hi2+j7-0u2+'j>Zn2+‘7>Cr3+, see figures 21-26., This trend does not,
hoJever, agree with that found by I'ohn (1973) w#ho fourd the order to
be Cr5+"j>Cu2+ 77Zn2+. T zlso mentioned in the text that other .orkers,
{114 and Yeay (1964), found thet verriculite has a greater preference
'for the higher velent ions. So there seems to be a contradiction of
results. I can only assume, that if my values are correct, the lower
value Jor chromium is due tothe fact thaf far feser sites are
occupied by the ion in the netiork than are occupied by the divalent
ions.,

By looking cl-sely at firures 21-26 and comparing the results
for supeifine and micron grade verriculites it can clearly be seen
that the smaller porticles achleve a ruch closer aphroach to linear
equilibrium. .

The hatch resu’ts also show that the exchenge is unfavoureble

in all cases.,
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llone of the column experiments carried out reached saturation
point, see figures 27 & 28 for example, although the 500 ppm case of
figure 27 approached this closely. This was true even +hen the
column was run for twelve hours, figure 28. In fact a study of the
fipures shows that the reaction seems to slow down considerably and
it appears that it would take many hours for saturation to occur.
This suggests that exfoliated vermiculite would have to be used as a
'low capacity' exchanger and so a large column or frequent charges of
vermiculite would be required for purification on an industrial scale.

Figure 30 shcws plots of hreakthrough curves using micron
vermiculite and similar flow rates. See also figures 31 to 39. From
thegse graphs it is clear that the divrlent ions are much preferred
to the chromigm, a point in favour of the batch results. Tt also shows
that brezkthrough for the divalent ions occurs zlmost simultaneously,
the rajor difference being in the slope of the curve. The actuel order
of breakthrough times is found to be N12+’>>Cu2+'>-Zn2+j>-0r3+ which
is the same order as found for the preference of these ioné.

The degree of utilization has also been estimated from the fipgure
30, see Table T. IMrom these results it is clear that this value is
low, especially for chromium. It is, however, ruch higher than the
value estimated from the rodel design calculation, #hich sugrests that
the design may we'l be over specified. Since the brealthrovgh with
supérfine vermiculite occurs ecrlier than with ricron vermiculite it
is obvious that the degree of utilization would be loser for the
larrer rrade.

Thé particrle control constant pattern model adopted seers to
fit the data reasonably accurately, see figures 40-47, even though it
is for favourable equilibrium. It must be noted, however, that the
flow# rate must not excerd 1.5 ml.cmjzmin:1, which is rather low. The

lower parts of the curve are not fitted exactly but the conceantrations



II3

are very low here anyway, denerally less than 5 ppm.

The diffusion coefficients estimated by this model

are very low, of the order 10_9 to IO_IO cm?sec?I

7

; which

8 2 -1

was much lower than I had expected (10! to 10 ° cmfsec. ’

see text). Lutze and Miekeley * carried out an investigation
into the diffusion of Sr2+ and Ba2+ in vermiculite disks.
They discovered that the results could not be interpreted
by the simple theory of Helfferich but by making suitable
adaptions agreement could be found between experiment and
theory. Their results showed that the diffusion coefficient
is of the oxrder IO_7, but this does not mean my results are
in error. It is possible that one of us has been working with
the hydrated ion diffusion and the other with the unhydrated
ion diffusion. This could well result in the 102 difference
between the two sets of results.

An example design calculation is given for IOO ppm.
Cu2+ influent. The size of the contacter given should
theoretically give the desired separation but further
experiments should be carried out to see if such a scale-up
is valid, as usually larger scale equipment should be used
when scale-up is the intention. Note that more experiments
are required - to evaluate the constants for the model -
beforc this mathod can be applied to the design for different

influent ccncentrations.

* Lutze, ¥, ; Miekoley, W,
Tor BxchanTs Kinetics in Vermiculite,

J. Phys. Chem., 75, 2484 (I97I)
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6.3 SUGCESTIONS FOR FURTI'ER {ORK

Furtﬁgrrwork should involve studies of the kinetics, preferably
in a differeﬁt vay than tackled in this report.

Some work should be done on the use of centrifuge overation and
of Tluidised beds.

Larger scale operations should be employed so that scaling up
could be carried out with a greater degree of confidence. A :olumn
size suitable for this is sugpgested in the text.

As 7 is a function of initial concentration, experiments should
be carried out to determine Fand TPHP as a function of initial
concentration then the model can be used for prediction of results
for different influent concentrations.

To complement this work experiments should be carried out with
actual waste waters to determine if the presence of other jons and
orfanic material, especially amnonia and smmines, have any affiect on
the exchange capacities. Variation of pH and tempereture should also
be considered but it rust ve remembered that, for copper anyway, a

lower pi would result in the precipitation of Cu(Oﬂ)z.
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7+ NOMETCLATURE

i

activities

effective mass-transfer area between fluid snd particles (cm%cme)
concentration of ions in solution (mg.1:1 (ppm), meq.1:1)

total initial concentraztion of ion in solution (mg.1:1, meq.1:1)
diameter of sphere equal in volume to actual particle (cm.)
diffusivity in particle (cm?sec:1)

diffusivity in free solution (cm?sec: )

activity coefficients

volumetric flos rate (cm?sec:1)

rate coefficient for kinetics (cm?sec:1g.mole-1)

equilibrium constant for erxchange or adsorption, in appropiate
concentration or pressure units

nass of bed (éz()

integer in infinite series

concentration of solute in particle phase (mg.g:1 or meq.g:1)

of air dried particles

cation exchenge capacity for eadsorntion (meq.g?1, mg.g:1)

radial distance within cpherical perticle (em)

radius of exterior surface of particle (cm.)
cross-sectional area of contacteér (cm?)
distance along bed (cm.)

time (sec.)

intergramilar fluid velocity (cm.sec:1)
bulk packed volume of contacter (cm?)
volume of saturating feed entering column (cm?)

bed veight (gs.)

valency
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DIMENSTIONLESS GROUPS

D -

distribution parcmeter, or ratio of concentrati-n in particles
and fluid phase

number of transfer units

equilibrium parameter

ratio of fluid phase concentrations of a component to that of
all components C/C_ (x,, etc.)

ratio of particle phase concen'ration of a component to total
for solid at saturation with feecd q/Q

throughput parameter, or ratio of actual volume of effluent to

stoichiometric volume

GREEK LETTERS

S -

c -

o
X -

film thickness (cm.)

ratio of void space outside particles to total volume of
contacting zone

distribution coefficient

1cm?)

limiting ionic conductance (Ohm
density (g.cm?s) - usually f'uid density; P = bulk density of
air dried particles, g% = density of adsorbent particles

nur erical correction factor for solid phase diffusion

internal porosity of adsorbent particles

SUBSCRTIPTS

192434440+ - instintaneous times of measurement

a -—

b -

apparent

bulk

fluid phase

interior or interface
overall

initial or entrance conditions, or in free solution
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P - particle phase

pore ~ fluid phase. pore diffusion
r - resin phase

8 - solution phase

stoic - stoichiometric proportions
t - given time

o0 - at infinite time
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APPENDIX 1

TABLES OF RESULTS
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TABLE 11. CATION EXCHA'TE CAPACTITIFS

-

0% CAPACTTY
mg.{:.-1 meq .g:1
cu?t 66.3 2.1
znt 39.5 1.2
it 2.5 1.1
ceot -39, 2.25
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TARLE 12. COPPFR EXCIATGE IN BATCF EXPFRIMENT / I"ICPON VERMICULITE

JT. C ‘ C c/c qQ a/Q

VERY, ° 4 1 © Py _1

(g.)  (mg.lv)  (mg.l.)) (reege’)  (meqeg. )

0.1 25 18.6  0.74 32, 1. 0.48
0.1 25 17.8  0.71 36, 1.13 0.54
0.2 25 14.4  0.58 26.5 0.8% 0.4
0.3' 25 1. 0.44 23.3 0.73 0.35
0.1 52.5 A4. 0.84 42.5 1.34 0.64
0.1 52.5 45. 0.86 37,5 1.15 0.57
0.1 50.4 42.8  0.85 38, 1.2 0.57
0.2 50.4 36.4- 0.72 5. 1.1 0.53
0.3 50.4 31,2 0.62 32, 1, 0.48
0.1 4.5 65. 0.87 47.5 1.49 0.72
0.1 4.5 65. 0.87 47.5 1.49 0.72
0.1 75. 67.5 0.9 37.5 1.18 0.57
0.2 75. 61. 0.81 35, 1.1 0.53
0.3 75. 53.5  0.71 35.9 113 0.54
0.1 104. 66.5  0.83 87.5 2.75 1.32
0.1 104, 8T, 0.84 85. 2.67 1.28
0.1 102.5 85. 0.83 43.8 1.38 0.66
0.1 100. 89. 0.69 55. 1.73 0.83%
0.2 100. 82.5  0.83 45. 1.42 0.68
0.3 100. - 76.5 0.7 39.2 1.23 0.59
0.1 155. 134. 0.87 105. 3.3 1.58
0.1 147. 138, 0.94 45. 1.42 0.68
0.2 147, 132, 0.9 37,5 1.18 0.57

0.% 147. 125. 0.85 36.7 1.15 0.55
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TABLE 12. continued.

., c c c/c q a/Q
[0} [e]
VERM. y y » »
(g.)  (mg.1.7) (mg.l.)) (ng.ge’)  (meg.g.’)
0.1 205. 184. 0.9 105. 3.3 1.58
0.1 199. 180. 0.9 95. 2.99 1.43
0.2 199. 171. 0.86 70. 2.2 1.05

0.3 199, 163, 0.82 60, 1.89 0.9
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TABLE 13. COPPER EXCHA GE IN BATCH EXPERTIE'T / SUPERUVINE VERNICULITE

T I oo

(g)  (rg1l)  (mga1lh) (mg.g=')  (meq.s™')
0.1 24,2 19.8 0.82 22. 0.69 0.33
0.2 24.2 15.4 0.64 22. 0.69 0.33
0.3 24.2 13.6 0.56 17.8 0.56 0.27
0.1 50. 42. 0.84 40. 1.26 0.6
0.2 50. 36,4 0.73 34. 1.07 0.51
0.3 50. 34.4 0.69 26, 0.82 0.39
0.1 75.6 68.8 0.91 34. 1.07 0.51
0.3 75.6 56. 0.74 32.7 1.03 0.49
0.1 T4.4 65.2 0.88 46. 1.45 0.69
0.2 T4 .4 60. 0.81 36. 1.13 0.54
0.3 4.4 49.2 0.66 42. 1.%2 0.63
0.1 99.5 91.5 0.92 40. 1.26 0.6
0.2 99.5 85. 0.85 36,3 1.14 0.55
0.3 99.5 81.5 0.82 30. 0.94 0.45
0.1 146. 138. 0.93 40, 1.26 0.6
0.2 146. . 135. 0.93 27.5 0.87 0.41
0.3 146. 127, 0.87 3i.7 1. 0.48
0.1 200. 195. 0.98 25. 0.79 0.38
0.2 200. 185. 0.93 37.5 1.18 0.56
0.3 200. 178. 0.89 36,7 1.15 0.55
0.1 198. 177. 0.89 105 3,3 1.58
0.2 198. 180, 0.91  45. 1.42 0.68

0.3 198, 185, 0.9% 21.7 0.68 0.33
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TABLE 14. ZINC EXCUA'GE IN BATCH EXPERIVENTS / MICROY VERITCULITE

WT. C, C c/c, q a/qQ

VJ_‘JRI‘.‘S. _1 _1 _1 __1

(g.) (mg.177)  (mg.1.') (mg.g.' ) (meqg.g. )

0.1 26.2 20.8 0.79 27, 0.83 0.68
0.2 26.2 18.2 0.7 20. 0.61 0.51
0.3 . 26.2 15.5 0.59 17.8 0.54 0.45
0.1 49.2 42. 0.85 36, 1.1 0.91
0.2 49.72 38.8 0.79 26, 0.8 0.66
0.3 49.2 34.8 0.71 24, 0.73 0.61
0.1 8. 73.6 0.94 22, 0.67 0.56
0.2 78. 67. 0.86 22.5 0.69 0.57
0.3 8. 62.4 0.8 26. 0.8 0.66
0.1 106.4 92.4 0.87 70. 2.14 1.71
0.2 106.4 91,2 0.86 38, 1.16 0.96
0.3 106.4 ed. 0.79 37.% 1.14  0.95
0.1 155, 136. 0.87 95, 2.91 2.4
0.2 155, 129. 0.83 €5. 1.99 1.64
0.3 155, 125, 0.81 50. 1.53 1.27
0.1 199.5 189. 0.95 52,5 1.61 1.33
0.2 199.5 182. 0.91 43.8 1.34 1.1

0.3 199.5 178.5 0.9 55, 1.09 0.89
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TABLE 15. ZINC EXCHAGE I PATCE FXPERIMENTS / SUPERFINE VERIICULITE

W, C . C c/C

sy o 1 1 /C, 1 q > a/Q
(g.) (mg10)  (mgoll)) (mg.g. ) (meq.g.’)
0.1 22,6 19. 0.84 18. 0.55 0.46
0.2 22,6 15.4 0.68 18, 0.55 0.46
0.3 22.6 11.6 0.51 18.3% 0.56 0.46
001 450 41 04 0092 i 18' 0‘55 0'46
0.2 45. 38,6 0.86 16. 0.49 0.4
0.3 45. 34.4 0.76 17.7 0.54 0.45
0.1 T4, 68.8 0.93% 26. 0.8 0.66
0.2 T4, 65.6 0.89 21. 0.64 0.53
0.3 T4 . 60. 0.81 2%.3 0.71 0.59
0.1 100. 94. 0.94 30. 0.92 0.76
0.2 100. 89.2 0.89 27, 0.83 0.68
0.3 100. 83,2 0.8% 28. 0.86 0.71
0.1 150, 142.5 0.95 37.5 1.15 0.95
0.2 150. 146, 0.97 10. 0.31 0.25
0.3 150, 135, 0.9 25, 0.77 0.6%
0.1 168.,8 186.9 0.94 59.5 1.84 1.5
0.2 198.8 184.8 0.93% 35, 1.07 0.89

0.3 198.8 179.9 0.91 31.5 0.96 0.8
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TABLE 16. CIRONIUN EXCIATCE I BATCH EXPrRIVENTS /[ Y'ICRON VERI'ICULITE

WT . C, . C c/c0 q a/qQ
VERY. - -1 1 1
(g.)  (mg.l.7)  (meg.ll)) (ng.e.’) (meq.gl')
0.1 27. 22.5 0.83% 22.5 1.3 0.58
0.2 27. 20. 0.74 17.5 1.01 0.45
0.3 27. 15.8 0.59 18.7 1.08 0.48
0.1 49.5 46. 0.93 17.5 1.01 0.45
0.2 49.5 4%. 0.87 16.3 0.94 0.42
0.3 49.5 39, 0.79 17.5 1.01 0.45
0.1 5. 68.5 0.91 32.5 1.88 0.83
0.2 5. 65. 0.87 25. 1.44 0.64
0.3 75. 62.5 0.83 20.8 1.2 0.53
0.1 100. 9. 0.94 30. 1.73 0.77
0.2 100. 90. 0.9 25. 1.44 0.64
0.3 100. 86.5 0.87 22.5 1.3 0.58
0.1 100. 98.5 0.99 7.5 0.43 0.19
0.2 100. 96. 0.96 10. 0.58 0.26
0.3 100. 92, 0.92 13.3 0.77 0.34
0.1 153. 152. 0.99 5. 0.29 0.13
0.2 155 149. 0.97 10, 0.58 0.26
0.3 153. 140. 0.92 21.6 1.25  0.56
0.1 146. 142.6 0.98 17. 0.98 0.44
0.2 146, 140. 0.96 15. 0.87 0.38
0.3 146. 140. 0.96 10. 0.58 0.26
0.1 200. 192. 0.96 40. 2.3 1.02
0.2 200. 187, 0.94  32.5 1.88 0.83

0.3 200. 178. 0.89 26,6 2.11 0.94
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TABLE 17. CYROMIUN EXCEA'GE I BATCY EXPERIVENTS. / SUPERFINE VERMICULITE

AT, c, o c/c, q a/9Q

o _

IER.'. » _1 _1 _1 —1

(g.) (mg.1o)  (mg.l.)) (ngee.’)  (meqeg.’)
0.1 26. 23.5 0.9 12.5 0.72 0.32
0.2 26. 16. 0.62 25, 1.44 0.64
0.% 26. 20, 0.77 =~ 10. 0.58 0.26
0.1 48.5 46.5 0.96 10. 0.58 0.26
0.2 48.5 44. 0.91 1.3 0.65 0.29
0.3 48,5 A1. 0.85 12.5 0.72 0.32
0.1 12, 70.5 0.98 7.5 0.43 0.19
0.2 72. 67.5 0.94 11.% 0.65 0.29
0.3% T2, . 65. 0.9 1.7 0,67 0.%
0.1 100. 98. 0.98 10. 0.58 0.26
0.2 100. 94. 0.94 15, 0.87 0.3%8
0.% 100. £9. 0.89 . 18.3 1.06 0.47
0.5 144, 135, 0.94 9. 0.52 0.2%
0.5 144. 135. 0.94 9. 0.52 0.23
0.5 144. 125. 0.87 19, 1.1 0.49
0.5 201. - 194. 0.97 7. 0.4 0.18
0.5 201. 190. 0.95 1. 0.64 0.28

0.5 201, 188. 0.94 13, 0.75 0.3%
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TABLE 18. SIALL COLUNN RUVSULTS

INTERYAL DIANETER 9.8 cm. (Cross-section 2.55 cm?)
5 g£. vermiculite.

100 ppm Cuzf Flow rate = 29.1 ml. min:1 = 11.4 ml.cmrzmin:1
15 minute interval hetween samples

SANPLE 0 1 2 3 4 5 6
C 97.5 35.5 55.5 62.3 69.5 80. 84. 86.5
c/co 0.36 0.55 0.62 0.7 0.8 0.84 0.87
SAVMPLE 8 9 10 11 12 1% 14
C 88, 88.5 89.3 90.8 91.5 92.5 93.
c/co 0.88 0.89 0.89 0.91 0.92 0.9% 0.9

500 prm Cuzf Flow rate = 26. ml. min:1 = 10.2 ml.cm:Zmin:1
10 minute interval between samples

SANPLE 0 1 2 3 4 5 6 7
C 460. 360. 406. A37. A40.  450.  470. 460,
c/co 0.78 0.88 0.95 0.96 0.98 1.02 1.

200 pom Cu°t Flow rate = 26.4 ml. minT' = 10.4 ml.cm: mins|
15 minute interval between samples

SANPLE 0 1 2 3 4 5 6 T

C 210. 142, 166. 169. 170. 175. 178. 179.
c/c, 0.68 0.79 0.8 0.8 0.8% 0.85 0.85
SAYPLE 8 9 10 11 12 13

C 184. 189. 1e4. 186, 185. 190,

c/co 0.88 0.9 0.88 0.89 0.88 0.9
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TABLE 19. RFSULTS ON FXPERT}EITS JITH THE LARCER COLUMY ARE SHOWY
I¥ THE FOLLOWIITG TABLES, THIS TABLE GIVES THE DETATLS
OF THE COLUIT USED.

INTERNAL DIAYETER 2.7 cm. (Cross-section 5.73 cmg)

15 g. of vermiculite (usual charge) - T hour experiments
Bed Height - 18 cm.

Aspect Ratio - 6.7

10 g. of vermiculite (charge) - 12 hour experiments
Bed Height - 13 cm.

Aspect Ratio - 4.8
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TARLE 20. COLUMY PRCCESS, COPPER FM(TA'GE / IM'ICRON VERKICULITE

-

FLOW ¢E (hours)
RATE
ml e 2ming | 3 1 13 2 2 3 3% 4
C 0. 0. 0. 0. 0. 0. 0. 0.
0.51 c/c, 0. 0. 0. 0 0. 0. 0 0.
0.7 © 0. 0. 0. 0. 0. 0. 0. 0.
TLoc/e, 0. 0. 0. 0. 0. 0. 0. Q.
c 0. 0. 0. 0. 0. 0. 0. 0.
0.95 C/Co 0. 0. 0. 0. 0. 0. 0 0.
c 0. 0. 0. 0. 0. 0.5 1.5 3.
1.18
C/Co 0. 0. 0. 0. 0. 0.01 0.02 0.03
1.55 © 0. 0. 0. 5e 7.5 13.5 18.5 23,
' c/c:o 0. 0. 0. 0.05 0.08 0.14 0.19 0,23
.77 C 16.5 21.5 31, 38.  Ad. 49.5 55. 54.
) c/c, - 0.7 0.22 0.31 0.38 0.44 0.5 0.55 0.5
4.9 © 38, 47.  58. 6. 69. 70. 73, 76.
’ c/e, 0.38 0.47 0.58 0.65 0.69 0.7 0.73 0.76
13,0 © 68,5 79. 83. 85. 88, 90. 92.5 93.
* c/cO 0.69 0.79 0.83% 0.85 0.88 0, 0.9%  0.93
TIME (hours)
4% 5 5% 6 63 7 (&
L C 0. 0. 0. 0. 0. 0. 0.
0.51 c/c, 0. 0. 0. 0. 0. 0. 0
0.7 © 0. 0. 0. 0. 0. 0. 1.8
c/co 0. 0. 0 0. 0. 0. 0.02
0 ér C 3. 4.5 8. 11. 14. 18,
72 c/co 0.03 0.05 0.08 0.11 0.14 0.18
1.48 © 6.5 10. 15. 19. 22.5 28,
: c/oo 0.65 0.1 0.15 0.19 0.23 0.28
1.55 C 28, 32, 34.5  37.5 37. 38,
* c/oo 0.28 0.32 0.35 0.38 0.37 0.38
2,77 © 55 59.5 61.5 63.5 65, 68.5
) c/co 0.55 0.56 0.62 0.64 0.6% 0.69
4.9 © » 79. 81. 61, 83.  8Y. 86.
) c/c, 0.79 0.8t 0.81 0.83 0.85 0.86
1%.2 C 98. 96.5 "96.5 91. 91, £9.5

c/co 0.98 0.97 0.97 0.91 0.91 0.9
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TABLE 21. COLUNY PROUESS, COPPER E.{CHAGE / SUPERFI'E VER ICULITE

FLOY
RATE

-2 .
ml.cm. min.

c

0.64
c/c0

0.76 ©
c/cO

C
c/cO

C
c/c0

1.36

2.08

0.64

0.76

c
1.36

c,/co
C

2.08
c/c,

TOE (hours)

3 1 1%
0. 0. 0.
0. 0. 0.
0. 0. 0.
0. 0. 0.
00 5. 1L)o
0. 0.05 0.15

4.5 19.5 31,
0.05 0.2 0.31

TIYE (hours)

4% 5 5%
7.5 9.5 13.
0.08 0.1 0.13
22, 26.5 28B.5
0.22 0.27 0.29
54. 58.5 62.5
0.54 0.59 0.63
6%. 65.5 €9.
0.63 0.66 0.69

2 2%
0. 0.
0. 0.
2‘ 5.
0.02 0.05
23,5 38.5
0.24 0.3%9
39.5 46.
0.4 0,46
6 65
16.  19.
0.16 0.19
31. 34,
0.31 0.3%4
65- 67'5
0.65 0.68
72. 1T4.
0.72 0.74

3 3% 4
1. 2.5 5e
0.01 0.03 0.05
9. 13.5 18
0.09 0.14 0.18

21.
0.21

36.
0.36

69.5
0.7

15.
0.75
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TABLE 22. COLUIZN PROCESS, ZINC EXCEAMNCE / 1ICRON VERIICULITE

FLOJY
RATE

ml.cm:zmin:1

C
c/c,

o
c/c,

C
c/co

C
C/CO

C

0.41

0.73

0.84

1.32

1.91

0.41
0.73
0.84

0.95

1.32

1491

C/cd

.

TINE (hours)

% 1

0. 0.
OQ 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
OO 0.
0. 0.
0. Ol
OC OC
0. 0.
0. 0.

TR (hours)

4 5
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 3.
0. 0.03
7.6  12.8
0.08 0.13
24.4 . 27.6
0.24 0.28
48. 57.2
0.48 0.57

Y
wi-

0.

0.

0.

0.
0.

2 2%
0. 0.
0. 0.
OQ 0.
0. 00
0. 0.
0. O.
0. o.
0. O.
0. O.
0. 0.
1.6 4.8
0.02 0.05
1.6 19.6
0.12 0.2
6 6%
O. OC
0. o.
0. 3.4
0.  0.03
1.6 5.6
0.02 0.06
9.6 1404
0.1 0.14
6.8 33.6
0.27 0.34
1.6 48.4
0.42 0.48
6.4 66.4
0.66 0.t6

3 3%
0. 0.
0. 0.
O. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
7.6 1.6
0.08 0.12
27.  35.2
0.27 0.35
7 5
0. 0.
0. 0.
10.8 1€.8
0.11 0.17
7.6 11.6
0.08 0.12
18. 18.
0.18 0.18
40.  44.
0.4 0.44
53,6

0.54

69.6 T1.6
0.69 0.72

0.
0.

4.
0.04

17,

0.17

42.

0.42
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TABLE 2%. COLUIIl PROCESS, ZINC EXCVAGE / SUPERFIVE VERMICULITE

FLOW mniw (hours)
RATE
ml .om:2mins 3 1 13 2 2% 3 3%
0.99 © 0. 0. 0. 4.8 7. 10.  10.4
) c/c, 0. 0. 0. 0.05 0.07 0.1 0.1
1.4 ©C 0. 0. 4.4 9.0 15.6 21. 28, 34,
* c/c, 0. 0. 0.4 0.9 0.16 0.21 0.28

TI'E (hours)

% 5 % 6 & 1 T

0.99 © 18. 20.8 34.4 40, 46.4 50. 52,
* c/co 0.18 0.21 0.34 0.4 0.46 0.5 0.52
1.14 C 38. 42.8 47. 51.6 54.4 56.8 61,

o

c/c 0.38 0.43 0.47 0.52 0.54 0.57 0.6

—_—t
o~ O W =
AN > - N
~ -
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TABLE 24. COLUI™ PROCESS, JICKEL FXCUA'GE / }'ICRON VERI ICULITE

.

FLOW TI'E (hours)
RATE
ml.em:omin. ] 3 1 13 2 2 3 31
C O. O. O. O. O. 0. O.
%% cre 0. 0. oO. 0. o. 0. oO.
119 C 0. . 0. 0. 0. O. 0. o.
9 e/, 0. 0. O 0. 0. 0. O.

TIE (hours)

% 5 %% 6 & T

0.85 © 0. 0. 1. 3. 6. 9.
c./cO 0. 0. 0.01 0.03 0,06 0.09

1.19 © 3. 5. 8. 10. 17, 20.
c/c 0.3 0.05 0.08 0.1 0.17 0.2
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TABLE 25. COLUI'W PRCCESS, NICKEL FXCHAXGE / SUPERFINE VERMICULITE

FLOJ
RATE
-1

-2 .
ml.cm. min.

C
0.7

c/c,

c
1.18

c/c,

c
0.7

c/co
1.18 ©

c/co

a

TINE (hours)

z 113
0. 0. 0.
0. 0. 0.
0. O. 20
0. 0. 0.02

TIME (hours)

4 5 5

. 7. 10.
.04  0.07 0.1

24. 30. 33,

0.24 0.3 0.33

2 2%
0. 0.
0. 0.
4. 10.
0.04 0.1
6 6
14. 17.
0.14 0.17
38. 44.
0.38 0.44

1.
0.1

20,
0.2
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TABLE 26. COLINY PRCCESS, CHRCIIUM EX HAMCE / MICRON VEIRMICULITE

FLOJ &IKE (hours)
RATE
ml. cmrzminﬂ L 1 1% 2 2% 5 3% 4
C 0. 0. 0. 0. 0. 0. 0. 0.
0.34 c/c, 0. 0. 0. 0. 0. 0. 0. 0.
0.65 C 0. 0. 0. 0. 0. 0. 4.3 9.
’ c/C, 0. 0. 0. 0. 0. 0. 0.04 0.09
o 87' c 0. 0. 4. 12, 20,  27.5 28.5 31.5
’ c/c0 0. 0. 0.04 0.12 0.2 0.28 0,29 0.32
1.09 © 0. 2.5 10, 20. 26.5 34. 39.5 43,
: c/co 0. 0.03 0.1 0.2 0.27 0.34 0.4 0.43%
TIE (hours)
4% 5 5% 6 6% 7
c ' 0. 0. 0. 0. 0. 0.
0.34 c/co 0. 0. 0. 0. 0. 0.
0.65 © 13, 16.5 21, 23, 28. 33,
’ c/oo 0.13 0.17 0.21 0.23 0.28 0.33%
0.87 C 55. 41. 42.5 45.5 48B.5  51.5
) c/c0 0.35 0.41 0.43 0.46 0.49 0.52
1.09 C 48. 50. 54 . 55.  52. 51.

c/c 0.48 0.5 0.54 0.5 0.52 0.51
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TABLE 27. COLW"Y PRCCESS, CHROMIUIN EXCHANGE / SUNRPFINE VERICULITE

FLOY
RATE

ml.cmjzmin:1

C
c/c,

C
1.13
c/co

0.69

¢
0.69 c/c,
c

1.1% c/c,

.

TIME (hours)

1 1

W
Wi

0. 4. 14.
0. 0.04 0.14

8. 4. S4.
0.08 0.34 0.94

TI’E (hours)

43 5 5%
63.  63.  65.
0.63 0.63 0.65

740 760 740
0.74 0.76 0.74

2 2%
270 390
0.27 0.39
62. 66,
0.62 0.66
6 6%
68. 70,
0.68 0.7
76. 73,
0.76 0.73

3 3%
46. 5.
0.46 0.51
72, 13.
0.72 0.73
7
76.
0.76
T8.5
0.79

59
0.59

14.
0-74
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TABLE 28. CQLUI'N PRCCESS, ZIMC FXCFA'UE / 12 'OUR F{FE"TIE'TS

i -micron, S - superfine

FL.OWJ
RATE

ml.cm:zmin:1
mg.l?l

¥ 1.57 meg.l.
C/CO

mg.l?l

S 1.39 meq.l.
c/co

me. 1,
M 157 meq.l.
C/Co

mg.l?i
S 1.39 nmeq.l.
C/CO

mg.l?_
¥ 2.02 meq.l.
c/c

mg.l?
S 1.79 meq.l.
‘ c/c

¥ 2.02 neq.l.

S 1.79 meq.l.

TI'E (hours) - 100 ppm initial concentration

bV

o O =
O OM™N
b g

QO OA
L] L
- N~ o

TIVE

N

'03
.02

O OO
.

.07
.04

[@ReN )\

1

O O
O N ON
o N

O O
.

N =N

N —

(hours)

88.
2.69
0.88

O NN
* o o
D\ ON
&~ O

(hours)

(o Ne R
QO OMN
N -~

o QO >
IS
N

(hours)

8

2 3 4 5
29.2 49,2 62.4 69.
0.89 1.51 1.91 2.11
0.29 0.49 0.62 0.69
39,2 51. €3.6 68.
1.2 1.56 1.94 2.08
0.39 0.51 0.64 0.68
9 10 11 12
88.8 91.6 93%.6 91.6
2.72 2.8 2.86 2.8
0.89 0.92 0.94 0.92
83.6 86,4 88.8 90.8
2.56 2.64 2.72 2.78
0.84 0.86 0.9 0.91

50 ppm initial concentration

2 3 4 )
5.2 13.2 17.8 22.5
0.16 0.4 0.54 0.69
0.1 0.26 0.%6 0.45
1%3.6 20, 23.6 27.2
0.42 0.61 0.72 0.3
0.27 0.4 0.47 0.54
9 10 11 12
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APPEIIDIX 2

AVALYSIS PROCEDURE
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LETALS IN TXDUSTRIAL JATER AND INDUSTRIAL WASTE JATER BY ATONTIC

ABSORPTION SPRCTROPYOTCEETRY ..... ASTM D,2576

This procedure covers the determination of dissolved metrls,

detected by atomic absorption spectrophotometry.

TABLE 29
METAL COUCE'TRATION RAMGE  JAVELE'GTH  FUEL  OXTIDAMT
mg.l:1 ; nm
. 3+

Chromium (cr’t) 0.2 - 20 357.9 CH, ATR
Copper (Cu*) 0.1 - 20 324.7 O, AR
Hickel (wiH) 0.08 - 20 232, CH, AIR
Zinc (zn*) 0.02 - 3 213.8 GO,  AIR

IIOTE: The concentration ranges for Chromium and Nickel given by this
standard could not be achieved, the upper limit had to be about 100
ppm.

The upper lirits of detection can, clearly, be increased by
dilution and the lowest limit is dependent on the machine being used,
The lowest concentration is usually considered to be equal to twice

the raximum variation of the background.

FETIIOD - The method is dewnendent on the fact that metallic elements,

in the ground siate, absorb light of the wavelerngth they emit when
excited. .hen radiction from o riven source, of the elerment under test,
is ﬁassed through a flame containing ground state atoms of that
element the intensity of the trensmitied rodiation decreases in
proportion to fhe amount of the ground state element in the flame.

A hollow c:thode lamp, whose cathode is made of the element to be
determined, forms the standard source of the rcdiation. The metal
atoms to be measured are ﬁlaced in the beam of radiation by espirating
the specimen into an oxidant/fuel flame. A monochromator isolertes

the cheracteristic radiction from the hollow cathsde lawp and a
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photosaensitive device measures the attenuated transmitted radiation.
DEFITVITIONS - For definitions of the terms used refer to #3877 D,1129.

INTEFFERENCES - Yo interferences are specifically listed for the
metals under test., In general the mosf common interference is cauged
by chemical r-actions in the flame which prevent the conversion of
the metal under test to the atomic state., Certain anions, also, cause

low results by forming insoluble coripounds in the flarme.

INSTRUNENT - The instrument shall consist of 2n atomiser and burner,
suitable pressure regulating devices capeble of maintaining constant
oxidation and fuel pressure for the duration of the test, a hollow
cathode lamp for each metal (rmulti-element lamps have been found to
be satisfactory) to be tested, an optical system capable of isolating
the desired line of radiation, an adjustable slit, a photomultiplier
tube or other photogensitive device as a light measuring and
emplifying device, and a read-out mechanism for indicating the amount
of #bsorbed radiation,

The instrument used was the PYE-UNICAN SP,.90 Atomic Absorption
Spectrophotometer., This was used in conjunction with hollow cathode

lamps supplied by Activion Glass Ltd.

TABLE 30 ACTIVION TTOLLOW CATHCDE LAVPS

METAL ABSORBIG LINE FILLER JIIDC4 CURREN
nm GAS mA
most 2lternatives Operating 17ax.
sensitive
Cr3+ 357.9 429, NEON QUARTZ 5 25

520.4
520.8

cust 294.8 202.6 NEON  QUARTZ 5 25
244.,.2
249.2
327 .4 ’

w3 ot 232, 5 25

Zn" 213.9 307.6 FEON QUAERTZ 15 25
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Tote. The maximum current must not be exceeded as damage to the
catode would resuit and also self-absorption or line broadening of
the spectral output ray occur, which would reduce absorbance readings.

The onerating current is that recommended for good results and long

life.
OXIDAYTT - Air

FUEL - Cormercial acetylene is the usual fuel. The acetone always
present cen be prevented from entering the system by not using

cyliniers once the pressure has dropped below 100 psig.

PUPITY OF REAGE™MS - as specified by ASTM ¥ethods E200, Preparation,
Standardisation, and Storage of Standard Solutions for Chemical

Analysis.

PURITY CF JAMTFR ~ As specified by ASTI Specificstions D1193, for

Reagent .Jater, Type I.

STATTHIARD SCT.UI0IS ,

i) CHROVIW. (1ml = 1.0 mg. Cr3+) - 6.369 g of Chromic Sulphate,
Cr2(304)3.12ﬁ20, dissolved in 200 ml. of water and diluted to 1 liter.
ii) COPPER (1 nl = 1.0 mg. Cu2+) -1 ¢g. of electrolytic copper
dissolved in a mixture of 15 ml. 1-1.‘?'03 (sp Fr 1.42) and 15 ml, water,
4.m1. of H2804 (1+1) waz sdded and the mixture heated to evolve 803

fures. After cooling the residue was diluted to 1 liter with water.

iii) NICYEL (1 ml. = 1.0 &g, Ni2+) - 4.78 g. of ¥ickel Sulphate,
FiSO4.7n20, dissolved in 200 ml. of water end diluted to 1 liter.
. N 2+ PR PR . .

iv) 21T (1 ml., = 0.1 mg Z2n"") - 0.1249 ¢ of zinc oxide, 4n0,
dissolved in a nixture of 10 ml. HCL (sp gr 1.19) and 10 ml. of

water. Then diluted to 1 liter «ith water.

CALIZRATITH, STA'DAFDISATICN AMD OPERATION

a) Prepare standard solutions to tracket the expected concentration
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of the golution under test. '"his must be done each time a test is
carried out. .

b) Overate the instrument in accordance with the manufacturers
handbook, but as a guide to operztion:

i) switch on instrurent,

ii) apply current to the cathode lemp and allow time for
the instrument to stabilise. Usually 10-20 mins.,
iii) set slit +idth as recomrmended by *he manufacturer,
and set wavelength for element under test,
iv) feed fuel and oxidant %o burner as recomrended and
ignite the rixture,

v) atomise water and check aspiration rate, usually a
rete of 4-5 ml.min:1 is suitable. Foth samples and
standerds should be exposed to the s me rate,

vi) adjust wavelensth to give most sensitive oneration,
vii) atomise standards and note readings. Hemember to
atonise Jater between each standard,

viii) prepere calibration -urve by nlotting standard values
on linears graph paper, absorbance vs standerd
concentration for each standard,

ix) atomise sample and record rerding. ~tomise water
betwveen each semple to rinse the Ivstrumant,

%) read of L concentrations of smiple Irear calibration

curve.

PRECISION - Determined from master solutions. The precision for the

metals detected may be expressed by:

CHRONIUM ( Cr5+) :

S, = 0.094X + 0.04; S_ = 0.014X + 0.01
COPPER (cu™t): S, = 0.038X + 0.03;. S_ = 0.020X + 0,02
TICKEL (M%) S, = 0.024% + 0.04; S =

0.010X + 0.03
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ZINC (Zn2+): 8, = 0.050X + 0.01; §_ = 0.013X + 0.005
where St = overall precision, mg.l:1
S0 = sinfle operztor precision, mg.l:1
X = concentration of metzl determined, mﬁ.1:1.

XRIHXK K AR



