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SYNOPSIS

Ion exchange processes are mainly used in water treatment and

recovery processes.
The application of ion exchangers is frequently limited by the

high cost of regeneration (particu larly  with cation exchangers). Further­
more, the regeneration effluents pose a D i f f i c u l t  disposal problem
reducing the usefulness of these processes.

A new process using an aqueous solution of sulphur dioxide as 
a regenerant for weak acid cation exchange resins, has been investigated. 

Demineralized, tap and hard water were all used to prepare the

abovementioned solutions.
Two typical cations - Calcium and Copper were chosen and

investigated in some d e ta i l .
Fixed and flu idized bed techniques were used in designing a

suitable regeneration cycle.
The regeneration effic iency of the sulphur dioxide solution was

compared with the commonly used regenerants and good results were
obtained even with hard waters.

A Kinetic study of the process was also carried out. The 
in trapartic le  d iffus ion coeffic ient (D) obtained, is in good agreement 
with the values reported in the l i te ra tu re .

During the investigation of the regeneration process, a new 
type of flowmeter was also b u i l t  and tested. Its construction was aimed 
to answer flow measurement problems developed during the investigation.

Treatment of the regeneration effluent was also investigated 
and i t  was shown that there is a poss ib il i ty  of recycling all the 

components.
The industrial application of the regeneration process is 

described, the use of the process being seen as a link  between water and

a ir  pollutant treatment.
A scrubbing tower for SO, removal from f 1ue gases and an

associated ion exchange unit have been designed.
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4.2. Data of an SĈ  scrubbing tower 1 1 2

4.3. Data of a weak cation exchange unit 113

Appendix B

B.l. The flow rate values measured for the
calibration curves. 148

Appendix C

C.l. Equilibrium concentration of S0?
in water at 30°C. 170

C.2. Properties of gases 171
C.3. So lub il i ty  in water of gases which

deviate from Henry's Law 171



/

xvlf

Table T it le  Page

Appendix C

C.4. Values of gas - mixture constant 172

C.5. Densities of gases at R.t.p. 172

C.6 . Ptoperties of packings 174

C.7. Packings : materials, sizes and costs 175

C.8 . Economic gas rates for various packings 177

C.9. Conditions for absorption of S0? in a 
packed tower 178



1 .

CHAPTER 1 

WEAK ACID (CARBOXYLIC) CATION EXCHANGE 
RESINS : LITERATURE SURVEY

INTRODUCTION

For many years, the advancement of ion exchange technology has evolved 
around the developments made in the area of cation exchangers. For almost 
a century, a l l the technology concentrated around the natural and synthetic 
alumino-silicates. This period, which started in 1850-54 with the 
discovery of ion exchange by Thomson and Way in England, [1] and which 
includes the commercial use of ion exchange developed by Gans in Germany 
(1905)(1) ended in 1935 with the discovery of synthetic ion exchange 
resins by Adams and Holmes [1 ] .  Their patent was licenced in the United 
States of America in 1939.

Since 1948, there have been three major developments in the ion exchange 
f ie ld :  the development of the styrene and acrylic based ion exchange
resins, pioneered by D'Alelio [2, 3] and the work of McBurney [4] on the 
use of the chloromothylated styrene divinyl benzene copoliner as a base 
for a wide range of anion, cation and even chelating exchange resins.

In many respects, much of our current thinking in terms of cation exchange 
technology has been centered around the strongly acidic cation exchangers, 
and although much technology has developed over the years around weakly 
acidic cation exchangers, fu l l  advantage of these resins has not been 
taken.

This chapter w i l l  review some of the basic functions of the carboxylic 
cation exchanger, the variety of i ts  applications and w i l l  also try  to 
c la r i fy  the importance of the carboxylic cation exchange resins.

1. APPLICATIONS

To understand the importance of the regenera t ing  agents for the carboxylic 
cation exchange resins, one must realize the wide range of applications 
of th is type of resin.

The weak acid cation exchange resins under the ir commercial trade names 
(IRC-84, IRC-50, DP-1, ZEROLITE 236, LEWATIT CNP, BI0REX-70, PERMUTIT H-70, 
MERCK IV, etc) are widely used. Therefore, i t  is not possible to review
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a ll the applications; however, a few examples of each type of application 
w i l l  be given.

1.1. Water Treatment
The main areas of water treatment in wnich weak cation 
exchange resins are used, are water softening, desalination 
and waste water treatment.

Complete desalination schemes in which weak cation resins 
play a decisive role, have been developed over the last two 
decades. A wel. known DESAL Process [5] developed by Kunin 
and described in many art ic les [ 6 , 7, 8 ] has been further 
developed in Ita ly  [9, 10] as the SIRA Process.

The most fascinating development in the water treatment f ie ld ,  
based exclusively on weak ion exchangers is the SIROTHERM 
Process, developed in Australia [ 1 1 , 12].

Weak cation exchange resins have found applications in the 
recycling and re-use of industrial effluents. Such a use is 
described by Stepanova, Z.S., in her a r t ic le  [13] ; by 
A.J. Gilmore L14J, in the Japanese patents [15 ], [16] and 
by G. Boari [17].

1•2. Recovery and purif ica tion of meta's (Extractive metallurgy). 
Although the working pH range of the weak cation resins 1: 
restricted to a narrower one than the strong cation 
exchangers, weak cation exchangers have found applications in 
extractive metallurgy, competing well with the strong cation 
exchange resins.

At least one patent and many works were published on the 
loading of uranyl cations (U O ^) and other cations on weak 
cation resins [18, 19, 20, 21].. Other applications have already 
been mentioned [14 - 16].

1•3• Purification of sugars and biological materials
A Japanese patent [22] describes a method of refin ing beet



sugar after carbonitation using a column which contains a 
mixture of weak acid and basic cation and anion exchangers.
In a similar process [23] a sugar solution was refined using 
among other types, a weak acid cation resin. A weak cation 
exchanger has been used also as a beer s tab il iza to r,  according 
to a U.S. Patent [24]. I t  was also found [25] that a weak 
acid, cation exchange resin could be used to absorb acid 
phosphate from skim milk.

Weak cation exchange resins have also been used for adsorbtion 
of proteins (such as propain) from solutions [26], to recover 
va n il l in  from the controlled alkaline oxidation of 
1ignosulphoric acid compounds [27] or to manufacture boric 
acid [28].

1.4. Medical and Pharmaceutical applications
Weak acid cation exchangers have found various applications 
in th is  f ie ld ,  being administered to humans and animals as 
anthelmentics [29], as gastric acid indicators [30] or as 
antiperspirant-deodorants [31].

They have been extensively used for purif ica tion and isolation 
purposes [32 - 35]. Lusozyme was isolated from human milk 
[36], Gastricsm (a new enzyme) was isolated from gastric 
material of amines [37],and complex mixtures of amines in 
human urine [38] were separated by using weak acid cation 
exchange resins. Even human haemoglobin has been chromato- 
graphically separated [39].

Weak cation resins were also used for the purif ica tion of 
blood plasma [40], as a nutrient culture [41] and as a 
disintegration accelerator tab let. [42].

1.5. Analytical chemistry
Various separations from the medical f ie ld ,  performed with 
weak cation exchangers have been mentioned already [32 -40] . 
Honda [43] reported a separation of copper and n icke l, 
similar to the report made by T. Nortia and J. Sohlman [44].
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Edge reported the separation or copper from chroma ted wood 
preservatives [45]. Grays and Walton [46] separated lead 
from s ilve r on Biorex-70.

A method of separation of a lka li metals from Mg, Ca, Sr, Ba,
Mn, Cu, Co, Ni, Zn, Fe, A1, Th,U and rare earths was worked 
out [47] and used for the determination of a lka li metals in 
s i l ica te  ores while Nickel was separated from Uranium [48].

Lately, the use of complexing agents and chelating resins has 
become a common tool in analytical chemistry and there have 
been many quantitative micro separations using this tool.
These separations are based on the fact that the weak cation 
resins complexes or in the ligant form, are highly selective 
towards certain cations. The desorption of these cations is 
rather d i f f i c u l t  and therefore, these special resins are 
mainly used for analytical purposes.

Having now seen the importance of weak cation exchange resins, 
a natural question which arises is what are the main differences 
between a strong and a weak cation exchanger.

2. WEAK ACID CATION EXCHANGERS (PROPERTIES)

Weak acid cation exchangers, or as these are called, carboxylic acid 
exchangers, can be synthesized by cololymerization reactions. Many 
organic compounds can be used but the most common are the acrylic  
and metacrylic acids or the ir derivatives, which are usually 
polymerized with div^ny!benzene [49] or the hydroxybenzoic acids 
which are condensed with formaldehyde [501 Another method is the 
cyanation and hydrolysis of polymeysed vinyl benzene chloride [51].

Carboxylic cation exchangers can be compared with very weak acids, 
and the ir dissociation constant,( ) , ranges between 1 0 "4,5to 1 0 " 7

Thus, the ir use is restricteo to the range of pH above which the 
dissociation of RCOOH takes place [52, 53] and which i«. usually 
above pH 5 [54]. Therefore, the weak cation exchange resins are 
effective in neutral and alkaline solutions.



Weak cation exchangers do not exchange with neutral salts by 
converting them into the corresponding acids. Only the bicarbonate is 
converted to carbonic acid because i t  is a weaker acid than the 
carboxylic acid. [55, lo L

Carboxylic cation exchange resins possess an unusually high a f f in i ty  
for H+. Accordingly, sorption of some metal ions is found to be poor 
in H+ [56 - 63]; The order of ease of replacement for common cations 
(something like  the reverse o f a f f in i ty )  has been found to be [ 5 5 ]:

L i* > Na+ > K+ > Mg++ > Ca++ > A l**+ > Fe+++ > H+.

On the other hand, in neutral and alkaline media, i t  is d i f f i c u l t  to 
keep many cations in solution without using complexing agents. These 
factors may be partly responsible for the lack of interest shown for 
a long time in the use of these cation exchangers.

Once i t  was realized that the increased exchange capacity in alkaline 
soluticns (compared with the strong cation exchangers) cou'd be a 
value i r  the sorption and separation of heavy metals, many workers 
started using the weak cation exchangers in the ir  work.

Summarizing, i t  can be said that the carboxyl ic cation ex '^angers 
have a high a f f in i ty  for polyvalent cations. This a f f in i t y ,  is a 
property of these resins, even at low pH, hen the RCOOH does not 
ionize s ign ifican tly  [61, 21] . Conversely, the strong cation 
exchange resin indiscriminately adsorbs a ll the cations, exchanging 
with neutral salts and converts them into the corresponding acids.

Knowing now the special properties of the weak cation resins and the 
fact that these can be u t i l ize d , the questions arising are : how 
are these resins regenerated and can the ir special a f f in i ty  for H+ 
be used to lower fhp cnrt of regeneration?

As is well known, ion exchange resins are used in a cyclic  way, i .e .  
being loaded with one or many ions, a fte r which the ions arc eluted, 
the resin being regenerated so that i t  is ready for reuse.



This cycle is determined by, among other things, the resin capacity
and the concentration of ions being absorbed. In any case, the
loading cycle is followed by regeneration and th is Is why i t  is so
inipo' - in . I t  can become c r i t ic a l  w the loading period is short
(sr nt tycle) and when the expenditure on regeneration needs to be 
kept low.

Weak c Mon exchange resin can be almost fu l ly  regenerated (^100%) 
wnile strong cation exchangers are regenerated usually to a lov r 
■eve; (70 - 80%). Even more, because of their high a f f in i t y  towards 
H cations, the regeneration of weak cation resins can be carried out 
with only 11 0 1 o f the required regenerant amount, compared with 2 0 0 % 
regenet ant amount needed to achieve the abovementioned level of 
regeneration fo r the strong cation exchangers [13, 64-65]. This 
De’ ng "he .ase i t  is understandable why weak cation exchange resins 
are employed in so many processes. This i f  especially important for 
water treatment and desalination schemes [ 1 0 , 8 , 6 , 1 1 , 15] where the 
price of the treated or desalinated water must be kept low.

In practice, the rege .eration of the weak cation exchange resins is 
done using the regeneration effluent from the strong cation 
exchanger un it. In th is way, the acid needed to regenerate the strong 
cation resin, ( 2 0 0 % of stoicheometric amoung) is used more e f f ic ie n t ly .  
When h2 SG4 i s  employed as a regeneration agent for strong cation resin, 
and the regeneration effluent is to be used for the regeneration of 
the weak cation unit, the effluent solution must be diluted to avoid 
fhe precip itation of Ca S04  in the resin bed. When HC1 is employed 
as regenerant agent, d i lu tion  is not necessary

As can be seen, the special oroperties of the weak cation resin are 
we i exploited in the schemes where strong and wean cation exchangers 
are employed side by side [ 1 2 ] .

On the other hand, there are processes based on weak ion exchangers 
only [5 , i3, 16, 18, 19, 44, 64]. The majority of these processes 
are in the water treatment and desalination f ie ld ,  in which the 
running costs must be kept low, so that the price of the water can 
be as low as possible.



The only way to keep the regeneration cost low, is to employ cheap 
regenerants and thus, not the conventional strong acids (HC1 or
h2 so4).

REGENERATION AND REGENERANTS

The search for new and cheap regenerants started immediately after 
the discovery of the carboxylic cation exchangers. There are only 
a few poss ib il i t ies  to be taken into account, and these are the weak 
acids usually resulting from the dissolution of gases in water

These gases, CÔ , SO, and Ĥ S which are the waste gases of industry 
can be considered as potential regenerants since they are found in 
abundance and are cheap.

From the beginning, H?S has been rules out, since i ts  so lu b il i ty  in 
water at normal conditions is not high enough.

The remaining two gases have been the subject of much work and many 
patents which have described their use as regenerants of weak cation 
resins.

Not long after the discovery of the carboxylic cation exchangers,
15 July, 1950, K.R. Gray f i le d  two patents: one for the "Preparation
of sodium salts of carbonic acid by ion exchange" [ 6 6 ] and the other 
[67 ],a "Process of recovering chemicals from m e lo b ta in e d  in 
pulping operation". Both patents describe the loading of a 
carboxylic cation exchanger with sodium salts, and its  regeneration 
(and sodium elution) using COg under pressure of 2-5 atm [6 6 ] and 
SO2 [67] both dissolved in water.

In his patent [6 8 ] dated 13 April 1962, R. Kunin described the 
treatment of a mixed (cation and anion) bed with an aqueous solution 
of CCg to regenerate a weak cation exchanger. The same regeneration 
process was reported later in the l i te ra tu re  [69].

Another patent f i le d  in 1970 and granted to Larsen in 1972 described 
the regeneration of a weak cation resin with carbonic acid, formed



by introducing carbon dioxide into water into a pressure of from 1 0 0  

to 300 psi. [70]. In the same year, a Czechoslovakian patent [71] 
described the "Regeneration of mixed ion exchanger bed in s itu" by 
using a single feed of water and C0 2 in a counter-current flow.

As can be seen, the above patents deal with the regeneration of 
carboxylic exchangers, loaded with monovalent cation, using both

COg and S0 2.

But the major use of carboxylic cation exchangers in -er treatment 
is to adsorb Ca^ and Mg+* cations, and therefore, attention has 
been concentrated on the regeneration of these resins, loaded with 
Ca++ and Mg*+. Many of the workers in th is f ie ld  have realized that 
the regeneration of the weak cation resin loaded with Ca cations, 
using aqueous C0 2 can be taken to completion, since the reaction 
between the regenerant and the cation results in the formation of an 

unsoluble sa lt: Ca CÔ :

(RC00) 9 Ca + H2 C03 -  2RC00H + Ca C03 +

This is probably the reason why SO., has been ignored in regenerating 
weak cation resins loaded with Ca cations.

In 1975 and 1976, B. Wittmar and H. Southeimer published two papers 
about the regeneration of weak cation resins, loaded with Ca 
cations, using C02 [72, 73]. They concluded that the regeneration is 
possible, and the precipitate of Ca C03  does not clog up the resin.

Weak cation resins have been regenerated using the same feed watp*" 
which loaded them but th is time at an elevated temperature. The new 
process, developed in Australia (SIR0THERM) had two major advantages: 
i t  is based on weak ion exchange resins and does not use any special 
regenerant, but the feed water at a higher temperature [16, 17, 14]. 
The latest development in th is direction is described in a German 
Patent [75] granted to H.H. Euman.

During the last decade, new regenerating agents, other than CC>2,
S0 2 or temperature have been found.



A Japanese patent [76] described the regeneration of a chila ting 
resin with water, followed by a d ilu te solution of La C^.

R. Kunin, proposes in his patents [77, 78] a regeneration mixture 
for weak cation resins, comprising a lka li metal chloride, a lka li 
metal carbonate and an a lka li metal ch ila ting polycarboxyl ate.

In parallel with the search for new regenerants, much work has been 
done to understand the mechanism of loading and regeneration of 
carboxylic cation exchanger.

We can mention the works of Kunin concerning the behaviour o f weak 
[79] and strong cation and anion [80] resins, his work on DESAL 
Process [ 6 - 8 ] ,  the work of Marinsky [81] and Helffurich [82 ], the 
work of Weiss and his team [74] which led to the development of the 
SIROTHERM Process, and the work of M.B. Hanley [83] and Moll [84,
85] on the Kinetics of neutralization and protonation of weak 
cation resins. The main conclusions which have emerged from these 
works are that both the loading and the regeneration of the weak 
cation resins are partic le  diffusion controlled, that the regenera­
tion rate is concentration dependent and that the regeneration of 
these resins can be carried out in low concentration acids 
(0.11N) [83].

DISCUSSION

As previously mentioned, the use of new regenerants which are 
cheaper than those commonly used, as well as a larger integration of 
weak resins in ion exchange processes has brought, and w il l  continue 
to bring a reduction in the overall costs of ion exchange processes.

To summarize weak resins are preferred to strong resins because:

1. They have greater capacities
2. Cheaper regenerants can be used
3. Complete regeneration is nearly stoichiometric
4. Raw water can be used for rinsing.

There is also a steadily Increasing environmental need to remove



1 0 .

sulphur dioxide from stack gases. Ion exchange resins were used 
for this purpose as well.

The works carried out to establish the removal effic iency of SOp 
by microreticular anion exchange resins [86], macroporous anion 
exchange resins [87, 8 8 , 89] and ordinary anion exchange resins 
[90 - 94], concluded that there is no damaging (reducing] effect 
on the resin caused by the SOp. As in a l l stack gases situations, 
i t  is preferable to find a use for this material rather than to 
produce an effluent.

In many cases the stack gases are associated with steam ris ing plants. 
These plants require that the water be dionized and th is  process is 
usually done with ion exchanging resins. These resins are at 
present regenerated with acids, producing effluents. I t  is possible 
that a sulphurous acid solution could be used as the regenerant.
This woulo have the advantage that the effluents from the steam 
ris ing plant could be comoined so as to produce a smaller total 
quantity. I t  is also possible that tnis la tte r  material could be 
recycled in a way which w i l l  be discussed in later chapters.

In order to use the sulphur dioxide solution as a regenerant, 
experimental work needs to be done to ascertain i ts  a b i l i t y  to do 
the regeneration, the efficiency of the process, etc. The work 
in th is thesis w i l l  be aimed towards the understanding and solving of 
problems associated with the use of an aqueous solution of sulphur 
dioxide as a regenerant for a weak acid cation exchanger.



CHAPTER 2

The regeneration of a weak acid cation exchange res in ,
4.4. ++ +    % -i++ ^ .__

loaded with Ca++, Mqf+, Nâ  or [CufNHj^] cations,
with an aqueous solution of SÔ  

THEORETICm. ..r-PRUACH

.1 SO2 d i s s o l u t ion  in  water
S0 2  (gas) is more soluble in water than both COg and (Fig* 2 . 1 ) 
and at ambient temperature (25°C) is so lu b il i ty  is 85 g/1 or 
1.33 moles/1. This value is an average value obtained from the 
values given in the l i te ra tu re  [95, 96] for S02  so lu b il i ty  below and 
above 25°C. As to be expected, S02 so lu b il i ty  decreases with 
temperature and increases with pressure.

The dissolved S02, p a r t ia l ly  hydrolyses forming a weak acid,
SO, which dissociates into HSÔ , SÔ  and H ions.

The equilibrium constant can be written in terms of concentrations 

and a c t iv i ty  coeffic ients.

AB :  A* * B*

V V f.VlVKB']
A 6  - .  rAKJ -aAB " 'AB

where *  AB"aAR represent the ac t iv i t ie s  of A , B and AB, f ft , 
f Ap represent the a c t iv i ty  coeffic ient of A+, B , AB and the squ 
brackets refer to the molar concentraions of A , B and AB.

Since in th is case we have a fa i r ly  d i lu te  solution of a weak electro­
ly te , a l l  the q u i l i orium cons LmLs can with reasonable accuracy be 
written in terms of concentrations only,.



The SÔ  in solution hydrolyses:

(eq.l) SOg + HgO ^ SOg hydro!ized, (NgSÔ )

[so,],
(eq.2 ) K = ---- —

[ so2 ] t [ h2o ]

where is the hydrolysis constant.The term [HgO] vhich is 
the concentration of water, remains v ir tu a l ly  constant and therefore 
can be incorporated into the K constant.

[S0 2] h [SOg] hydro!ized
/ gq o \ v = -  -----------------------------------------------------------------

o [S02]y Total amount of SÔ  dissolved 

We next consider the dissociation steps:

(e q .4 )  Hj SOj 2 hso3 + H+

[ hso3" K h+1

(e q .S )  K, = ~̂TK1 ■ 1 ' 72 "  , 0 ' 2 [ ” ]

(e q .6 )  HS03 ‘  -  SO] + H+

[S03=j [ H +]
(eq.7) Kg = ' ]  K2 * 6-28 x 10"8 [97]

The ions in solution must satis fy the electroneutra lity condition:

(e q .8 )  Z[Mz+]  + [H + ]  = [HS03“ ]  + 2 [S 03=]  + [OH"]

where Z represents the valency of the cation M2*
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Fina lly , we can write a mass balance over a l l the sulphur containing 
species:

(eq.9) [S02] + [ H ^ ]  + [HSO3 ' ]  +[S03  =] =

where Tso is the total mount of S0 2 o r ig ina lly  dissolved in water, 
while [SC;] represents the amount of S02 dissolved but not hydralysed.

To these equations the dissociation of the water can be added:

(eq.10) H20 -  H* ♦ OH"

(eq.1 1 ) ^  x 10'  ' 6  moles/r

(eq.12) = [H+][0H‘ ]  * 10‘ 1 4

As the amount of OH* ions in the solution at low pH's is very small, 
equations 1 0 , 1 1 , and 1 2  are not required, and i f  nothing other than 
SO-, was dissolved, we can neglect the appropriate term in eq.8 .

Therefore, the equations which describe the relationship between the 
d iffe ren t ions in an aquous solution of S0 2  are:

Ch2 so33 

Ko * [so2]
[hso3 - ] [h * ]  

ki ■ [h 2 so3]

[S 0 /][H +]
K, *    —
^  [HS0-]

ZCfl2" ]  + [H+] « [HS03“ ] + 2 [S03=] + [OH*]

t SOo = [so2] + [h 2 so3] + [hso3] + [so3=]



From this set of equations, the concentrations of each ion in 
solution can be calculated, at any given pH.

Such calculations were done for f ive  d iffe ren t solutions having 
d iffe ren t pH's. The original solution was prepared by bubbling 
SC>2 at atmospheric pressure into water un til saturation was 
achieved, I t  was therefore assumed that 1.33 mole/1 of SCL had 
dissolved in water (T5 0  = 1,33 moles/1). Subsequently, this 
solution was diluted by two, four, four and again four times, the 
final total amount of S0 2 dissolved being 128 times less than the 
in i t ia l  amount. Table 2.1 shows the amounts of the d iffe ren t 
species present at equilibrium.

The relationship between the hydrolysed species of S02 are also 
calculated, the results f i t t in g  qui.e well with those given in 
Fig. 2.2. [98]. Fig. 2.2 represents the pseudo mole faction of 
H2 S0], HS03 and SÔ ” ions, as a function of pH. These pseudo mole 
fractions were calculated by dividing the molar concentraion of 
each species by the sum of the concentration of these hydrolysed 
and dissociated species:

(eq. 13) [H2 S03] + [HSC>3' ]  + [S03=] = A.

The pseudo mole fraction of H.,S03  is thus [H2 S03 ]/A , of HS03™ 
[HS03"]/A and o f S03= is [S03 ~]/A.

The abovementioned set of five equations, together with Fig. 2.2 
and Table 2.1 (or Fig. 2.3) enables the calculation of the 
concentration of any species present in solution, at any given pH, 
as well as the calculation of the pH resulting from the dissolution 
of d iffe ren t amounts of S02: By knowir-j the total amount of S02

dissolved (Tsq ),  the K(j (Table 2.1 or Fig. 2.3) and the pH of the 
solution, the pseudo mole fraction of H2 S03 can be found (Fig. 2.2) 
and the total amount of hydrolysed and dissociated sulphur species 
can be found.

A



15.

s o 2 0

(eq.14) A = [HSO3 ' ]  + [SO3 " ]  + [ H ^ ]  = KQ

Once A is found, the concentration of each species can then be calculated.

Note that the value of Kq (Table 2.1 and Fig. 2.3) should be approximately 
constant, but there appears to be some variation with concentration, but 
th is is probably witl.-’ n experimental error.

1.2. Sulphite precipitates
Most of the metal salts associated with the sulphite anion (MeSC3 )
are only s ligh tly  soluble in water. Table 2.3 shows the so lu b il i ty
of a few metal sulphites.

For this thesis, the most relevant sulphites are CaSĈ , MgSĈ ,
Na2 S0 3  and CugSĈ . From Table 2.2 i t  can be seen that sodium 
sulphite is very soluble in water, the CU2 SO3  is s l igh tly  soluble,
MgSOj has a s o lu b il i ty  of 1.25 g/100 ml water, while the so lub il i ty
of CaS03 is only 0.0043 g/100 ml water.

This means that Sodium and Magnesium w i l l  not cre<?:e precip itation
problems when associated with the SO." ion, while the sulphites of 

+ + +Cu or Ca precipitate at a certain pH. This pH can be 
calculated and by knowing i t  and avoiding i t ,  the precip itation 
can be prevented.

In our case, the aqueous solution of SÔ , containing a certain 
tDtal amount of SOp dissolved (Tso,) is passed through an ion 
exchanger, loaded with Ca++ cations. The H ions in solution are 
loaded on the resin, while Ca++ ions are eluted into the solution.

As shown before, the concentration of SO3 ions can be calculated 
by using the values of K0> Tso for each case and the pseudo mole 
fraction of [SO. ] from Fig. 2.2 as a function of pH can be 
constructed (Fig. 2.4):

Since the H+ ions are replaced in solution by Ca+ ions which are 
eluted from the resin, the concentration of Ca++ increases as the



pH increases. The amount of Ca++ ions eluted from the resin can be 
calculated by calculating the respective amounts of SOg , HSOg and 
H+ from Fig. 2.2 and substituting into the equation

(eq 15) 2[Ca++] = [HSOg'] + [S03=] + [OH- ] - [H+]

Therefore, a schematic graph of Ca+f ions concentration as a function 
of pH can be also plotted (Fig. 2.5). Fig. 2.,5 shows that less 
Ca++ ions are eluted fo r smaller in i t ia l  concentrations of S02<

A curve of Ca+* concentration needed for precip itation of pH can be 
constructed by dividing the so lub il i ty  product of CaSOg by the 
concentration of S03= as a function of pH, and since the concentration 
of S03~ ion in solution depends not only on pH but also on Tso 
(the total amount of SÔ  dissolved in i t ia l l y )  a family of curves 
w i l l  resu lt, as shown in Fig. 2.6

t w 0  things can be seen in Fig, 2.6: f i r s t l y ,  that the Ca++ concentra­
tion needed for precip itation decreases with the increase in pH,
(as ti.e concentration of SO, increases) and secondly, that the

+4"
lower t.ie Tso the higher is the concentration of Ca ions needed 
for precip itation, at any pH.

I f  the curves from Fig. 2.6 are drawn on Fig., 2.5, the intersection 
points between the curves plotted for d iffe ren t Ts0. w i l l  give 
the pH at which the precip itation starts, as well as the minimum 
amount of Ca*"" ions needed at that pH for the precipitation of 
CaS03  (Fig. 2.7).

I t  can be seen that as the Tso, decreases, the precipitation starts 
at increasing levels of pH.

From this analysis of Ca5C, precipitation conditions, i t  can be
concluded that the lower the total amount of SÔ  i n i t i a l l y  dissolved
in water, (T ), the higher is the level of pH at which CaSOg starts 

2 = 
precip itating, and this is due to both lower concentrations of SOg
and H+ existing in i t i a l l y  in solution and subsequently, and lower Ca



ion c oncen t ra t ions  e lu te d  from the r e s i n .

Therefore, by choosing a low concentration of SC,, dissolved in water,
the danger of CaSÔ  precip itation is pushed to a high level of pH,
but on the other hand, the in i t ia l  pH of the regeneration solution 
is going to be high, and the elution of Ca+> cations is going to 
b in e ff ic ie n t.

The result of this calculation procedure is that for any in i t ia l  
concentration of total dissolved sulphur dioxide, a pH can be 
produced above which one should not go at any point in the column.
The designer and operator of such a column, can then work to such a 
figure, to ensure that no precip itation occurs. The designer can 
specify a certain minimum flowrate which must be used, while t :°e 
operator can use this ex it pH to control the flowrate of regenerant. 
Obviously, on the other hand, too large a flowrate of regenerant w i l l  
waste the regenerating capacity of the solution so that this 
calculated pH w i l l  be a useful design and control parameter.

1.3. SO, as a reduci ng agent
I t  is well known that S0o is a powerful reducing agent. Earlier work 
[36-94] showed that there is apparently no such effect on the resin, 
although the S0 7 was adsorbed very e f f ic ie n t ly  on an anion resin.

On the other hand, i t  is expected that the reducing effect is 
l ike ly  to have an influence on the Copper cations which show a 
variable valency, as is usual with the heavy metals.

This reducing effect can be enhanced by the presence of NĤ  cations 
[99].

[Cu(NH^)4] complex for examnle is fa i r ly  unstable having a 
s ta b i l i ty  constant equal to 4 [97].
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(eq 16) [Cu (NH3 ) . 2+]

K  T ^ i 7 —  '  4 ( , W  ( Re f -97)
[NH3 ] 4 [Cu ]

In the reduct ion process, i n i t i a t e d  by the presence of SÔ  in solution, 
one or more precipitates combining copper, ammonia and sulphite can be 
formed [99-102]. Table 2.3 indicates the three possible sulphite salts 
and the ir colour and composition formed in the process of breaking the

4.4. 4*
ammoniacal complex o f  copper and reducing the Cu to Cu .

During the experiments (described fu r th e r  on) the s a l t  formed appeared 
to be Chevreul 's s a l t  because of i t s  red co lour .

2. EXPERIMENTAL PROCEDURE

2.1 . Choosi ng the res in  and the cations for loading 
There are many weak acid cation exchange resins on the market, under 
d iffe ren t trade names, but having similar characterists. I t  was 
decided tc use only one resin in  the regeneration experiments.
The resin chosen was Zero!ite-236 made by Diamond Shamrock - London, 
which is a gel type ion exchanger. Many artic les in the "literature 
describe experiments done using this type of resin [11, 21, 44,
61, 62, 74]. In order to be regenerated in the experiments, the 
resin had to be f i r s t  loaded with one or more cations. Only a few 
cations were considered for loading bearing in mind the eventual 
applications of the regene* it io i process. These cations were CaH 
and Cu>4\

The Ca" cation was chosen as the most representative of the 
alkaline earth metals with which a l l  desalination and softening 
processes deal. Its concentration in water is usually higher than 
any other alkaline-earth metal and is the most dangerous from the 
point o f  view of scale formation. In re lation co th is wurk, Ca++ 
cations are the ones l ik e ly  to cause most of the problems, the 
sulphite salt being more unsoluble than those of Mg++, Na+ or K+.

Nevertheless, Mg and Na cations were sometimes included 
among the cations which loaded the resin, and this was done to
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give a more general aspect to this work, as Mg" and Na+ are founc 

together with Ca in water

Cu++ was chosen as a representative of the heavy metals group 
which exhibit a variation in their valence state. Cations or 
these metals are loaded on the weak cation resins both during 
h y d r o m e t a lurgical or waste water treatment processes

2.2. Loading Solutions
Solutions of both Ca+" and Cu++ cations can be prepared by 
dissolving d iffe ren t salts containing them in water (CaCl2 ,Ca(N03)2, 
CuS04, C u C l 2 » Cu(N03)2). These solutions, have a low pHM) 
which is below the working range of the weak cation resins 
(above 5). Thus, concentrated solutions of calcium formate or 
acetate were used to load Ca" ions on the resin. The pH of 
these solutions were within the working range of the resin. ~o 
these concentrated solution, small amounts of NaCl or MgClg were 
sometimes added as detailed ate?.

To load the Cu++ cation, i t  was decided to use , ts ammoniacal 
complex [Cu(NH3)4] 2+ which is soluble in water and gives^the 
solution a pH of -vlO-ll the entire complex -[Cu(NH3)4] being 

loaded on the resin.

2.3. Loading procedure
The loading of a l l the nations was carried out in a sintered glass 
column using a down flow stream

During the loading with Ca^ cations, the resin bed shrunk by 
13-16%, while i t  expanded by 70% during the loading with the
amoniacal complex of copper.

2.4. Regeneration solution
The regeneration solution used was a saturated aqueous solution of 
S0 2, which was prepared by bubbling a stream of S0 2  through water

(



c o n ta in in g  d i f f e r e n t  conce n t ra t io ns  o f  ca t ions

A description of a ll the materials and instruments used in the 
experiments is given in Appendix A.

Fig. 2 . 8  shows schematically the arrangement used to carry out 
the regeneration.
(1 ) is the column in which the resin (2 ) is contained. ( 3 ) is a 
flow meter which enables one to monitor the flow rates during the 
d iffe ren t steps: loading, rinsing, regeneration.

(4) is a pH meter which monitors the changes in pH. (6 ) is the 
effluent outlet and (5), (7), (8 ) are the loading solution, 
regeneration solution and rinsing solution in le ts , respectively.

From Fig. 2.8 i t  can be seen that by closing and opening the 
correct valves, the regeneration or rinsing solutions can be 
passed in downflow or upflow through the column ( 1 ), while the 
flow rate and the pH are continuously monitored.

^ • 5. Ways of ensuring the end of the loading and regeneration 
steps, and checking the composition of the precipitates

The loading and regeneration steps had to be performed accurately, 
and methods of ensuring th is were developed and applied. As well
as this.a method for testing the composition of precipitates was 
devised.

Five methods were used for these purposes:

a) Checking the pH of the effluent
b) Precipitation in the e x it  stream
c) Colouring the resin
d) A proper regeneration test (P.R.T.)
e) KMn0 4  test

a; Usually the pH of the feed solution differed from that of 
the effluent during the regeneration or loading phase, due 
to the exchange of cations which took place in the resin:
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2RH + Ca++(high pH) :  Ca + 2H+ (low pH)

R2 Ca + 2H+(low pH) ^ 2RH + Ca++(high pH)

Keeping the resin in a fixed bed form, and the fiow ra^e of 
the loading or regeneration solution at a low level the 
difference between the in le t and outlet pH values remains 
constant while the regeneration or loading takes place.

Equalization between input and output pH clearly indicates 
the end of the regeneration or loading and the end is 
fa i r ly  sharp.

The method can be successfully applied in the case of weak
ion exchangers which demand a stoichiometric amount of
cations for loading or regeneration.

b) By increasing the pH value of the e ffluent, the precip ita­
tion of a fa i r ly  insoluble compound can be favoured. In 
the case of loading, an increase in pH of the effluent w i l l  
not have an) effect until the loading is finished, then 
the unused loading cations w i l l  be eluted and w il l  
precipitate In the case of regeneration, an increase in 
pH of the e- fluent w i l l  precipitate the fa i r ly  insolub'e 
cations (Ca~+, Cu++) while the regeneration takes place.
As soon as :he regeneration is completed, no more cations 
ar e eluted from the resin and no more precip itation w ill 
take place in the effluent.

c) "Colouring" the resin with an indicator which changes 
colour with pH. The indicator is permanently absorbed on 
the resin aid in this case, methyl red was used giving 
the weak cation exchanger a pink colour in an acid medium 
and leavinc i t  white in a basic medium. The change In 
the resin lorm from loaded (with Ca ) to regenerated



(H+) form was indicated by a change in the resin colour 
(from white to p ink). A change in colour from pink to 
white was observed during the loading,

d) After the regeneration with the aqueous solution of S0o was
completed and the resin washed, 5(M of IN (HCZ-) were 
passed through the resin: I f  the f i r s t  regeneration was
incomplete, a certain amount of Ca++ or Cu++ ions remained 
in the resin. That amount was eluted by the HC: solution, 
which "properly" regenerated the resin. Ca++ and Cu++ ions 
could be detected in the eff luent, by increasing the pH 
with NĤ OH. Ca++ precipitated as CaSÔ  and Cu++ coloured 
the solution dark blue as a result of the production of
i ts  ammoniacal complex.

e) MnOg t est.
CaS03 is a white precipitate and can be confused with CaSÔ  or 
Ca(0H)2. Thus i t  was necessary to make sure that any precipitate 
obtained was CaSOg. A small amount of any white precipitate 
was washed and then put in contac, with a solution of 
KMnÔ  (pH 'v 7). I f  the solution did not change its  red 
colour but on lowering the pH the precipitate dissolved, 
reacting with the MnCj - ion and as a result the red colour 
disappeared (red-ox reaction) then the test indicated 
clearly that the precipitate was CaSCg and not CaSÔ  or 
Ca(0H)2. This test was performed on a ll white precipitates.

THE EXPERIMENTS

3.1. Qualitative experiments
These experiments were carried out to pinpoint l ik e ly  problem areas 
and solve them qua lita tive ly  i f  necessary. One possible problem 
could be the precip itation of CaS03 or Chereul's sa lt amongst the 
beads of the resin clogging them and stopping further flow of 
the regeneration solution.



Another possible but more serious problem could be the precipi­
tation of the abovementioned salts inside the beads of the resin, 
which could cause a permanent decrease in the loading capacity 
of the resin.

To gain information on the precip itation of CaSO, and where i t  is 
l ike ly  to occur, a small amount of resin loaded with Ca cations 
was contacted with a solution of NaSÔ . A v is ib le  precipitate 
was formed outside the resin. The precipitate was separated from 
the resin by rinsing the resin a few times with d is t i l le d  water. 
Thereafter, both the resin and the precipitate were checked: 
the resin to see i f  there was any Ca le f t  inside the beads in 
a precipitated form and the precip itate, to make sure that i t  
was CaSÔ  iKMnÔ  tes t) . The resin was checked by means of eluting 
the cations with an acid as described before. I f  no cations were 
eluted .here was no precipitate in the pores.

The conclusions drawn from these experiments were that the 
precipitation occurs outside the resin, and could clog up the 
resin in a fixed bed arrangement, and that the precipitate is 
CaSO] and its  appearance could be prevented by keeping the pH 
at a su ff ic ie n t ly  low level.

A similar regeneration test was performed with a small amount of 
resin loaded with the ammoniacal complex of copper, th is time using 
a solution of SO2 in water. During the regeneration a red 
precipitate appeared outside the resin and this was assumed to 
be Chevreul's sa lt.  Once separated, the precipitate could not be 
dissolved in the aqueous solution of SO,, and i t  only dissolves 
when 5N HC1 was added to the solution.

Following these tests, a few qualita tive regeneration runs were
carried cut. A downflow regeneration of 25 ml resin loaded with
Ca++ cations was carried out. I t  was found that the pH could not
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be effective ly controlled, since i t  increases during the 
regeneration as a result of the H+ ions being replaced by Ca++ 
ions. Thus, tne pH of the solution fron t, increases above the 
level at which CaSÔ  starts precip itating clogging up the resin 
and stopping the solution from flowing through the bed.
This precipitate was dissolved by the 1 a ite r solution which has a 
lower pH.

Following the experiment i t  was decided to f lu id ize  the bed for 
a short period at the beginning of the regeneration, using the 
regeneration solution. This procedure should avoid any 
precipitation of CaSÔ  by not allowing the pH to increase too 
much. Two experiments were performed and these showed that no 
precipitation occurred.

A few experiments in which 25 ml resin loaded with [Cu(NH3)^ ]2+ 
was regenerated with an aqueous solution of SO-, were also 
carried out with a short flu id ized bed regeneration period at 
the beginning. These experiments showed that carrying out the 
regeneration quickly is not the only thing necessary for a good 
regeneration. Precipitates must also be removed from the column 
as quickly as possible to avoid them settling on and in the resin.

Thus, i t  was decided to use a syphon to continuously remove the 
precipitate from above the resin bed. A few regeneration 
experiments were carried out to improve this technique, which proved 
to be the answer to the precip itation problem

3.2. Quantitative regeneration experiments 
Five sets of experiments were carried out during which d if fe ren t 
amounts of resin, loaded with Ca4>, or Caf+, Mg' 4 and Na+, or 
[Cu(NH3 ) 4 ] 2 cations were regenerated with d i:rerent aqueous 
solutions of SOg.

In the f i r s t  two sets of experiments, the resin was loaded with



Ca++ cations, while in the th ird set, the resin was loaded with 
Ca2+, Mg+f and Na+ cations.

In the las t two sets, the resin was loaded with [Cu(NH3)4] 
cation.

The amount of resin used in the f i r s t  and fourth set was 25 ml 
while 2 0 0  ml resin were used in the experiments carried out on 
the second, th ird and f i f t h  sets.

The regeneration solution used in the experiments was of three 
types: Demineralized water, saturated with SOg was used in the
f i r s t  and fourth set of experiments,and in a few experiments in 
the second and f i f t h  sat. Hard water saturated with S02  was used 
in the th ird  set and a few experiments in the second and f i f t h  
set. In a few experiments of the second and f i f t h  set, very 
hard water, saturated with SO. was used to regenerate the loaded, 
resin.

The use of d iffe ren t types of solutions as regenerants was done 
to gain information about the effect of the water purity on the 
regeneration process. The solution was thus changed from 
demineralized to soft and then to hard water, to simulate what 
might be required i f  the new regeneration process were applied in 
industry.

P.R. Tests were usually performed as the last experiment in the 
set, to see i f  any accumulation of the loaded cation occurred 
during the experiments. The arrangement used for the loading and 
regeneration of the weak cation resin is given in Fig. 2.8 .

3.2.1. F irs t set of experiments:
Seven experiments were carried out during which the 
weak cation resin, loaded with Ca+ cations was 
regenerated. The regeneration solution consisted of 
demineralized water saturated with SOg.
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A small part of the regeneration solution was passed 
upwards through the resin, after which, the rest of the 
regeneration solution was passed downwards through the 
resin. The regeneration was stopped when the pH of the 
effluent dropped to 1 - 0.5. After the regeneration, the 
resin was rinsed with demineralized water. At the end of 
the regeneration, the resin returned to i ts  original 
volume, colour and shape. After the f i r s t ,  second and 
seventh regeneration, "Proper Regeneration Terts" (P.lt.T.) 
were carried out.

The results of the loading and regeneration experiments 
in this set, are listed in Tables 2.4 and 2.5.

3.2.2. Second set of experiments
Five experiments were carried out in this set, during which 
the weak cation resin was regenerated with three d iffe ren t 
solutions.

SOg was dissolved in three d iffe ren t types of water: 
demineralized, soft, and hard.

The regeneration was performed in the same way as in the 
previous set of experiments. F irs t ,  a short counter 
current (upwards flow) period a fte r which a long co current 
regeneration followed. After the regeneration, the resin 
was rinsed with demineralized water. P.R. Tests were 
performed only at the end of the f i f t h  experiment. The 
results of these experiments are listed in Tables 2.6 
and 2.7.

3.2.3. Third set of experim ts_
200 ml of the resin Zerolite 236 were used in this set 
of experiments. Four experiments were carried out, three 
in which the resin was regenerated and one in which the 
effluent from the previous three experiments was treated.



The r e g e n e r a t i o n  s t e p  was p e r f o rm e d  w i t h  bo th  up an 
down f l o w .  D u r in g  th es e  e x p e r i m e n t s  t h e  r e g e n e r a t i o n  
s o l u t i o n  was no t  s p l i t  i n  two p a r t s  as b e f o r e  b u t  was 
e i t h e r  passed c o m p l e t e l y  downwards o r  upwards .  A f t e r  the  
r e g e n e r a t i o n  th e  bed was washed w i t h  d e m i n e r a l i z e d  w a t e r .

I n  each o f  th e  e x p e r i m e n t s  t h e  same t y p a  o f  w a t e r  was 
used both  f o r  l o a d i n g  a n d  r e g e n e r a t i o n .

These t h r e e  e x p e r im e n t s  w e re  c a r r i e d  o u t  t o  g e t
i n f o r m a t i o n  ab o u t  th e  e f f i c i e n c y  o f  r e g e n e r a t i n g  a weak^  
c a t i o n  excha ng e r  load ed  w i t h  Ca , o r  Ca , Mg and 
The r e s u l t s  o f  t h e s e  e x p e r im e n t s  a r e  shown i n  Tab les

2 . 8  and 2 . 9 .

The q u e s t i o n  o f  w h at  i s  t o  be done w i t h  th e  r e g e n e r a t i o n  
e f f l u e n t  which c o n t a i n s  a n ig h  c o n c e n t r a t i o n  o f  c a t i o n s ,  
and ' h e r e f o r e  c a n n o t  be d is p o s e d  o f  os i t  i s .  e s p e c i a l l y  
i n  t h i s  c a s e ,  when th e  r e g e n e r a t i o n  e f f l u e n t  i s  a l s o  
u n p l e a s a n t  (SO,  e v o l v e s  c o n t i n u o u s l y  f rom t h e  s o l u t i o n )  
i t  was g i v e n  a t r i a l  answer :  A l im e  t r e a t m e n t  was t e s t e d .

The e f f l u e n t  s o l u t i o n  f rom r e g e n e r a t i o n  w a s ^ c o n t a in e d  .
2810 mg/1 Ca+ + , 49 mg/1 Na+ and 44 mg/1 Mg . was t r e a t e d

w i t h  a s l u r r y  o f  C a ( 0 H ) 2 -

A f t e r  t r e a t m e n t ,  t h e  c l e a r  s o l u t i o n ,  above t h e  p r e c i p i t a t e  

was a n a l y s e d :

I t  c o n t a i n e d  90 mg/1 Ca+ \  6 mg/1 M g ^  and 40  mg/1 Na .

3 . 2 . 4 .  F o u r t h  and f i f t h  s e t  o f  e x p e r im e n ts  
In  t h e  c a s e  o f  [ C u t N H ^ f *  b e in g  e l u t e d  f r o m  t h e  weak a d d  
c a t i o n  exchange r e s i n ,  t h e  s i t u a t i o n  was more c o m p l i c a t e d  
because o f  th e  c o m p l e x i t y  o f  t h e  r e a c t i o n s  I n v o l v e d .

As d i s c u s s e d  p r e v i o u s l y , d u r i n g  t h e  e l u t i o n ,  r e d u c t i o n  -



oxidation reactions occur between the Cu+T ions and the 
regeneration solution.

Cu++ ions are reduced to Cu* by the MgSÔ  which is a 
powerful reductant. The resin i t s e l f  seemed to participate 
in the reduction - -  oxidation, but the methyl-red, which 
coloured the regeneration solution red, appeared to in h ib it  
the ion exchanger from being active in the reduction- 
oxidation reaction.

Another problem is the wide range of pH's which exists 
between the loaded resin (at pH 10) and the regeneration 
solution at pH >. Working together, these three factors 
caused precip itation of either Cu+* or Cu+ in d iffe ren t 
insoluble salts. The precipitates can block the flow of the 
regeneration solution.

Tne problems were solved using a counter current flow which 
flu id ized the bed of the resin and by colouring the 
regeneration solution with methyl-red. By using a fluidized 
bed the regeneration solution arrives at each bead of the 
resin at approximately the same time, shortening the residence 
t ’ .ne of the regeneration solution but avoiding the creation 
of a large pH range over the bed of the resin. On the 
other hand, part of the regeneration solution passes through 
the fluidized bed without reacting, and therefore is wasted.

The effluent resulting from the elution of Cu++ ions, are 
supposed to be free of any other cations, in order to 
recycle them to the ammoniacal leach solution, and no 
attempt was made to treat these effluents.

The results of the experiments and P.R. Tests are lis ted in 
the Tables 2.10, 2.11, 2.12 and 2.13.

3.2.5. Experimental results and calculations 
As mentioned before, the results of the experiments carried



out in the f iv  its as well as the P.R. Tests, are lis ted
in the Tables 2.4 - 2.13,

For each set of e>periments, there ore two tables, the 
f i r s t ,  containing the quantities and concentrations of the 
solutions used for loading, rinsing (washing) and 
regeneration as well as the concentratio. s and quantities 
of the effluent solutions from those steps and P.R.T. The 
second table contains the actual amounts of d iffe ren t 
cations (in mg) in d iffe ren t stages, and they were obtained 
by multiplying the quantities of the respective solutions 
by the ir concentrations.

In th is way, the results lis ted as IN, OUT, ELUTED,
ELUTED by P.R.T. were obtained,

The results given as LOADED, are the differences between 
the amounts lis ted  as IN and OUT,

The results given as ACCUMULATED are the differences 
between the amounts LOADED and those ELUTED (ELUTED plus 
ELUTED by P.R.T.)

The effic iency of elution (using an 'quoous solution of SOg) 
was calculated by dividing the amount eluted by that 
loaded and multiplying by 1 0 0 .

Two step by step calculation examples are given in 
Appendix A.

I f  can be seen from the results lis ted that while
2 +

[Cu(NH^)4] was loaded almost quantitative ly, the loading 
efficiency of the Caf+ cations was quite poor. This can be 
explained by the pH of the solution which was very high and 
therefore favourable in the case of the ammoniacal complex, 
but was low and on the border of the working range



of the resin in the case of Ca ^solution. A higher pH could not 
be employed since the Ca would have precipitates. In both casez, 
concentrated loading solutions were used to save time on the 
loading step which is not relevant to this work.

Both Ca++ and CuM cations were successfully eluted from 
the resin as can be seen from the results obtained, and 
therefore, i t  can be assumed that the regeneration was 
effective too. The elution effic iency which is equa1 to 
the regeneration effic iency is very high in the case when 
the solution is saturated with SO ,̂ and i ts  pH is 1.0*

Fig. 2.9 shows the ideal changes in pH during the 
regeneration of the weak cation resin with a solution of 
SO, in water (regardless of the direction of the regeneration : 
upflow or downflow) as a function of volume (V) or 

time (T). (L) is the loading period, (B.W.) is the back
washing, (3) and (R) show the changes in pH during the 
regeneration and (RI) is the rinsing period after the 
regenera ion. (1) and (2) are the pH of the regeneration 
and loading solution respectively.

Fig 2.10 and 2.11 show the pH changes during the regenera­
tion in which a small part of the regeneration solution 
was passed upwards through the resin, before the main 
regeneration (downwards) was started. The dip(x) is the 
result of the change in direction of the regeneration 
solution.

3 . 2 .6 . Regenerant usage
The reqenerant usage is defined as the ra tio  between the 
regenerant necessary to regpnerate the resin (the 
stoichiometric amount) and the amount of regenerant 
actually used in the regeneration process.

In our case, in which the regeneration is carried out by



the acid generated in the process of the SCU dissolution 
in water, the regeneration can be theoretically carried 
out to completion providing enough SO- exists in the 
solution. Therefore, for the calculation of the regenerant 
usage, the amount uf regenerant taken into account should 
be the entire amount of sulphur dioxide dissolved in the 
regeneration solution, i .e .  1,33 moles/litre = 2,66 eq/ 
l i t r e .

(eq 16) Regenerant usage -
regeneration solution

I t  can be seen that a regenerant usage close to unity 
means a high effic iency in the regenerant use

iable 2 . i 4 shows the value of the regeneration usage for 
few of the experiments described previously. These 
values show that most of the regene;int was wasted during 
the regeneration, the usage being in the range of 1 - 3 %.

3.2.7. Regeneration and elution efficiency 
The regeneration effic iency is defined as the ra tio  between 
the equivalents taken up by the resin during loading after 
the regeneration, to the equivalents taken up by the resin 
before the regeneration

The regeneration efficiency can be calculated in this way 
only when the loading is conducted to exhaustion.

When the loading is not conducted to exhaustion, as in our 
case, the regeneration efficiency can be calculated from 
the ratio between the equivalents taken uo by the resin to 
the equivalents eluted during the regeneration. A value 
of regeneration efficiency close to unity will show that 
the regeneration was almost completed.

When the regeneration is not effic ient enough, part of



the loaded ion remains on the resin, not being eluted by
the regenerant and i t  can accumulate and poison the resin.

The values of the regeneration efficiency for each 
regeneration carried out in d iffe ren t steps, is included in 
the tables 2.4 to 2.13.

3 3 .  The influence of pH on the regeneration efficiency 
All the experiments described un til now, were carried out with a 
saturated solution of S0o in water. These solutions had a 
pH =1.00 and they were made up by bubbling a stream of SO2 

through the respective solution. The regenerations carried out 
with these solutions had a very high regeneration effic iency even
though the water used in preparing the solution was changed from
d is t i l le d  water to very hard w a t e r .

Having therefore concluded that the regeneration of a weak cation 
exchange resin, loaded with Ca+~ cations can be carried out with 
a regeneration efficiency which is close to 1 0 0 % by using a 
saturated solution of SO-, in water a set of new experiments as 
designed to look into the influence of pH on the regeneration 
effic iency.

The arrangement used was the same as that used for the other 
experiments ( f ig .  2.8). Five experiments were carried cut with 
the regeneration solution at d iffe ren t pH. This was done by 
d i lu ting  a portion of the original solution.

The regeneration solution for the f i r s t  experiment wa:, pH*l ,00 
The pH for the second, th ird , fourth and f i f t h  experiments were 
1.15, 1.57, 1.95 and 2.35 respectively.

25 ml uf the resin Zeroiite 236 loaded with ta+" cations, was 
used in each experiment.

Samples of 50 ml were taken during the f i r s t ,  second and third 
experiments, 1 0 0  ml during the fourth experiment and 250 ml 
during the f i f t h  experiment. The samples were analyzed for
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Ca+< cations and pH. The analyses of Ca++ were carried out with 
the Atomic Absorption spectraphotometer described before. The 
pH could be read to two decimal places.

3.3.1. Experimental results
Five regeneration experiments were carried out, each 
regeneration being done on the same amount of loaded resin, 
but with a d iffe ren t concentration of H (d iffe rent pH's).

Table 2.15 shows the concentration of the samples and the ir 
pH, as well as the pH of the regeneration solution used in 
that specific experiment. Fig. 2.12 shows the Ca > break­
through curves which were constructed from the same data 
contained in Table 2.15. The amount of calcium in mg. 
(Table 2.16) was plotted in Fg. 2.13, which shows besides 
the breakthrough curves of Ca*+ (in mg), the fractional 
attainment to complete elution ( 1 0 0 %), as a function of 
pH of the regeneration solution and of the effluent volume.

The top part of Fig.2.13 shows the change in pH during 
the regeneration.

During the regeneration, part of the H ’ ons were loaded 
on the resin. Table 2.17 gives the values of hydrogen ion 
(H+) in the regeneration solution, as well as in the 
d iffe ren t effluent samples. These values were plotted in 
Fig. 2.14 as a function of the effluent volume, and were 
used to calculate the amount of H+ loaded on the resin.
The amount of H* loaded during each regeneration is 
given in Table 2.17 and plotted as H+ loaded curves in 
Fig. 2.15.

The s im ila r ity  of Fig. 2.15 with Fig. 2.12 or 2.13 shows 
that while Ca+ was eluted from the resin, the hydrogen 
ions were loaded instead.



By using the same method as shown previously in the regenerant 
chapter, the generant usage efficiency was calculated or 
the five regeneration experiments and the value listed 

in Table 2.16.

A summarising 'pure wf ich shows the influence of the pH 
on the regene atio r (e 'tion) effic iency, is given in 

Fig. 2.16.

The figure represents the number of Bed Volumes (B.V.) of 
the regeneration solution, necessary to achieve 50% 
regeneration (elution; of the weak acid cation exchanger 
loaded with Ca** cations, as a function of pH (of the 
regeneration solution .

The results from these experiments showed that for the 
f i r s t  three cases, the regeneration could be conducted to 
a very high value and to a fa i r  value in the fourth case, 
while the efficiency dropped to a low value (53%) in the 
f i f t h  case.

The regenerant usage, increased in the same cases, with the 
increase in the pH value.

4. DISCUSSION

The experimental results lis ted  in the Tables 2.4-2.13 show that the 
amount eluted using this new regeneration method remains stable and 
close to the amount loaded.

These tests show that no s ign ificant accumulation occurred between the 
third and the seventh experiments in the f i r s t  set and that this 
regeneration method has no negative effect on the loading capacity of 

the resin.

During the 5 experiments carried out in the second set, the regeneration 
solution was changed from demineralized water to soft water and then 
to hard water. The change in the type of water used for regeneration



was to check the effect of increasing concentration of Ca++ in the 
regeneration solution on the regeneration. The results listed in 
Tables 2.6 and 2.7 show that the regeneration of the resin loaded with
Ca ions is not affected by the use of a solution of hard water. The
loading capacity of the resin did not drop either, following the
regeneration of the ion exchanger with S0 2 in soft or hard water and
remained the same during the experiments.

The P.R. lest was performed only after the last experiment and showed 
c learly that no accumulation occurred during the five experiments of
regeneration with S0 2  in tap and hard water, and that the elution and
regeneration effic iencies are the same.

The th ird set of experiments included only three regenerations and one 
experiment of treatment a regeneration effluent.

These experiments are the culmination of this research since except for 
the S0 2  the solution us id for regeneration had the same composition as 
the loading solution. The loading solution, or in other words the 
solution which must be treated by ion exchange can be successfully 
used for the regeneration of the resin. This means that no special
solution must be prepared for regeneration.

in these experiments ar upflow regeneration (counter current) was also 
performed, showing that i t  too could be employed in the regeneration 
of the weak cation exchanger with i,0 ? in water.

In the fourth experiment, by adding Ca(0H) 2 slurry to the solution of 
the regeneration effluents, che acid (MgSÔ ) was neutralized and a l l  
the cations were precipitated as sulphites or (eventually) hydroxides.
1 he result of th is separate experiment carried out on the regeneration 
effluent, shows that the effluents from regeneration and rinsing can 
be treated successfully and the solution recycled, i t  can be seen that 
the regeneration was e ff ic ie n t under a l l  conditions from the most ideal 
when demineralized water only was used,to the least ideal ones when 
the loading solution was used for regeneration

I t  can also be seen that the only difference between the downwards and



the upwards f low regenerat ion, is in  the r e s u l t in g  amount o f  e f f l u e n t .  

The e f f i c i e n c y  o f  the e lu t io n  in  these two cases is  the same whi le  the 

s o lu t io n  needed fo r  the counte r-cur ren t  e lu t io n  is about 4 times the 

q u an t i t y  o f the so lu t ion  needed fo r  the co-curren t  regenerat ion.

The above experiments show th a t  an e f f i c i e n t  way o f  c o n t r o l l i n g  the

regenerat ion process was to  check the changes in pH o f  the e f f l u e n t

s o lu t io n .  This enables one to p inpo in t  the approximate t ime when the 
regenerat ion was completed.

Even when the re s in  was loaded with  the ammoniacal complex o f  copper, 
the new regenerant proved to be e f f l u e n t .

A l l  the experiments performed ind ica te  th a t  fo r  a re s in  loaded w itn  

[Cu(NH3 y  the regenerat ion must be ca r r ied  out q u ick ly .  A slow 

f low ra te  can r e s u l t  in the formation o f  p r e c ip i ta te s  among the beads o f  

the re s in ,  as pointed out prev ious ly .The p r e c ip i t a t i o n  is probably 

f a c i l i t a t e d  when the so lu t io n  used fo r  regenerat ion contains a large 

amount o f  Ca+" ions. In the case o f  [Cu(NH3 )4] 2+ loaded re s in ,  the

e f f i c i e n c y  o f  e lu t io n  is  a f fec ted  by a high amount o f  Ca++ ions in

the s o lu t io n .  The resu l ts  l i s t e d  in the tab les 2.12 & 2.13 show tha t  

the e f f i c i e n c y  o f  the regenerat ion dropped s l i g h t l y  when a s o lu t io n  o f  

S0 2 in hard water was used. Although when heavy metals are loaded on 

the re s in ,  the e f f e c t  is  present,  i t  is  not a large one. The use o f  t h i s  
type o f  so lu t io n  can be considered, i f  necessary, i f  there are no 
r e s t r i c t i o n s  on the p u r i t y  o f the so lu t io n s .

The lower e f f i c i e n c y  recorded in the second experiment is  due to an 
e r ro r  which slowed down the regenera t ion, causing p r e c ip i t a t i o n  in  the 

re s in .  The p r e c ip i t a te  could not be d isso lved by the regenerat ion 
s o lu t io n ,  but appeared in the e f f l u e n t  o f  the next loading.

Tests were performed only a t the end o f  the se t.

The second and fou r th  regenerat ions o f  the Cu++ loaded res in ,  showed th a t  

the p r e c ip i t a te  which formed, and remained in  the re s in ,  was disso lved 

and e lu ted from the res in  in  the next loading step, there fore  th is  does 
not a f f e c t  the loading capac i ty  o f  the re s in .



These experiments showed that when precipitates are produced, and the 
r e g e n e r a t i o n  must be carried out in a fluidized bed manner, the pH 
cannot be used to determine the end of the regeneration.

Only after converting to a downward flow after the elimination of the 
precipitates, is I t  possible to test for the end of the regeneration.

In any event even though the regeneration of the resin loaded with the 
airmoniacal complex of copper, proved to be very complicated and d 
to carry out, the elution was accomplished with good results.

The experiments aimed to investigate the influence of pH in the 
regeneration solution on the regeneration efficiency, showed a drop in 
the efficiency of regeneration and elution of the resin as a function 
of the increasing pH of the regeneration solution. This is clear from 
every figure constructed with the data from these experiments. On the 
other hand, a decrease in H+ concentration by 4500 times, decreased tne 
efficiency of regeneration by only 50% and this while the regeneration 
solution needed increased drastically. The amount of regeneration 
solution with a relatively high pH (2.35) needed to achieve a 505 
regeneration is approximately 15 times higher than t h a t  with low pH

(1.15).

Summarizing the results of the experiments described in this cnapter, 
i t  can be concluded that the new regeneration process is effective 
and effic ient. I t  is easily controlled when no precipitates are 
produced during the regeneration, and i t  becomes complicated when 
precipitates must be eliminated during the process. The new regenerate 
has no effect on the loading capacity of the resin and i t  can be carried 
out with any type of water. The efficiency of SO., urilization is low, 
and this could lead to an effluent problem. This could be minimized 

by r e c y c l i n g  the effluent solution.

A l th o u g h  t h e  r e g e n e r a t i o n  can t h e o r e t i c a l l y  be con duc te d  to  co m p le t io n  
the  amount o f  r e g e n e r a t i o n  s o l u t i o n  hav ing  a pH h i g h e r  ‘ nan 1 . 6 ,  
i s  much to o  high f o r  an economica l  r e g e n e r a t i o n  t o  be c a n  i e i  o u t .



5. EXPER IMENTAL ERRORS

The accuracy of a ll the individual measurements was aimed at being better 
than 5j. Probably the least accurate was the concentration measurement 
on the atomic absorbtion spectrophotometer and this was not much 
better than the above figure. hus, the volumes of the samples were 
measured to about 2.5% accuracy not to further degrade the accuracy of 
the results.

The check that this estimate is reasonable can be seen from the P.R.
Tests: After a number of runs these tests enabled the overall mass
balance to be checked. These results confirm the estimated accuracy.

During the individual experiments, the temperature was 20° - 4°C. Since 
this fluctuation affects the pH measurements, the temperature was 
monitored and the pH-meter corrected with the temperature compensator.

The flow rates were measured with an accuracy of approximately 10%, 
but since these measurements were not d irec t ly  used and the effects 
are not sensitive to flow rate over a fa i r ly  wide range they should 
not appreciably effect the experimental error.
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TABLE 2 .2

Compound.

B^SO,

CaS03 .2H20

Ca(HS03 ) 2

FeS03.3H20

K2S03.2H20 

KHSO 3 

Na^SO,

Na2S03.7K20

NaHSO 3

M S0..6H.0 8 3 2

(From the"Handbook o f  C hem istry  and P h y s ic s " )  
43rd  e d i t io n  (1 9 6 1 )

S o lu b i l i t y  in  Cms/100 mi o f

W ater
Cold Hot O th e r

Therm al
S t a b i l i t y

0 .0 2 20 0 .0 0 2 80 HCL decomposes

0 .0 0 4 3  0 .0 0 1 1  S. H^S03 decomposes 650

S o l. S o l. a c id

V .S 1 .S S o l. So. 

s o l 'n .

decomposes 250

100

S o l.

12 .54

<100

S o l.

28.3 S I .  s o l .  
a lc o h o l

decomposes 

decomposes 190 

decomposes

32.8 196. S I.  s o l .  
a lc o h o l

decomposes
decomposes

V .S . V .S . S I .  s o l . 
a lc o h o l

decomposes
decomposes

1.25 0.83 decomposes
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TABLE 2.3

INTERMEDIAT£ COPPER SULPHITE PRODUCTS (SOURCE [99])

PRODUCT COMPOSITION COLOUR

Chevreul' s Salt Cu^S03; CuS03; 2H20 Red

Monocupric Hepta-
Cuprous Triammonium
Sulphite Cu2(NHl4) 3(S03) (12H20 White

Cuprous Ammonium
Sulphite Cu2S03(NH^)S03 Brown to
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Set of 
experiments

F irs t

Second

Third

Fourth

F ifth

Exp.
Number

2
3
4

2
3

2C

Data from 
table

2.4, 2.5

Kind of 
cations 

loaded

Ca++

2.6, 2.7

2.3, 2.9

2.10, 2.11

2.12, 2.13

Ca++

Ca

[Cu(NH3)4j
2 +

Regenerant
usage

2+
[Cu(NH3)4]

1%
1.3%
1. 1%

4.1%
5.0%

4.7%

1.5%

3.3%

Table 2.14 Regenerant usage effic iency for some of 
the experiments carried out in the f i r s t

five  sets.
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TABLE 2.15

EFFECT OF pH ON THE REGENERATION :

C a "  CONCENTRATIONS OF SAMPLES AND THEIR pH

++ pH(reg,
solution)

Vol. of the 
Samples (ml)Exp.

3.27
6040

3080

151

2.84800

6000

2300

128

1.49

220
1720

1880

2120

1640

880

340

115

2.63 

2.72

2.63 1.57

1.37

1.67

1.58

100

100
100
100
100

100

100
100

100

m

270

400

372

372

372

372

372

300

300

3.07

3.53

3.63

3.63 

3.36

1.95

. yJ
2.84

2.56

53.

contd.. . .



Exp.
Vol of the 
Samples (ml)

Ca++
mg/-, pH

1
pH(reg
solution)

250 120 3.47
250 135 3.49
250 135 3.49
250 135 3.5

5 250 135 3.54 2.35

250 135 3.63
250 135 3.57
500 105 3.9



5 5 .

TABLE 2 . 1 6

Fractional
Completion Reg. usageCa [mg]

502
154 3.5%100.0:468

300 8.6399.5461

106 16.0:99.8%463

65.0'314
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Exp CaCmg] %Ca % Elution Reg. usage

30
30.75
30.75

5
30.75 259 55.3, 28.7%
30.75
30.75
30.75
26

TABLE 2.16 Calcium elution ,
Regeneration and Regenerant Usage Efficiency
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TABLE L.17

H""Concentration in the reg. solution, e ffluent and resin

H+: in g/£

Reg. Solution (IN) Effluent (OUT) resin = IN - OUT

0.02

0.05
0.07

0.12

0.13
0.14
0.14

V  e U  I 

0.02 

0.03 
0.04 
O.Ub

0.06
0,07
0.08
0.09



Reg. Solution (IN) Effluent (OUT) resin = IN - OUT

3.4 x 10-4 4.2 x 10"3
3.2 x 10'4 3.7 x 10‘ 3
3.2 x 10'4 1.3 x 10'2
3.2 x 10‘ 4 1.7 x 10”2

4.5 x 10'3 2.9 x 10'4 0.02
2.3 x i c r 4 0,02

r
r1oXC

M 0.03
1.31 x 10‘ 4 0.03

Table 2.17
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Figure 2.7. The pH at which CaS03 starts p rec ip ita ting, as a function of 
Tso2 and Ca*f concentration.
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CHAPTER 3.

KINETIC EXPERIMENTS

1. INTRODUCTION

I t  is known that the rate of ion exchange processes are usually 
controlled by the rate of ion d iffus ion . Since the regeneration of a 
weak exchanger with a solution of SOg in water which is describes 1n
th is work, has not previously been studied, i t  was necessary to elucidate
which step governs this process. This could also help to determine the 
way the operating conditions of this new process can be improved and 
optimized.

2. THEORY

An ion exchange process is usually controlled by the rate of ion diffusion 
and the slowest step in the path of ion migration w i l l  control the rate 
of ion exchange. Figure 3.1 shows schematically the diffusion steps 
involved in ion exchange.

I f  the ion exchange process consists of exchanging ion B- from the ion 
exchanger with the ion A- from the solution.

A t  ♦ V  :  a *  + B i

then, the ion A- must move (diffuse) through the bulk solution, the 
stagnant f ilm  surrounding the resin partic le  and through the pores of 
the resin to the exchange s ite . The displaced ion B-, must follow 
the reverse path from the exchange site to the bulk solution (F ig.3.1 ). 
The exchange i t s e l f  is usually rapid, and is not l ike ly  to be a rate 
control!ing step.

Diffusion in the bulk solution is not usually a controlling step and 
the bulk solution is usually fa i r ly  homogenous from tne concentration 
point of view. Therefore, the controlling step is l ike ly  to be 
either f i lm  diffusion or partic le  d iffusion. In poorly mixed systems,
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or at very slow flow-rates, the f i lm  surrounding the resin bead is very 
thick and the ion exchange is limited to the rate at which ions can 
move through this f i lm . Under these conditions, the rate is said to 
be '•film diffusion controlled". In this case large concentration 
gradients exist in the f ilm  only.

When "f ilm  diffusion" is the rate controlling step, the flux is 
proportional to the solution concentration and is inversely proportional 
to the f ilm  thickness: i t  is independent of the fixed-charge
concentration, in te r-d iffus ion coeffic ient in the bead and bead 
radius.

When "partic le  d iffus ion" controls the diffusion through the pores of the 
resin i t  controls the rate of ion exchange. Under these conditions 
effective concentration gradients exist only in the beads [F ig .3.2].
The exchange flux is proportional to the concentration of fixed charges 
and is inversely proportional to the bead radius. I t  is independent 
of the film  thickness,solution concentration and diffusion coefficients 
in the f ilm .

Since the subject of th is chapter is only a general investigation 
on the rate controlling step of the process the mathematical development 
of the equations linked to those steps are not presented here.

2.1 . Prediction of the rate determining step 
F. Helferich [105] provides a cr ite r ion  for the prediction 

of the rate determining step:

(5 + 2<jg ) << 1 partic le d iffus ion control

(5 + 2aj)) >> 1 f ilm  d iffus ion control

where X = the capacity of the resin (eq/1)
C = concentration of solution (in equivalents);
D = in terd iffusion coeffic ient in the ion exchanger;
D = in terd iffusion coeffic ient in the film ;
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r 0 = bead radius;

6 = f ilm  thickness;

aB = r ACB/ r BCA = separation factor; 

where concentrations are on the molarity scale,

A further experimental method for distinguishing between partic le  
and film diffusion control is th i  test called the interruption test. 
In this test, the elution (or loading) is interrupted for a limited 
period of time. This break in the process, gives time for tne 
concentration gradients in the beads to level out. Thus, with 
partic le  diffusion control, the tate of elution or loading 
immediately after the process is restarted again, is greater than 
that prior to interruption. [Fig. 3.3]. I f  f i lm  diffusion is the 
controlling step e ffective ly  no concentration gradients exist in 
the resin beads only in the film . As the material held up in the 
fi lm  is neglig ible, the concentration gradient is rapidly re­
established and therefore the interruption does not effect the 

rate of elution (or loading).

2.2. Kinetic Models
The regeneration of a weak cation resin involves the substitution 
of the loaded metal Me+ with the proton H :

(R-C00‘ )2MetJ ♦ Z H **  2R-COOH ♦ Me*1’

The weak acid cation exchange resins have a very high a f f in i t y  for 
the H+ ions, and therefore, the protonation of such a resin looks 
more like an irreversib le reaction:

(R-C00“ )2Me+i' + 21!+  * 2R-C00H + Me

In the ir a r t ic le  W. Hdll and H. Sontheimer [107] described this 
protonation by developing a mathematical model. They verified the 
calculations based on the developed model by photographing the 
beads in d iffe ren t regeneration stages (Figs. 3.4, 3.5 & 3.6.)



They determined the in terd iffus ion coefficients and shewed how 
they depend on the system parameters and on the properties of 

the resin.

In the ir a r t ic le ,  they concluded that the exchange rate depends 
on the acid concentration of the solution. They a 1 j showed 
that the diffusion of H+ ions within the resin bead is coupled 
with two_ chemical reactions:
(1) the protonation of the fixed carboxylic groups and
(2) the dissociation or acid molecules.
Both reactions are very rapid. I t  was also mentioned that the 
fixed ions at the surface of the resin, instantaneously trap the 
hydrogen ions, forming a thin shell with non-dissociated - COOH

groups.

Since the chemical reaction is vary fast, and the diffusion of 
protons and counterions is slow through the pores of the resin, 
the unreacted core model as outlined by Levenspiel is another 
poss ib il i ty  of modelling the regeneration of the resin beads.

[ 103].

This model suggests that the rate of elution of the resin during 
the regeneration can be described by

Z .  1-3 (1 - Xg)2/3 + 2(1 - XB)
C ,

where XD ■ ?------- and
max

C. is the concentration of the solution in mg/1 at the time t.j
while C is the maximum concentration obtained in that 

m3 x
specific experiment.

Furthermore, the model suggests that by p lo tting L  as a function
of time t ,  a straight l ine  w il l  be obtained, i f  the in trapartic le
diffusion is the rate controlling step.

On the other hand, t  which is the time for complete regeneration 
of the resin, can be obtained from the slope of the plot of 

Z versus t .



The unreacted core model suggested and developed by 0,
Levenspiel [108] is based on two assumptions:
(1) that the chemical reaction is very fast compared 

to the rate o '  diffusion and
(2) that the intraparticle diffusion is the controlling 

step. In such a case, the beads of an ion exchange
are regenerated from outside to the inside, with a moving 
interface. (Fig. 3.2, 3.4, 3.5, 3.6).

2.3. The Intrapart cle diffusion CT
As mentioned before, the time for complete regeneration, t ,  
can be obtained from the slope of the plot of Z versus t,
and since v-2

Aro
6bDC

and b is the stoichiometric factor, the intraparticle diffusion 
coefficient (T can be calculated once x is known.

THE EXPERIMENTS

3.1. Adrn
The experiments performed at this stage are aimed to cetermine 
the diffusion controlling step (f ilm  or partic le  d iffusion) of 
the regeneration process as well as the regeneration rate.
This la t te r  is an important quantity for the designer in estimating 
the size of the required equipment.

3.2. Method
As described before, two poss ib il i t ies  had to be checked in 
connection with the controlling step: partic le  d iffusion or f ilm
diffusion. Since partic le diffusion depends on the bead radius, 
i t  was decided to use batches with d iffe ren t size beads in these 
kinetic experiments. Further, since f i lm  i . rfusion depends on 
the flow rate in poorly mixed systems, i t  was decided to use 
d iffe rent flow rates during the experiments, as well as two 
d iffe ren t flow directions.



The conditions under which the experiments were carried out are 

summarised in Table 3 . 1 .

3.3. Materia l s

T h e ' r e s i n l ^ o y e d  in these experiments was the same as in

75 ml of large beads (above 2 0  mesh).

Ca(OH)2 •

3.3.4. The solution in i t ia l , y  employed for the regenera-

1 1 1 1 ®

effective ly  constant. (CH» - O.IM since r 1.00 ) 

i  4 The experimental arrangement

the flow was conducted upwards.
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8 0 .

From F ig.3.7. i t  can be seen that by opening the correct valves, 
the regeneration could be carried out either in an up or down 
flow.

The regeneration solution was continuously s tirred by a magnet, 
activated from outside by a magnetic s t i r re r .  The regeneration 
solution was pi" ped through the column (and resin) to the storage 
tank by a variable displacement-piston pump the flow rate being 
adjusted by changing the length of the stroke.

3.5. Analysis
The samples drawn during the experiments were a l l 50 ml and 
contained Ca+'t’ only. An Atomic Adsorption Spectrophotometer 
(Varian 1200) was employed for the Ca+ analysis.

3.6. The (regeneration) experiments
Seven experiments (A-G) were performed to determine the diffusion 
contro lling step.

More than 70 samples were analysed during these experiments, and 
the ir concentration, withdrawal time, the volume passed in that 
period, e tc ., are given in Tables 3.2, 3.3, 3.4, 3.5, 3.6,
3.7 and 3.8.

The experiment was considered su ff ic ie n t ly  complete when a ll the 
resin had regained its  original shape and colour which had 
changed during the loading

4. RESULTS

Tables 3.2 & 3.8 give the results, as well as the calculations needed 
for p lotting the results. I he experimental results listed in the 
above tables, are plotted (Fig. 3.8 and 3.9) to give a graphical 
presentation of these results.

Fig. 3.8 shows the increase in concentration of Ca++ as a function of 
the bed volume., o f the regeneration solution wnich passed through the



bed. I t  can be seen, that apart from the interaption experiment 
there are two separate groups of curves.

This is to be expected since the experiments with smal i beads (curves 
A and F) were carried out with a bed height much smaller than the bed 
height in the other experiments. This was unavoidable due to the 
small volume fraction of small radius beads resulting from the screening 

process.

c
Therefore, the increase in concentration ^'cmax was Plotted as
a function of time in Fig. 3.9 and subsequently compared in Fig. 3.10.

Fig 3.10 was constructed with the experimental results, having the 
breakthrough concentration of Ca \  plotted as a function of

t i / t  , where t .  is the time required to elute and regenerate half of the
(Ciresin capacity >   = 0.5).

max

Fig. 3.9 shows that the curves drawn up with the results from the 
experiments A and F; B and C; E and G are almost "para lle l" showing 
a sim ilar behaviour.

The curves become steeper and steeper as the radius of the beads 
decreases: the steepest curves are A and F.then C and D while l and G
are the least steep cur''°s.

Since the experiments A and F were carried out with small beads, B and 
C with medium size beads and E and G with large beads, this shows without 
any doubt that the diffusion step depends on the radius of the bead.

This figure, also shows that the increase in concentration is delayed 
in the experiments A, F and G, compared to the other experiments.

This delay is c learly shown in Fig 3.10 in wrsich a ll the experimental 
results are compared on the same basis. The same figure shows also 
that the time to complete the elution is longer when the beads have



a big radius, compared with the beads having a small radius.

Fig. 3.8 and 3.9, show also the results of a typical interruption 
experiment, which looks like those in the li te ra tu re  (F ig.3.3.)

All the experimental results, plotted and compared in F ig,3.3 - 3.10, 
show a close dependancy between tne elution rate and the radius of 
the beads.

This suggests that the rate controlling steo ,n the regeneration is 
an in t,apartic le  d iffusion one for most of the time, the film  
diffusion step being important only at th ginning.

A further confirmation that the in trapartic le  d iffusion is the 
controlling step in the new regeneration process, is given by the 
Fig. 3.11 which is the graph of 1  (as in section 2.2) as a function 
of time t.

This graph shows that the theory of mo'ing boundaries which is 
il lus tra ted  in Figs. 3.4, 3.5 and 3.6 and which is based on the 
in trapartic le  diffusion controlling step, f i t s  the results reasonably 
well .

Fig. 3.11 thus shows that the in trapartic le  diffusion is a dominant 
controlling step in tne regeneration of the large beads, while i t  
controls only the last stage of the small beads regeneration.

As in Fig. 3.11 we have e ffective ly got straight lines, the in te r­
partic le  d iffusion coeffic ient B" can be calculated for the experiments 
A, F and E. Table 3.9 gives the calculated results of t ,  (T and X 
for these experiments.

5. DISCUSSION

A prediction of the diffusion controlling step could be made without



the r a te  exper iments ,  by c a l c u l a t i n g  the H e l f f e r i c h  c r i t e r i o n .

These calculations, done for each experiment and lis ted in Table 3.10, 
predict the same thing. There is  no rea lly  effective rate controlling 
step, with both f ilm  and partic le  d iffusion playing a part, though the 

la t te r  is probably more important.

On the other hand, the experiments described in th is  chapter, showed 
that although both the f ilm  and in trapartic le  d iffusion are playing a 
part in the regeneration elution step, the partic le  d iffusion is the 
main rate controlling step, the f i lm  d iffus ion playing an important 
role in controlling the beginning of the process, especially when the 

beads have a small radius.

The partiwle diffusion coeffic ient, calculated in this chapter from 
the experimental results, is in good agreement with the value mentioned 

in the l i te ra tu re  [109-111].

6. EXPERIMENTAL ERRORS

In the kinetic experiments, the estimated error on the measurements is 
l ik e ly  to be limited by the accuracy of the concentration measurements 
which should be better than 5%. The times, flow rates and volumes 
were measured more accurately than th is . The temperature fluctuation 
of - 4°C around the 20°C at which the experiments were performed, could 
influence the kinetics of exchange i t s e l f  or the d iffusion of d iffe ren t 
ions, though these are not usually very temperature dependent.

There is no reason to believe from the results themselves, that the 
accuracy of the results is worse than 5 ',  though the diffusion 
constants derived from the model d i f fe r  by a factor of 3.
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Table 3 .9 .

The values of t and D for three experiments

Exp t  (min)
2

D(cm /sec) X(eq/1)

A 19 0.95 x 10‘ 5 0.49

F 16 1.06 x 10‘ 5 0.49

E 43 3.36 x 10‘ 5 0.99

t
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G.

r o D

( 5 + 2dg)

0.54

.95

.95
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0.54.
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CHAPTER 4

INDUSTRIAL APPLICATIONS

1. LITERATURE SURVEY

The problem of sulphur dioxide removal from waste gases of power plants 
and other industrial sources has been around for the last half century. 
However, i t  is only in this decade that S0? removal has become a major 
issue and has been widely recognised that tr.e emission of S02 from 
fossil fuel combustion and other industrial sources represents a serious 
threat to the environment. Although a great deal has been done to learn 
about the nature of this pol lutant and some progress lias been made, the 
effects of SO2 on health, property and vegetation are not well under­
stood . However the damage to health and property caused by SO2 in the 
atmosphere is estimated to be very costly.

The possible health hazard has been the subject of many medical 
investigations such as that carried out some time ago in South Africa 
[112]. Thus, sulphur dioxide from flue gases is a pressing ecological 
problem, particu lar ly  now that the energy c r is is  has accelerated the 
use of high sulphur fuels [113, 114]

The elimination of SO-, from stack gases has been the subject of a large 
amount of research. SÔ has been adsorbed, with d iffe ren t levels of 
success, in many instances from alkalized alumina [115], to limestone 
and magnesium dolomite [116] or on limestone slurry alone [117] and 
f ly  ash [118].

Many processes and systems [119 - 126] have been designed to cope with 
the increasing amount of SO2 in the waste gases released into the 
atmosphere. These systems have been developed into p i lo t  plants and a 
few into fu l l  scale plants, so that since 1931 when the f i r s t  SCp 
removal plant was put into operation [127] more than 100 SO2 removal 
processes have been operational in the U.S.A. alone! A l i s t  of flue 
gas desulphurisation (F.G.D) systems in operation in industrial 
boilers in the U.S.A. is given in Table 4.1. The flow sheets of the 
main F.G.D. processes mentioned above are given in Figs. 4.1 to 4.13.
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Another method of SO, removal which is in the researcn stage is the use 
of ion exchange resins for SO, removal. Much work has been carried out 
to establish the removal efficiency of S02 by m icro-reticular anion 
exchange resins [86] macroporous anion exchange resins [87, 88, 89] and 

ordinary anion exchange resins [90 - 94].

All the suggested processes for waste gas desulphurization can be 
classified into two basic cateogries: throwaway processes and recovery
processes. In each category one can make additional c lassifications of 
wet or dry and cata lytic  or non cata ly tic  processes. Technologies 
for S09 removal are summarised in Fig. 4.14.

Generally speaking,two basic challenges face the designer and user of an 
SCL removal system: 1. e f f ic ie n t  and re liab le  removal of S02 to
prevent i t  reaching the atmosphere and 2. provision of some means where­
by the captured sulphur or i ts  compounds can be used or recovered for 
further use in an industrial process.

Most of the processes designed and used in practice as well as most of 
the l i te ra tu re  dealing with the subject of d e s u l phurisation 
[123, 129, 131-133] advise on the best way of achieving a high removal 
effic iency, leaving the subject of wastes from such a process to the 
free imagination of the designer.

The f i r s t  desulphurisation plant [127] was very simple. I t  used water 
from the r ive r Thames to scrub the S02 from flue gases, discharging the 
effluents into the same r ive r, downstream!

The efficiency of the process was 95 , and since then, the main 
development in wet scrubbing systems has consisted in choosing the 
chemical which, when added to the water, w i l l  increase tne removal 
effic iency. As a result of adding these chemicals, the subject of 
scrubbing effluents treatment cannot be ignored Developments have been 
made in the direction of recovery of the chemicals o r ig ina lly  added 
or the treatment of these effluents for dumping purposes [134 - 140].

Not much thought has been given to the idea of using these effluents
[ 1 4 1 ] .  Actually, some of this potential has been almost completely
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destrwed by adding chemicals to the scrubbing water. An aqueous 
solution of SC, without any added chemicals have found applications in 
regener? ing weak cation exchange resins loaded with monovalent cations
[142] and for regenerating strong cation exchangers in combination with 
aldehydes or ketones [143, 144] which were added to lower the pH and 
thus to enable the regeneration to take place.

Workers do not seem to have considered the use of SO; as a gas or in an 
aqueous solution, (without the addition of aldehydes or ketones) for 
the regeneration of weak (or strong) cation exchange resins loaded with

Ca++ or Mg+" cations.

Summarising i t  can be concluded that by introducing chemicals into the 
wet scrubbing systems, the process designers have almost forgotten one 
of the two challenges mentioned previously: provision of some means
whereby the captured sulphur or i ts  compounds can be used or recovered 

for an industrial process.

A new look at wet scrubbing systems with a particulate look at the 
potential use of the wastes of such systems is therefore necessary.

2 . ION EXCHANGE AND THE JTILIZ AT I ON OF THE F JG..D_J__SCRUBBING UAj_ER

Although the percentage of S02 in the flue gases is very smail in 
comparison with the amount of CO,, SO, is the only one which effective,y 
dissolves in the scrubbing water. This is as a result of two effects: 
the high temperature and the low pH caused by the dissolved SOg.

Compared with CO., SO. is very soluble in water (Table C3) (« 100 times 
more soluble.) and therefore, most of the SO, dissolves in the scrubbing 
water and p a r t ia l ly  ionizes. This lowers the pH of the solution 
suppressing the ionization of the C02 and so i ts  overall so lu b il i ty .
As the so lub il i ty  of both gases decreases with temperature, and sinrP 
the flue gases have quite an elevated temperature, only a small part 
of the C02 dissolves during the scrubbing process.

The effluent from an FGD system which uses pure water for scrubbing, has 
a low pH. Having a low pH the obvious use for this solution is in the
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regeneration process of cation exchange resin and since the pH is not 
too low, only the regeneration of a weak cation resin should he 
suitable. Such an application has been previously realised [142] and 
patented. By thinking of the entire system in which the FGD process 
is incorporated, i t  becomes obvious that the most suitable application 
for the lew pH scrubbing effluents is the regeneration of the weak 
cation resins used in the system for the treatment of the raw water! 
Thus the scrubbing effluents can regenerate the loaded weak cation 
resins used in the water treatment, and by doing this the treatment 
cycle is closed for the system: Raw water is treated by weak cation
exchange resins, the water is made into steam by burning fossil fuels 
which are transformed into gases releases into the atmosphere. The 
SO2 from these gases is scrubbed with raw water and t e effluent is 
used in the regeneration of the resin before i ts e l f  being treated.

Fig. (7.15) shows the suggested integration of the regeneration process 
in the water and waste-gases treatment c irc u it  of a power station.

In a power station which uses steam [23] to rove turbines [22] or 
for any other process [ 2 2 2  the water Q J  is usually treated (among 
other things) by a weak acid cation exchanger [2] to remove part of 
the hardness.

The p a r t ia l ly  "soft" water [2] is then transformed into steam [231 in 
the boiler [5] by burning fuel [£] in excess of a ir  [%]. The waste 
gases [&j resulted, must be treated before their release into the 
atmosphere. They are scrubbed with water [111 in the absorption 
column[£] and the treated gases [101 can be released into the 
atmosphere.

The gases [8] can be cooled down before scrubbing with the p a rt ia l ly  
" s o f t1 water [2] in the heat exchanger [4 ].  [211 is the condensate.

The solution resulting from scrubbing [161 is used to regenerate the 
weak cation exchange resin [2] because i t  contains mainly Ĥ SO-̂ .

The excess of this solution can be passed d irec tly  for treatment 
(25].



The effluent from the regeneration f 201 is treated with Ca(OH^.
CaO or CaC03 [29] until the pH rises to ~ 9. The slurry is allowed 
to settle  in the sett le r Q5J from which the clear solution [131 can 
be recycled f l 21 to the scrubbing solution f i l l  or to the feed water 
H I . The precipitates [141 can be decomposed [17] by heat into CaO, 
or Ca(0HX and SO. [12].

The solids [181 can be used again in the effluent treatment and the 
SOg Q9] can be used in a sulphuric acid plant, and for lowering the 
pH of the regeneration solution [161 to the required level LpHl-1.6].

3. INDUSTRIAL SIZES

To further explain the suggested integration of the regeneration 
process in the water and flue gases treatment, a fu l l  size absorption 
tower and a water treatment unit are designed. The design of the 
absorption tower is done in Appendix C, while the ion exchange unit 
is sized in Appendix D.

The values of the volumetric flow rates of flue gases and water used 
in th is design, are the same as those treated at the Japanese FGD 
unit at Toyano-Shinko power plant which treats flue gases from a 
250 MW u t i l i t y  boiler (F ig.4.9) [122], though the ir process is of 
course d iffe ren t,

The designed features of the scrubbing tower and the ion exchange 
column are summarised in Tables 4.2 and 4.3 respectively.

4. IS THE INTEGRATION FEASIBLE?

Going back to the "old fashioned" scrubbing process in which water 
(only) was used in the process of SO. removal from flue gases, the 
integration suggested is an unconventional step, which must be
evaluated on its  own merits before being implemented.

The success of regenerating a weak cation resin loaded with Ca++
cations is actually the key to the integration proposed. The
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regeneration process has been described in the chapters preceding this 
one and therefore, the actual regeneration of a weak cation exchange 
resin loaded with Ca , using a solution of S02 in water, is not in 
doubt.

The only question arising in connection with the regeneration is the 
pH of the solution which must be quite low. The efficiency experiments 
showed that as the pH of the regeneration solution increases, the 
volume of that solution needed increases as well, transforming an 
e ff ic ie n t regeneration process (at pH 1-1.2) into an ine ff ic ien t 
one (above pH 1.5).

Since the concentration of S02 in the scrubbing effluents is very low, 
the pH is probably about 2.5 which is not enough for an ei "mica! 
regeneration process. This problem can be solved by lowering the pH 
of the effluent before i t  reaches the ion exchange un it, by bubbling 
SOg through i t  un til the required pH value is achieved. This 
additional adsorption of SC,:, into the effluent solution, can be 
accomplished in a closed system by using the device described in the
S.A. Patent 781211 [145] intended for this purpose.

The SÔ is supplied i>om the treated effluents, after the ir decomposition 
,nto oxides and S02, as suggested in Fig. 4.15.

The SO2 scrubbing process together with the regeneration process for 
the weak cation exchanger, integrated in a single system as suggested 
before (F ig.4.15) can now be compared with other scrubbing processes, 
as well as with other regenerants.

A brie f comparison of this new approach with one of the most used 
methods for S02 scrubbing from flue gases (Ca(0H)2* lime slurry 
adsorption) and with the most employed regenerants for the cation 
resins (HgSÔ  or HC1), reveals that the scrubbing effic iency of SĈ  
with water only, is = 95 (proved at Battersea Power Station) while 
the lime slurry adsorption increases the effic iency by only 3 to 4%.
On the other hand, large quantities of water have to be handled in 
comparison with re la tive ly  low quantities of lime slurry theoretically 
needed. In practice the quantities of lime slurry necessary to



e ff ic ie n t ly  remove the SCL, from the flue gases become very large 
since CO? is also absorbed, and i ts  concentration is far greater 
than that o f S02 :

eq .l. S02 + Ca(0H)2 -  CaSÔ  j  + HgO

eq.2 C02 + Ca(0H)2 CaC03 \  + HgO

The same comp_rison shows that the effluents from the FGD with water 
can s t i l l  be used, which is not tne case with the effluents from i'GD 
which contain chemicals (lime, CaCOg, CaSOg).

From the regeneration of the weak cation resin point of view, only 
d ilu te  solutions of H?S04 can be used since high concentrations w i l l  
precipitate the CaS04 in the resin bed, which means that large volume 
of diluted acid are s t i l l  needed.

The treatment of the regeneration effluent (with Ca(0H)2 for example) 
w i l l  not bring any change in the s o lu b il i ty  of the calcium salts, 
eluted from the resin, since Ca(0H)2 is less soluble than CaSÔ , the 
so lu b il i ty  sequence being :

CaS04 > Ca(0H)2 > CaS03 > CaC03

Therefore no use of this effluent can oe expected. Its disposal is 
very d i f f i c u l t  since a ll the calcium sales are in solution!

Similar results for the regeneration o f the weak cation resin with 
HC1 w ill occur, the only difference being that smaller and more 
concentrated amounts of acid can be used:

Calcium salts w il l  thus remain in solution whether the effluent 
is treated with Ca(0H)2 or not.

Yet, by using an aqueous solution of SO? for the regeneration of the 
weak cation exchanger, the regeneration effluent contains besides 
S03 and HSO" ions, Ca*f cations, having the special feature that i t  
contains the only combination of cations and anions which requires



only an Increase in the pH level for i ts  precip itation into a highly 

insoluble form.

The only question which must s t i l l  be answered is the quantity of S02 
needed to be added to the FGD effluent to lower i ts  pH to a level 
considered to be adequate for i ts  economical use as a regenerant for 
the weak cation exchanger. Chapter 2 showed that the desired pH 
should not be higher than 1.6 and the corresponding amount of S02 in 
water which produces such a pH is 0.16 moles SOg/Utre, or 10.24 g SO/l

The FGD effluent leaving the scrubbing tower (designed in Appendix El 
has a concentration of 'g SOg/1 which means that an additional 
lOg S02/1 w il l  be needed to ensure the correct pH. This additional 
SO can be provided from pressurized cylinders at the beginning, but 
can be recycled from the decomposed CaS03 at a la ter stage, as 

suggested.

I t  can be summarised that i f  S02 has to be removed in a plant, where 
there is a weak acid cation exchange un it, i t  might well be 
preferable to scrub the S02 with water and to use the scrubbing 
effluent for the regeneration of the io.i exchange un it, rather than 
scrubbing the S02 with a slurry of Ca(0H)2 or any other solution.
The scrubbing of S02 with water and the use of the scrubbing effluents 
for regeneration purposes are both possible processes and the^r 
integration is desirable.
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TABLE 4 .2 .

SO. SCRUBBING TOWER

Flue Gases flow rate 467 OOO m / h

Water flowrate 
(scrubbing solution)
Gas concentration ( IN )

o f S02 ( OUT)

Water concentration( IN )
with S02 ( OUT)

Packing

Area of cross section

6143 m/h

0.3%
0 .01%

0
0 . 1%

Random rings (2m x 2in x 3/1 Gin) 

253 nT

Height

Pressure drop 

Materials of construction

8 m

10 m atm

316L stainless steel and Incoloy 825
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TABLE 4.3.

Weak cation exchange unit

/.ater flow rate

Concentration IN

OUT

Packing

D, ameter 
Res in volume 
Height (Unit)

(Resin)
Pressure drop

*0 gal/min or 20.44 m'Vh. 
or 20 m3/m3r h

17.2 meq/1 (Caf+ and Mg++)

8.2 meq/1 (Ca++ and mg"1"4")

Weak acid cation exchange 
resin beads in H form.

1 m 
1.27 m3 

2 . 6  m 

1.5 m
0.9 - 1.1 bar

Material of 
contractions

316L stainless steel lined with 
Non corrosive material or f ibre 
glass reinforced polyester.
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CHAPTER 5.

GENERAL DISCUSS U N  AND CONCLUSIONS

This thesis concentrates on experiments carried out .or the development 
of a new regeneration process and on the applications of the new process.

The f i r s t  chapter contains a general description of weak ion exchange 
resins and attention is drawn to the role that weak resins play in the 
f ie ld  of ion exchange. The role of weak acid cation exchangers is 
emphasized ,n connection with water treatment and the latest processes 
based on th is type of resin are discussed. The chapter also reviews the 
main problems connected with ion exchange regeneration, and the 
direction that new developments are l ike ly  to take: a broader use of
weak resins, and the need to find cheaper regeneration agents.

Bearing this in mind, a new type of regenerant is suggested, wnich can 
be used for the regeneration of a weak cation resin. This is very much 
cheaper than the conventional regenerants and at the same time could 
ease pollution problems. The regenerant suggested is a solution of 

SO2 in water.

The preliminary investigation into the regeneration of a weak cation 
exchanger with a solution of S02 in water, revealed that such a 
regeneration is possible. The question of interference by CaSO, 
precipitation was also investigated.

1. I f  Ca*+ precipitates as Ca SOg (at high pH only) i t  
precipitates outside the resin beads, and can he 
washed away.

2. On the other hand, Ca SOg is soluble at low pH and 
i t  can therefore be eluted as a solution during 
the regeneration.

I t  was also found that the Cu++ loaded weak cation resin (Zerolite 236) 
could also be regenerated using the same SOg in water solution.
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During the preliminary investigation, f ive methods were developed and 
applied for ensuring the end of the loading/regeneration step, and for 
checking the type of precipitates ( i f  any) obtained. Three of those 
methods (monitoring the pH of the effluents, colouring the resin with 
methyl red and the P.R. tests) were applied in the more comprehensive 
experiments which followed the preliminary investigation, and two oi 
them became part of the new procedure for regeneration.

(a) Colouring the resin with methyl red is part of the 
regeneration procedure developed for the 
regeneration of Cu loaded weak cation exchange 
resins.

(b) The equalization of pH values of the in le t  and outle t 
regeneration solution denotes the end of the regeneration.

The preliminary investigations were successful and therefore, further 
experiments were carried out.

These experiments showed that:

(1) The regeneration of a weak cation resin loaded with Ca , 
Mg4+, Na+ or Cu++ using a solution of S02 in water,
is a feasible process.

(2) The process is e f f ic ie n t.
(3) The procedure is simple,
(4) The process is easy to control.
(5) The newly employed regenerant has no negative effects 

on the loading capacity of the resin.
(5) Demineralized, soft or hard water can be equally well

employed.
(7) The pH has a drastic effect on the efficiency of

regeneration and an upper l im it  of pH = 1.6 is
suggested.

Since the loading solution can also be used as a regeneration solution 
with the addition of 50%) the necessity of providing a special solution 
for regeneration is avoided.



In the MS* of Cu++ loaded resin, a high concentration of Ca++ ions 
in the regeneration solution can adversely effect the regeneration 

but the effect is small.

During the same experiments i t  was shown that the effluents from the 
regeneration can be successfully treated and the solution recycled.

Theoretical calculations predicted that ion exchange during the 
regeneration is controlled by the intraparticle diffusion step, the film 
diffusion step playing an important role at the beginning of the process.

The Kinetic experiments, confirmed as a whole the predictions made 
about the diffusion controlling step, and led to the calculation of the 
intra-partic'e diffusion coefficient D for the new regeneration process.

The value obtained for J) is in good agreement with the values reported 

in the literature.

A new type of flow meter which can handle a large range of flow rates, 
has no moving parts and is very easy to build, was developed ~nd

tested.

This work was carried out, bearing in mind the modern problems of a ir  
and water pollution, and the dramatic increase in raw material prices.

I t  does not only provide the necessary information for further 
development of the new regeneration process, but i t  also suggests the 

way this process could be applied.

Two appendices were devoted to the design of equipment needed for the 
suggested integration of S02 scrubbing and water treatment.

The required sizes compare favourably with the sizes reported in the 
literature: the ion exchange unit is of medium size while th«=> scrubbing
tower, which seems to be very large, compares favourably with a 
scrubbing tower designed and built in Japan [ lc 2 ] .

Now that i t  has been shown to be possible to regenerate a weak cation 
exchanger loaded with an aqueous solution of S02, the decision to use



pollution.

removal c S02 from waste gases.

= - = a = e = : ,

figure can be achieved directly from scrubbing the stack gases.

h— h s b e e -
can be used.

r , s . “

tne excess of that which is needed as previously mentioned can be also

z m : rz : = .= :
plant, thus effectively nroducing no effluent.

Whether at present the economics are favourable for such a scheme is not 
kn„„n. Nevertheless the economics of today might not be the economics 
Of tomorrow and tighter regulations on air pollution and effluent 
disposal could transform the process into a desirable as well as an

economical one.
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APPENDIX A.

DETAILED DESCRIPTION OF THE EXPERIMENTS IN WHICH A WEAK ACID 
CATION EXCHANGE RESIN, LOADED WITH[Cu(NH,)J++, or Ca++,Mg++ & Na+WAS 
REGENERATED WITH A SOLUTION OF SO. IN WATER

1. Introduction

Since the experiments were carried out in groups of 7, 5 and 3, the 
details w i l l  be given in respect of each set of experiments. Never­
theless where i t  is possible, the details w i l l  be put together to avoid 
repetition.

2. Apparatus and Instruments

The loading and regeneration took place in a 'Sintered Glass (S.G.) 
column which had the internal diameter of 1.2 cm., in the f i r s t  and fourth 
set and 5 cm. in the second, th ird and f i f t h  set of experiments.

A pH meter radiometer, PHM-26 monitored the pH during the loading and 
regeneration.

All the solutions wert analysed using an Atomic Absorbence Spectro­
photometer (Varian 1200) equipped with special iunps for Ca++, Mg++, 
and Cu++.

3. Materials and methods

3.1. SOq gas

SO2  was dissolved in water by bubbling the gas stream
through the water un til the pH dropped to 1 and remained 
at that le ve l.

The gaseous SOg used was an anhydrous type, having a 
minimum purity of 99.9% and supplied by Afrox - Germiston.

The impurities contained were: water 100 ppm by weight
o il 100 ppm, residue - 10 ppm, HoS04 - n i l .
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3.2 Ion exchange resins
Only one type of resin was used: the gel form of a weak
cation exchanger - Zerolite 236. 11. is supplied in white
beads, in H+ form. A batch of 25 ml. of resin, was used 
in the f i r s t  and fourth set of experiments, and a batch of 
200 ml. was used in the second, th ird  and f i f t h  set of 
experiments respectively.

Back washing was carried out before arv loading step.

3.3 Loading solutions
A solution of calcium formate and acetate was used for the
loading of the resin into the Ca*’4 form, in the f i r s t  and
second sets of experiments. The pH of that solution was 
7.4.

In the third set of experiments, a solution containing Ca , 
Mg44 and Na+ in water was used fo r loading. The pH of 
this solution was 7. 8.

+2An ammoniacal solution (pH = 10) of [Cu(NH^)4] was used 
for loading in the last two sets of experiments.

3.4 Regeneration solutions
A solution of SO., in demineralized water was used for the 
regeneration in the f i r s t  set of experiments. The pH of
the regeneration solution was 1.00.

SOg was dissolved in three d iffe ren t types of water, and 
those solutions were used for the regenerations, in the 
second and f i f t h  sets: The three d iffe ren t types of water
used wpre:

Demineralised water (contained no Ca )
Tap water (contained 35 ppm Ca44)
Hard water (contained 179 ppm Ca+4)

The pH of those solutions was 1. 00
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In the th ird  set of experiments, SÔ  was dissolved in the 
solution used for loading. The pH of that regeneration 
solution was 1.qq.

3.5 Loading
Before the regeneration tests, the resin was loaded and 
the loading solution washed away with demineralized water. 
The loading was carried out in the S.G. Column, using the 
leading solutions described previously.

3.6 Regeneration
When the resin was loaded with Ca++ ions, a short counter 
current regeneration was followed by a long co-current 
regeneration ( f i r s t  and second sets). (Co current 
regeneration is carried out in the same direction as the ' 
loading step).

In the th ird  set of experiments, the regeneration was 
performed in two d iffe ren t ways : in a co-current stream 
(as in the f i r s t  and second sets) and in a counter current 
stream.

In both methods, the gas (SOg) was dissolved in water 
before reac! 'ng the resin bed. After the regeneration, the 
regeneration solution was washed away with demineralized 
water.

When the resin was loaded with Cu** ions, a long counter- 
current regeneration was followed by a shorter co-current 
one. The regeneration solutions were coloured red before 
the regeneration, with the indicator methyl red. After the 
regeneration, the solution was washed away with 
demineralized water.

3.7 P.R. Tests
These tests were carried out using solutions of 2N HC1 in a 
downwards flow and a flow rate not exceeding 0.5 1/h



4. Resul ts

The results of the experiments and P.R. Tests are lis ted in the tables
2.4 - 2.13.

5. Flow Sheets and Graphs (see Chapter 2).

Figure 2.8 represents the arrangement used for the loading and 
regeneration of the weak cation exchanger. Figures 2.9, 2.10 and 2.11 
represent the variation of the pH before, during and a fter the 
regeneration of the weak cation exchangers loaded with Ca4 , Mg+ and 
Na\and [Cu (NH3)4]~4.

6. The Experiments

6.1 F irst set (7 experiments)
During the loading with Ca+> ions, the resin shrunk by 
16%. The beads became gelatinous and s l ig h t ly  transparent. 
They lost the ir round shape and were compressed into each 
other, forming an obstacle to the flow of the loading 
solution.

The regeneration procedure was as follows: Before the
regeneration of the loaded resin, 1 - 2 bed volumes of 
demineralized water were passed upwards through the 
loaded resin. (1 B.V. - is the volume occupied by the 
resin in the original state.) After that, 1 - 2 bed 
volumes of the regeneration solution were passed upwards 
through the resin at a flow rate of 2 1/h, Thereafter the 
regeneration solution was continuously passed downwards 
through the res in ,un til the end of the regeneration,at a 
flow rate of 0.4 1/h. When the effluent from the 
regeneration had the same pH - 0.5, as the regeneration 
solution, tne regeneration was considered complete.

After the regeneration, the resin was rinsed with 
demineralized water in a downwards flow at a flow rate of
0.6 1/h. The washing was stopped when the effluent
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reached pH, 3. At the end of the rinsing, the resin 
returned to i ts  original volume colour and shape. Immediately 
after the f i r s t ,  second and seventh regeneration of the 
resins loaded with Ca ions, three "Proper Regeneration 
Tests - P.R.T. - were performed. In these "tests" the 
resin was regenerated with 100 ml. 2N HC1 and washed, 

a remining Ca  ̂ ions were then eluted.

6.2 Second set of experiments (5)
During the loading with Ca++ ions, the resin shrunk by 13%.
The beads became gelatinous and s l ig h t ly  transparent. They 
lost the ir round shape and were compressed into each other, 
forming an obstacle to the flow of the loading solution.
The loading flow rates were between 1,5 - 2,0 1/h.

The regeneration procedure was as follows:
When Ca was loaded on the resin, 1 - 2 bed volumes of 
demineralized water was passed upwards through the ion 
exchanger. (2 1/h).

Thereafter, the regeneration solution was 
continuously passed downwards through the resin, un til the 
end of the regeneration. The flow rate was 0.4 1/h.

When the effluent from the regeneration had the same pH 
- 0.5 as the regeneration solution, the regeneration was 
considered complete.

After the regeneration, the resin was rinsed with demineralized 
water in a downwards flow (0.6 1/h). The washing was 
stopped when the effluent reached pH 2.7.

Thp samp flow rate (0,6 1/h) was used during the rinsing 
and P.R. Tests.

6.3 Third set (4 experiments)
Four experiments were performed: three loading -
regeneration experiments were carried out and one experiment
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was devoted to the treatment of the effluents from 
regeneration.

During the f i r s t  three experiments the weak acid cation 
exchanger was loaded with Ca , Mg and Na cations. All 
these cations were eluted during the regeneration step.

During the loading, the resin shrunk by 13%. The flow 
rate during the loading was 10 BV/h in a downwards 
direction.

The regeneration step was performed in two ways during 
these experiments. In the f i r s t  experiment, a co-current 
flow regeneration was employed, during which the 
regeneration solution was passed downwards through the 
resin at a flow rate of 3 BV/h. This kind of regeneration 
was employed in a ll the experiments described until now.

Thus,only one co current regeneration was performed 
during the experiments in th is  set.

In the other two experiments of this set, a counter current 
flow regeneration was employed to gain information on the 
efficiency of this method.

During the counter-current regeneration, the acid solution 
was passed through the resin in an upwards flow, without 
f lu id iz ing  i t .  The flow rate was 5 BV/h.

Rinsing. After loading and regeneration the respective 
solutions were washed away with demineralized water. The 
flow rate employed during rinsing was 4-5 BV/h. In the 
f i r s t  experiment, the loading solution was not washed 
away after the loading step. The rinsing after loading 
was carried out with a constant amount of demineralized 
water (600 ml) while the rinsing after the regeneration 
was carried out until the pH of the effluent rose to 2.7.



The PR Test was carried out with a downwards flov. with a 
solution of 5N HC1, and a flow rate of 4 BV/h.

A separate experiment (the fourth in order) in which the 
regeneration effluent was treated, was also carried out:
To a sample of one of the regeneration effluents, having 
pH = 1 and a concentration of 2810 mg/1 Ca+ , 49 mg/1.
Na+ and 44 mg/1 Mg++, a slurry of 2% Ca(0H)2 was 

added, until the pH rose to 9-10.

The precipitate was allowed to settle  and the clear solution 
above the precipitate was analysed. I t  had pH = 9.5 and 
contained 90 mg/1 Ca++> 6 mg/1 Mg4+ ?nd 40 mg/1 Na

Fourth Set (7 experiments) - (Copper loaded resin)
During the loading with Cu^ ions, the resin swelled up by 
70%. The beads loaded with Cu++ were dark blue in colour.

The loading step was always performed in the same manner 
using the same kind of solution. Before the regeneration 
of Cu++ loaded resin, 5-6 bed volumes of demineralized 
water were passed upwards through the loaded resin, in a 
flow rate of -v 10 B.V. This pre-flu id iza tion served the 
purpose of breaking the "cakes" formed within the resin, 
during the loading step. Since the regeneration step had to 
be carried out quickly, this step was very important in 
preparing the resin for a fast and effective f lu id iza t ion . 
After that, the regeneration solution was passed upwards 
through the resin which was fluidized The flow rate was 
20 1/h at the beginning and dropped to ~ 10 1/h at the end 
of the regeneration.

The solution leve l, above the flu idized bed was maintained 
at 2 cm. by means of a syphon. The bed expansion was very 
high in the f i r s t  two experiments (60 ).

The upward flow of the regeneration solution was stopped 
when most of the resin had a pink colour. Then, the



regeneration solution was passed downwards through the bed 
0f  the resin. The regeneration was considered complete 
when the effluent from the regeneration had the same pH 
t  0.5 as the regeneration solution. After che regeneration, 
the resin was rinsed with demineralized water in a 
downwards flow of 0.6 1/h un til the pH became 2.7. At the 
end of the rinsing, the resin returned to i ts  original 
volume, colour and shape. Immediately a fte r the f i r s t ,  
second and seventh regeneration of the resins loaded with 
Cu++. three "Proper Regeneration Tests" - P.R.T. - were 
performed. In these tests the resin was regenerated with 
100 ml 2N HC1 and washed. The flow rates of both PRT and 
washing were 0.6 1/h. The remaining Cu^ ions were thus

then eluted.

F if th  set of experiments
During the loading wi.h Cu++ ions, the resin swelled up by 
*  7 0 %. The beads loaded with Cu+* were dark blue in colour. 
The regeneration procedure was exactly the same as described

above.

In the second experiment in th is set, a technical mistake 
slowed down the regeneration, causing precipitation in the 
resin. The precipitate could not be dissolved by using 
more regeneration solution and was eluted during the loading 
for the next experiment. The P.R. Test was performed only 
after the last experiment ended.

Flow rates
The loading flow rate was 2 1/h. The upflow rate of the 
demineralized water add the regeneration solution was ~ 40 
at the beginning. I t  was decreased during the regeneration 
to 20 1/h and at the end to 12 1/h. The downflow rate or 
the regeneration solution was 0.6 - 0.8 1/h and the same 
flow rate was used during rinsing and P.R.T. A new flow 
meter was designed, constructed and used in these measure­

ments (Appendix B).
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7.  Examples o f  C a lc u la t i o n

A step by step c a l c u l a t i o n  of two o ' the lis ted  experiments is now 
given. The data used in the following example are lis ted in 
Table 2.8. The experiment Is the last ore, No.3.

Loading
30.5 l i t re s  (20500 ml.) o f the loading solution was used.

By multiplying th is quantity of the respective concentrations of 
the cations, the amounts of these cations (in mg) are found:*

IN

r 39" 1189"

30.5 x 12 381

1. 625 19062

mg/1. m91

These amounts are lis ted in Table 2.9 under IN (LOADING). Tne 
cations which passed through the resin, come out in two steps, namely 
in the loading effluent and in the rinsing effluent after the loading. 
(Table 2.8). The amount of loading effluent solution is the same 
as that of the loading solution: 30.5 1.

The rinsing effluent solution (after loading) amounted to 0.6 l i t re s  

(600 ml).

The cations in these two effluents (in mg.) are as follows.

38 ~ 1159

X 10 - 305 loading

387 _ 11803 _ effluent

mg/1. m9-

♦The amounts in the big brackets are for Na\ Mg++ and Ca 
cations in this order.

Na
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rinsing 

effluent

The amount of cations coming out in [mg] is the summation of these two 
quantit ies, and is lis ted in Table 4.6. OUT (LOADING):

OUT

1159 14 1173
305 + 3 = 308

11803 172 11975
mg. mg. m9«

The amount loaded is the difference between the amount IN and that 
OUT, for each cation and is lis ted under LOADED in Table 4.6.

IN OUT LOADED
f 16

73 
7087

Regeneration (Elution)
For the regeneration, the same solution was used as for loading. 
Therefore, Na+, Mg++ and Ca++ cations were introduced into the column 
during the regeneration: thus, the amount of these cations coming IN 
during the regeneration, must be known. The amount of each cation 
entering during the regeneration is calculated by multiplying the 
quantity of the regeneration solution used, by the concentration of 

each cation:
IN 

195 
60

3125
mg. mg.

39
12
625

1189 ’ 1173
381 - 308

19062 11975

" 23* ' 14
0.6 x 5 = 3

287 172

These amounts are lis ted under IN (REGENERATION) in Table 2.9.
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As a result of regeneration, the loaded cations are eluted, and they 
came off the resin in two steps: during the regeneration and during
rinsing after the regeneration. The amount of each cation in each 
effluent, is calculated by multiplying the quantity of each effluent 
solution by the concentration of each cations in that solution 
(Table 2.8).

38 190
28 - 140 regeneration

1864 9320 effluent
mg/1 mg.

i f '  20 "
1 .8 x 5 > 9 rinsing

1. 112 202 effluent
mg/1 mg.

The summation of these amounts give the total amounts of each cation 
eluted during the regeneration.

The results are listed under ELUTED in Table 2.9.

ELUTED
' 190~

1

o
 

__
1 1 OCXI

I

140 + 9 * 149
9320 202 9522

mg mg, mg.

Since during the regeneration, Na*, Mg+* and Ca++ cations were introduced, 
these amounts must be subtracted now, to give the real quantity 
eluted for each cation.

The result is ootained by subtracting the amount IN (REGENERATION) from 
the f ir s t  ELUTED amount.

210 ‘ 195* 15
149 - 60 » 89

9522 3125 6397



These results are lis ted in Taole 2,9 under ELUTED, 'hey a-e t r . c  

lower resu lt : ,  under the higher ones

Now that the amount of each cation loaded and eluted is known i t  is 
oossifale to calculate the amount accumulated (not eluted) a fter tr.e 
regeneration, and the effic iency of the regeneration.

The amount accumulated can oe found by subtracting the amount e-uted 
during the regeneration from that loaded during the loading step ‘ or 

each cation (Table 2.9).

ACCUMULATED
•

16 15 1

73 89 3 -16

7087 6397 690

mg. mg. mg.

These results are listed under ACCUMJLA'ED in ab:e

The efficiency of elution is calculated by dividing the amount eiuted 
by that loaded for each cation:

15/16=0.93
6397/7087=0.92

The data used in the following example a : listed in ab.e 2 . i 2. 1ne

experiment is the last one, number 5:

in iding
11 l i t re s  of the loading solution with a concentration of 1350 m g /1  

Cu** ions, brought in

11 x 1350 = 14850 mg. Cu.

This amount appears in Table 2.13 under IN.



The amounts which appear under OUT, wer= obtained by multiplying v>e 
quantities of the loading effluents, by the ir concentration.

4 1 x 123 mg/1 = 492 mg

4 1 x 23 mg/1 = 92 mg

3 1 x 113 mg/1 = 339 mg

To these amounts must be added tha+ obtained from the rinsing effluent 

(a fter loa^inq) - table 2.13.

0 6 1 x 179 mg/1 = 107 mg.

Therefore, the amount loaded on the resin was obtained by subtract i j
the amount OUT from that IN (= LOADED

14850 mg - (492 + 92 + 339 ) = 13820 (Table 2.13).

Regeneration (Elution)
Since hard water was used to prepare tne regeneration solution, Ca 
ions were introduced into the column during the regeneration, and were 
expected to come out in the same amount

Therefore, the amount of Ca4> cations is counted on the way in, and on
the way out, when they are together with the eluted Cu ions:

( Table 2.12 )

S4 1 j x 197 mg/, = 1143.6 mg (Table 2.13)
1.8 *i 1 Ca

This is the amount of Ca coming IN
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Coming OUT, is the regeneration effluent which contains

4 1 X 2950 mg/1 Cu = 1180C mg Cu

1.8 X 790 mgAj Cu = 1422 mg Cu

4 1 X 175 mgA] Ca = 700 mg Ca

1.8 1 X 203 mg/-| Ca = 365 mg Ca

To these amounts must be added that of the rinsing effluent after the 
regeneration-

1.5 1 x 123 mg/1 Cu = 184 mg Ca
1.5 1 x 51 mg/i Ca = 76 mg Ca

Therefore, the amount of Cu which came out is

11800 mg + 1422 mg + 184 mg = 13406 mg Cu.
and the amount uf Ca* coming out was

700 + 365 + 7 6  = 1141 mg Ca,

The amount of Cu accumulated is the difference between the amount 
loaded and that eluted.

13820 - 13406 = 414 mg. Cu.

While the amount of Ca accumulated is the difference between the amount 
coming IN with the regeneration solution and that coming out during the 
elution and rinsing.

1143 - U41 2 mg Ca



(Table 2.13)

During the P.R. Tests, the amounts eluted were:

2.690 x ( 153 mg/1 Cu) 413 m9 Cu
2 .7 i ( 15 mg/1 Ca) * 41 m9 Ca

which agrees well with the calculated values above.

Therefore, the efficiency is:

(13406 /138 20 ) x 100 * 97 for Cu eiution

and
h i 41 /1143 ;x 100 = 99.8% for Ca
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APPENDIX B.

tuif DFSTPiN AND CONDUCTION OF A NEVTTYPE 

OF FLOW METER

Introductionrrrr-
precipitates were removed from toe column.

—% irrrrr “•••-
b u il t  and used.

2 Flow measurement instrument^

* 1*  
measured in a short period of time.

srr-jr
in water at pH 1) contained a precip itate after passing the 

loaded resin.

I t  was decided to build a simple flowmeter which would enable 
measurements of low and high flowrates of s lurry.



3. The f lo w  meter

The flow meter consists of two tubes, one inside the other (Fig. B .l) .  
The inside tube contains three holes at d iffe ren t levels, the bottom 
one being the "Basic" hole. The liqu id  comes in from the bottom of 
the inside tube and flows upwards through i t .  The liqu id is discharged 
through the holes. At slow flow rates, the discharge is through the 
bottom hole only, but as the flow increases, the level of the liqu id  
(s lurry) increases until., when the flow rate is high, the discharge 
occurs through the second even third hole. The discharged slurry 
flows out at the bottom of the second tube.

The flow meter is simple, robust, has no moving parts and w i l l  not be 
corroded by most s lu rr ies; the reading of the flow rate on the flow 
meter i t  straightforward. The flow meter was b u i l t  from two parts 
only, which could be disassembled easily. Therefore, i t  could be 
easily cleaned with a brush, and since i t  has no moving parts, i ts  
maintenance is simple

Since the column of liqu id above the discharge hole is constant for a 
given flow rate, a density gradient can develop between the top of 
the liquid column and the discharge level, due to the se tt ling  of the 
partic le  I f  the slurry is d ilu te  or not very d iffe ren t in density 
from the liqu id , the resulting error w i l l  be small.

The calibration graph is given in F1g.B2 and i t  was constructed using 
the data in Table B1.

4. Dimensions

The flow meter designed, constructed and used in the experiments, has 
the following dimensions:-

= 0.7cm = 2.5cm hy = 47cm

dx = 2mm n = 3 h(d] ) = 20cm h ( d j  = 32

Flow rate range : 7 - 75 l / h



Where and Dqut are the inside and the outside diameter of
the tubes, hT is the total height of the instrument, dy is the 
diameter for the three (n) holes, while hfd.) is the height of the 
holes above the f i r s t  one.

5. Variables

The newly designed flow meter can be made suitable to a wide range of 
flow rates by use of three variable ':

(A) The diameter of the holes.
(B) The number of holes.
(C) The height of the flow meter inner column.

(A) The diameter of the hole influences the discharged quantity
according to formula

qi * Cdi 4 r  ^ g ^ r r r n i p

q. is the flow rate from the i th  hole and D the diameter 
of the hole. I t  can be seen that the flow rate is d irec t ly  
proportional to the area of the hole or is proportional to 
the square of the diameter of the hole (D) when the hole 
is c ircu lar:

(B) The number of holes. From the calibration graph and from 
experience, i t  was f e l t  that around the holes (just under 
and jus t above them), the measurement was not certain and 
therefore measurements at the level of the holes should
be avoided. I f  the diameter of the hole is large, the 
height at which measurements should not be done, increases 
while on the calibration graph i t  becomes a "dead" area.

To avoid th is , the total discharge area can be increased 
by having more holes, with the same diameter, at the same 
level. Then, the "dead" area w i l l  remain the same in the 
calibration graph, while the discharge rate w il l  increase.



Attention must be drawn to the fact that more holes along 
the tube w il l  increase the discharge rate too, but w i l l  
increase the "dead" area on the calibration curve and w il l  
re s t r ic t  the area over which measurements can be carried

out.

(C) The l i quid height in the inner tube is the actual parameter 
which varies and enables the measurement of the flow rate.

According to the formula mentioned above, the flow rate is 
oroportional to the square root of the liqu id  head.

q. - Cd A /2g~SF * Cd A r7g% ^  ~ ^

Therefore, the maximum range of the newly designed flow 
meter is set by the height of the central column above the 
f i r s t  hole from the bottom (the Basic hole) together with 
the diameters and the number of holes.

Since the flow rate is proportional only to the square root 
of the liqu id height, i t  is clear that small and medium 
size flow meters are able to handle a large range of flow

rates.

6. Minimum and maximum sizes

The tubes in the flow meter must not be made too small.

I f  the diameter is too small, forces such as the surface tension of 
the liquid s ta rt in terfering with the gravitational forces on which 
the flow meter is based, leading to errors in measurements. This 
requirement must also hold for the annulus diameter;

(dann ’  D0UT “ DIN;-

The annul us diameter must also be large enough so that the level of
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the liqu id flowing out does not r ise above the f i r s t  hole, at the 
maximum flow rate.

I f  flow rates of s lurries are to be measured, the diameter of the 
inner tube should be large enough not to be blocked by the particles 
in suspension or conglomerates created during the flow.

The hole diameter should also not be too small; i t  should be larger 
than the largest partic le  in suspension or any size of conglomerate.

The number of holes should be kept to a minimum because of the regions 
around them at which the measurements are not certain. Since this 
problem can be p a r t ia l ly  solved by increasing the number of  holes 
at the same level, the maximum number of holes at the same level 
shou'd be used. On the other hand, i t  must be remembered that the 
inner tube becomes weaker with every hole at the same level and 
therefore i t  is recommended that not more than a th ird  of the 
perimeter of the inside tube w i l l  be holes. This w il l  ensure that 
the tube w il l  not break easily.

7. Discharge rate of the flowmeter

The discharge rate of the flowmeter is given by

where Q is the tota l volumetric flow rate and q . is the volumetric 
flow rate through the i- th  hole.

On the other hand, i f  we make the simple assumption that the flow 
through each hole can be described according to the formula in 
section 6.7, then

q = j cd ( A, ,2gc (h - h.)

" 1 Cdi A1 - Z9C "" * hi

- -'Zg^ ■W I  C d A, / l  -  ^
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For the f i r s t  hole h1 = 0

Thus Q versus /F  should be a straight l ine  for discharge from the 
f i r s t  hole. When the 2nd hole starts discharging slurry as well the 

effect of the term

Cd A5 / I  - jJL w i l l  not be a negligible function of height but as th is
2

is additive to the f i r s t  term C(j, 4. i ts  variation with height w i l l  
not be so noticeable. This w i l l  be even more true as further holes 
are used, as each of the lower terms

The situation is complicated by the fact that there is a flow passing 
each hole except the upper u til ized  one, and so the formula given w i l l  
not be s t r ic t ly  correct. However, a p lot of Q versus h seems 
to be a way i e correlating the results, as shown in Fig.B.2

8. Measurement errors

During the qualibration, there was an uncertainty in measuring the 
liqu id  level height. This was f e l t  to be not more than 0.1 cm. The 
volumetric flow rate reading was dependent on the stop watch reading 
and the reading of the volume in the measurement cylinder. The stop 
watch was read to - 1 sec., while the error in reading the exact 
volume was - 5 ml. for each 200 ml. In view of these facts, the 
measurement error was estimated to be not more than - 5% and is 
indicated by lines centrnd on the measurement points in Fig. B.2.
Also the density of the slurry as pointed out in the text could 
introduce inaccuracies but these were negligible in this instance.



9 .  L IST OF SYMBOLS

Diameter of the inside Column (cm)

Diameter of the outside tube (cm)

Diameter of the annul us (cm)

Diameter of the hole (cm), (mm)

The number of boles

The 1iquid height (cm)

The level of the hole x above the f i r s t  
hole from the bottom (cm).

The height of the central tube (cm)

The height of the liqu id  above the hole i .

Discharge coeffic ient of hole 1.
2 2

Area of the hole i (cm ), (nm )

Gravity coeffic ient (cm/sec )
3

Flow rate ( to ta l)  (1/h) (cm ^min)

Flow rat® t"rough the ^1/h  ̂ ^min^
1th hole
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Table B - l . Water flow rates measured for the 
calibration curves.

H (cm)

2

4

8

9

12

14

18

19

2

22

24

26

30

3

34

36

38

41

Flow rate ( ^ h )

7.o

10,6

15

16

19

20

23

24

Hole

32

36

41

47

Hole

58

64

69

75



second hole

f i r s t  hole 

l iquid level

ATTACHMEN"

INLET TUBE

INSIDE TUBE

OUTSIDE COLUMN

ca l ib ra t ion

marks

THE"BASIC" HOLE

OUTLET TUBE

Fig. B.l. Flow meter:
designed, Cuilt and used
for the Cu experiments.
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4 / f

3 0

<«* »«»Zt

Fig. B.2. : Calibration curve for the flow meter (using water).
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APPENDIX C.

DETAILED DESIGN OF AN ABSORPTION TOWER FOR SO2 SCRUBBING '̂

1. Brief Theoretical Background

I t  is not an object of this thesis as a whole or of this appendix in 
particular to give or to discuss the theories on which the absorption 
towers are designed, but just to size such columns. The theories on 
which the design is based, are given in detail in many sources 
[96, 146-156]. Therefore, only a few basic equations w i l l  be given 
below. These equations w il l  be used for the design:

The wetting ra te , L, is given by

V]
L = y—, V-j being the liqu id flow rate over the 

given cross section, and S being the surface area per unit volume 
of packing.

The height, 1, of the tower, can be calculated by
either

1 » W _______ or ] .  W______________
* lKg x 4P)m V  * S x a x

In the f i r s t  of these two equations, the height is calculated using 
the mean overall coeffic ient K(.m and the mean driving force, cp

In the second equation, 1 is calculated using the mean values of the 
product "overall coeffic ient X driving force." (K^xcp)^.

In both eouations, W is the absorption rate, S is the surface area 
per unit volume of packing, and a is the cross section area.

(*) All the formulas, data, tables, graphs and i l lu s tra t ions  
in this chapter are taken from [96] , except for 
Figs. C2, C3 and table Cl and C9.

t



The overall gas coefficient Kg is given by:

V  V  " V
where kg is the gas film coefficient and is the liquid fi .m

coefficient.

k can be found from the equation.
9 1 r ,  0.56n 75 p I /1 r\

kg - » % W s V W ) i „  ‘V

r;,;.,> ,rr,:;:rr: n;
? _  H  the d r i f t  factor in which P is the overall pressure and

p is the partial pressure and the last two terms are correction 
factors for pressure and temperature respectively. They can 

found in Fig. C.14.

, ,  36̂ . T  where E is the voidage and Vg is

the gas rate.

k - the liquid film coefficient can be calculated

from the equation:

kl * R-| x K x L0 '7 ,

where Pj is the liquid film packing factor, K is a constant and 

L is the wetting rate.

Having all the coefficients calculated, a driving force diagram can 
be drawn (F ig .C .ll)  and the mean value of(Kg x ap)m can be calculated.

I . I .  Pressure drop ( aP) is given by the equation

Ap = 0.005 Np V 2l where VQ is



the gas velocity in the middle position, N is the number of velocity 

heads lost per foot of packing, and 1 is the lower height.

The tables and diagrams whic vere used during the design are attached 
to this chapter.

. Economic gas rates

Ideally, a tower should be designed so that the total annual charges,
which are made up of the annual capital charges and running costs,
are minimum. [153, 157]. In oractice, th is  may not always be possible

Nevertheless, optimum values can often be assigned on economic grounds 
to many of the factors entering into the design of a tower, such as 
the efficiency of absorption or stripping to be aimed at the gas/liquid 
ra t io  and the area of cross section. These economic optimum values 
can be determined by means of the procedure known as the economic 
balance. When the use of analytical methods is possible, the total 
annual charges are expressed in terms of the factor concerned, the 
value for which these charges are minimum being then determined by 
d iffe ren tia t ion . This method has been used in the determination of 
economic gas rates; these are d irec tly  related to the economic areas 
of cross section.

Therefore, when an absorption tov .* is to be designed for treating 
a given quantity of gas per hour, the cress sectional area is 
determined by the superficial gas velocity which is chosen. The 
larger the gas velocity which is selected, the smaller w i l l  be the 
tower diameter but the larger w il l  be cost of pumping the gas 
against the tower pressure drop. The economic gas velocity is 
the value which minimizes the total annual cost, including the 
fixed charges as well as the cost of power for operating.
Figure C . l .

The economic gas rate is given by



Er C.33 CT 0.33 P a r  0.33 

VE "  h  (W >  ^

ZE = 115500 and is a constant
Ep = overall efficiency of fans and motors

Nu = time of operation

Cy = capital cost per u n i t  volume of packing.

C = cost of electrica l power
P

p r = density of a ir
p * density of gas ,, . .
x = fraction of annual power costs added to

allow for other charges.

Equilibrium data

Equilibrium data for SO, in water at d iffe ren t temperatures
(partial pressure/concentration) are given in Fig.C2 and Table C3.

The mole fraction of S0? in water and vapors (Xe and Ye) in 
equilibrium, at 30° is riven in Table Cl and Fig. C3.

I n t r oduction

To simplify the whole problem, some assumptions and approximations 
were made on the way to a complete design. Three of them are given 
below, before the beginning of the calculations, and others w il l  be 
mentioned in the course of the calculations:

The flue gases were assumed to be cooled down to 25'C before t r e i r  
treatment in the absorption tower. This is not an entire ly  
re a l is t ic  figure but was taken for this exercise.

The figures used in the calculation of the economic gas rate, Table 
C7 are based on prices ruling in mid 1947( 1 ) and cai therefore 

be used for purposes of comparison only, they should not ae used in



1

the preparation of detailed estimates unless an allowance is made 
for the change in prices since that date. They can, however, be 
used in calculations based on the economic balance, since costs 
appear in these calculations in the form of ratios.

I t  was assumed for the purposes of this design, that the liqu id  f ilm
coeffic ient for the standard disc t o w e r ,  has been found to be 0.016g/

2 3 3
sec cm (g/cm ) at 20°C and a wetting rate of 1 cm /sec. cm.

4. Detailed Design

The orocess is one in which both the gas and liqu id  films are of 
importance. The flow rate of flue gas is taken from a Japanese 
plant [122]

4.1. Choice of Packing

Before a suitable packing can be chosen, i t  is necessary to calculate 
the gas/liquid ra t io ,  for which purpose the rate of absorption of 
sulphur dioxide is required.

4.1.1. Rate of absorption
The density of sulphur dioxide, is found in

Table 5 to be 2.67 Kg/m^. The mass flow of SÔ

at the tower in le t  is therefore

467000 x 0.02832 x 0.003 x 2.67 = 105.94 Kg/min.

= 6356.7 Kg/h.

The gas leaving the tower is to contain 0.01% by 
volume of S0_. The volume flow of the insoluu gas 
(including the water vapour) at the tower in le t is 
given by

467000 x 0.02832 x 0.9999 = 13227.085 m / min.
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Neglecting the change in water vapour content brought 
about by the cooling of the gases to 20°C in the tower, 
the sulphur dioxide content of the ex it gas expressed 
as a mass flow is therefore

13227.085 x 0.0001 x 2.67 = 3.53 Kg/min.

The rate of absorption of sulphur dioxide in the tower 
is therefore

W = 105.94 - 3.53 = 102.41 Kg/m in.

.2. Gas/liquid Ratio

The absorbed SO- is to leave the tower in the form of 
a 0.1% solution by weight, i .e .  a solution containing 
1 Kg/m3.

The water flow is therefor-

V1 = » 102.41 m3/min.

The gas consists mainly of a ir at the temperatures 
between 20°C and 25°C so that the factor $ can be 
taken as 1.0 and the effect of temperature on the gas 
volume can be neglected. Thus, the value of ; V^/V^

is given by

] -°  x 13T O O T  = 1 2 9 J J

Reference to fig.C4 shows that stacked stoneware rings 
of 2 in.in diameter random metal rings and random stone­
ware rings of 1 in.and 2in. in diameter can be used.

A design is worked out here for random rings (2 in. x 2in. x 
3/16in)aithough in practice complete designs fo r all the

k
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possible packings would have to be worked out and the 
resulting total annual charges compared.

4.1.3. Area of cross section

From Fig.C4 the wetting rate, L, for 2 in.random rings
at the loading point when <f> V /V, is 129.14, is

3 9 1approximately 0.3 m /hr m.

Since from Table C6 the value of S is 95m2/m3, the 
liqu id  rate is given by

V1 = L X S = 0.3 x 95 « 28.5m3/hr m2

The l iq .  flow is 102.41m3/min and therefore the min 
cross section is

60 = 215.6 m2

which correspond to a gas rate of

Vg * ~ ~ ?Tt V " 6'0 * 3680.55 m3/h.m2

A gas rate 85% of this value, i .e . 3128.47m3/h*mc

Corresponding to a cross section of 253.67m is chosen 
so as to provide an adequate margin of safety in the 
operation of the tower. I t  must now be shown that this 
is a reasonable value from the economic standpoint.

The tower is of large size and requires an acid-resistanl 
lin ing ; the cost of the shell is therefore taken to 
be 50 £/m3.

(For mild steel towers, the cost of the tower shell is



in the range of 18-120 £/'m3, the lower l im it  applying 
to very large towers and the upper to small towers.
To allow for the poss ib ility  that expensive additions 
such as lagging or linings of brick, may be required, 
i t  is suggested that the ranoe o f costs for tower shells 
should be taken as 18-140 £/n,j)

50 £/ 3 is somewhat above the low l im it  applied for very 
large towers and the cost of the packing is in the range 
£27/m3- £39/m3 (table C7)

Thus, C-j. is in the range 77-89 £/^3.

3 2For a gas r*»e of 3128.47 m /h*m and a gas liqu id  ratio 
of 129.14, the liquid rate is

V1 = 24.22 m W

and the wetting rate is 

L = * 0.25 m3/h-m2

Hence, from Fig.CS the pressure drop (expressed as the 
number or velocity heads lost per metre of packing) is

N = 3.28 x 175 = 579

The economic gas rate is given by

£ 0.33 c 0.33 0.33

VE = 115500 [ - ^ ; T \ + Y Y ] (NUp) (4 ^ )

As in the calculation of the economic gas rates given in 
Table C8 the overall effic iency of the fans and motors 
Ep w i l l  be taken as 80%, the nember of hours operation 
per year as 8400 (350 days x 24 hours/day) and the
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fraction o f the power costs (X) added to a1low for 
other charges w i l l  be taken as 0.1.

Since the gas consists mainly of a ir  (about 93% by 
volume) the correction factor (par/- ) for the 
difference in gas density from that of a ir  w i l l  be
taken as un ity .

As the cost figures for the shell and packing are chosen 
already, the value C„ is 0.7 pence/KWh. Inserting 
these figures together with the lower value of Cy of

S im ilarly, for a higher value of Cy (89£/m3) 
or a higher overall efficiency of the f  a 'is and motors, 
E * 80 (Ep = 0.8) the value of V E is found to be 
V r = 3204.57. Thus, the chosen gas rate o f 3350

4.1.4. Height of packing

The height of packing required is given by the formula;

Vp = 115500

= 115500 . 0.0 3908 . 0.58 = 2616.7 m3/hm2

approximates closely to the higher extreme of the range 
of economic gas rate - Table C8 (2250 - 3350 m3/^^2)

1 = W
S X a x (Kg x Ap)n,

The overall coeffic ient Kg is given by the equation



Therefore, the gas f ilm  coe ffic ien t, kg, the liqu id  film coeffic ient 
k1 and the so lub il i ty  factor H must be known before the height of 

the to'.er can be calculated.

(The rate of absorption has been found to be 102.41 x 60 = 6144.6Kg/h 

= W.)

The value of S for random rungs (2 x 2 x j /16 in .) is  found in Table 
C6 : S = 95mVm and the e^ea of cross section a, is 253.64m .)

The in le t  gas contains 3% by volume of water vapour tPv = O./bKg/^' )-
At the top of the tower, i f  the gas is assumed to be saturated with 
water at 20°C, i t  contains 2.3% by volume of water vapour and 0.01% S02. 
The flow of the insoluble gas (excluding water vapour) is

3
793526 x 0.967 = 767340.02 m /h

(96.7% = 100% - 0.3% - 3%)

The total flow of gas leaving the tower is

767340.02/0.9769 = 785484.71

(97.69% = 100% - 0.01% - 2.3%)

By assuming that the temperature of the liqu id  (aquous solution of 
0.1% S0-.) leaving the tower rose by only 1°C because of the absorption 
process, i t  is possible to calculate the conditions in three d iffe ren t 
points of the adsorption tower (Table C9)

These conditions a n  necessary to calculate the mean value of the 
product "overall coeffic ient driving force" : (Kg x 4p)m.

4.2. Gas film Coefficient

There is a volume change less than 5% and corrections for temperature 
and pressure are negligible.



No correction are made for the reduction of voidage owing to liquid 
hold-up.

v = V  vi
The voidane for random rungs (2 x 2 x /16in.) is 0.79 from Table C. 
and the gas rate is 3128.47m / h(|) . Thus, the gas velocity is

From Fiu.C.10 the liqu id  surface velocity v1 for the wetting rate of 
0.25in. /h . in .  is 0.125 in/sec. so that the re la tive velocity is 
V = 1.1 + 0.125 * 1.255 in/sec.
The packing factor Rg is found in Table C6 to be 2.8, while oys 
for sulphuric dioxide Table C5 is 2.67Kg/(r,3. The gas mixture 
constant C is found in Table C7 to be 0.54. Therefore

0 . 7
4.3. Liquid f i l m  c o e f f i c i e n t  k, = kR̂ L

Si r e  the liquid rate is constant and the temperature varies only by
I'C, a . mstant value of calculated for 20°C can be sa tis fac to r il
used. The 1iqu id-f ilm  coeffic ient for the disc tower is 0.016 at 
d wetting rate of 1cm fee cm and 20°C. The corresponding values

2 3
are 0.58 Kg/h m and 0.36 m /hm for the coeffic ient and the wetting
rate respectively.

The actual wetting rate to be used is 0.078 m /hm and the liqu id  
f i lm  packing factor R. is found in Table C.6 to be 0.67.

Thus, the liqu id  f i lm  c o e ff ic i t  t  is given by

k, =■ 0.67 x 0.58 x * 0.30 Kg/h m (Kg/m )

v
9

3128.47
3600x0':79 * 1.1 m/sec

kg * 36.1 X 2.8 X 0.54 x 2.67 x (1.225)0,75

169.7 K / 
9



4 . 4 .  O v e r a l l  C o e f f i c i e n t

] _ _ ] _ +  J L  using the values of  H (the s o lu b i l i t y  co e f f i c ie n t ,
K K Hk.

given in Table C.9 three d iffe ren t values for Kg can be obtained.

Bottom of the tower

4 "  = t 4 t 7  + 5 0 8  x  0 . 3
9

(Kg) bottom * 80.34

1 1 X  1
Middle position : * 454.8% x"UT3

9

(Kg) « 75.64

Top position : ] r -  = + 355 x 071
9

(Kg)top ■ 65' 44

4.5. Mean value of coeffic ient x driving force

(K Ap) for the Up, middle or bottom positions are obtaineo oy
multiplying the above Kg's with the values of Ap from the

Table C.12 (KgAp) average = I  (KgAptop + Kg^Pbottom'

Therefore

(Kg ‘ P)b„„om  * ° - 084- (Kg AP,M = ° - 047

(Kg A p ) t o p  = 0.0065 (AKg A p ) a v  = 0.045

(Kg i p V ( K g  4P),V '  1 . 0 4 4  (K, -p:.bott(>m/V P ) t o p  = ,2 -92
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From Fig. C. 6  the ra t io  of mean to the arithmetic mean is then found 
to be 0.7, so that (KgAp)m = 0.7 x (KgAp)av = 0.7 x (0.045)

= 0.0315

Now i t  is possible to calculate the height of the packing:

] -  w ____
s x a x ( K Ap)m 

9
W is the rate of absorption which has bern found to be 
102.41 x 60 = 6144.6 Kg/h

The value o f random rings (2 x 2 x 7 7  in) fru.;, table (6 ) is 95 m̂ /m̂  
and the area of cross section a is 253.64 m

1 = 2 5 1 6 4 %  0 .0 3 15 = 8 -095 m-

The height of packing would normally be increased by as much as 15,» 
to avoid any effect o f maldistribution.

As a result of approximations introduced in the calculations, the 
overall coeffic ient has been underestimated and the height of packing 
calculated is already in excess of that required to give the 
specified performance (96.5%).

4.6. Liquid d is tr ibu to r

A splash type liquid d is tr ibu to r is suggested. Since the packing 
consists of random rings, the secondary d is tr ibu tion  could be omitted 
and the packed height increased to 8 . 5  m., the extra packing 
serving as a secondary d is tr ibu to r,  providing that the additional 
pressure-drop could be tolerated.

4.7. Pressure drop

The pressure drop is calculated for the packing alone while the 
pressure losses at in le t  and ex it are neglected:
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AP = 0.005 pVq‘ 1.

VQ is the gas velocity in the middle position (785505.55/3600 x 253.64)
3

= 0.86m/sec. P = 1.23 Kg/m and 1 = 8.095.

From Fig C.8. the number of velocity heads lost per metre of packing 
is found to be 280 ''nr random rings (2 x 2 x )at a wetting rate of 
0.47 m /m h , is

a P = 0.005 x 280 x 1.23 x (0.86) x 8.095 = 10.309 m atm.

This w i l l  be increased to 10.82 m atm. i f  the additional 49 cm of 
packing is used as a secondary liqu id  d is tr ibu to r as suggested.

4.8. Materials of construction [122, 158, 159]

The conditions under which the Toyamo-Shinka [122] F.G.D. Plant (Japan) 
runs, are much more drastic than those which could be encountered at 
the present designed scrubbing tower:

There, 2.3 sulphuric acid solution is used for the S02 absorption 
and the experience accumulated running that plant, proved to he very 
useful for the present design.

Therefore, the most recommended materials for construction are the 
316L stainless steel and Incoloy 825.

304L stainless steel is not suitable as i t  can be badly corroded.

5. Summary of design

The adsorption tower, having a height of approximately 9m. and an area
2

of cross section of 253.54 m is required for lowering the concentration 
of SO2  from 0.3% to 0.01%. The tower w i l l  be parted with random rings 
2 x 2 x 3/16 in .)  and w i l l  be b u i l t  o f 316 stainless s tee l.
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6. LIST OF SYMBOLS

Significance

Area of cross-section of tower

Cost of e lec tr ic  power

Capital cost of shell and packing 
per unit volume of packing

Equilibrium concentration of free 
dissolved gas

Concentration of soluble gas in 
equilibrium with gas of partia l
pressure p

3

Overall efficiency of fans and 
motors

S o lub ility  co-e ffic ient

Overall coeffic ient on gas-phase 
basis

Mean overall coeffic ient on gas- 
phase basis

Overall coeffic ient on liqu id - 
phase basis

Mean overall coeffic ient on liqu id 
phase basis

Gas-film coeffic ient

Units

2
m.

pence,kWh.

I / m .

3
kg./m.

3
kg./m/

kg./m."atm.

*
kg./hr.m. atm.

2
kg./hr.m. atm.

kg./hr.m. (kg./m. )

kg./hr.m. (kg./m. )

2
kg./hr.m. atm.

1



Symbol Significance

K  Liquid-film  co-e ffic ien t

L  Wetting rate ( liqu id  volume rate per
unit periphery)

,V Number of velocity heads lost per
unit height of packing

/V Time of operation
t i

P  Total gas pressure

p Partial pressure of soluble gas

pp Actual partia l pressure of
soluble gas

p i  Partial pressure uf soluble gas
interface

p i  Partial pressure of soluble gas in
equilibrium with l iqu id  of 
concentration

{ P - p \ r  Log mean partia l pressure of insoluble 
gas in the gas f ilm

R Gas-film packing factor

/L Liquid-film  packing factor

S  Surface area per unit volume of
packing

Absolute temperature of gas f i lm
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Symbol Significance

T  Reference temperature (absolute)
r

Economic gas rate per unit area of 

cross section

V .  Liquid rate per unit area of cross- 
section

V  Mean equivalent empty tower0
velocity

v,V0  Gas velocity re lative to liqu id
surface and through packing respectively.

v.j Liquid surface velocity

W  Rate of absorption

x  Fraction of annual power costs added to
allow for other charges, c a. 
maintenance of fans and motors

Constant in equation for economic gas 
rate

a Constant in equation for gas-film
coeffic ient

Ac Driving force on 1iquid-phase basis

Ac Arithmetic mean driving force on
a e

1 iquid-phase basis

Ac-„. Log mean driving force on 1 iquid- 
phase basis

Units

°K

3 L 2 
m. /hr.m,

3 2
m. /hr.m

m./sec.

mi. / sec. 

m./sec. 

kg./hr.

kg./m. 3

3
kg./m.

kg./m.



Symbol S ig n if ic a n c e

Af,, Driving force at middle position
on gas-phase basis

Ap_ Mean driving force on gas-phase basis

E Voidage

K  Experimentally determined constant
used in calculating liqu id -f i lm  
coefficients

p Density of gas mixture

p a  Density of a ir

p i  Density o f insoluble gas

p i  Density of liquid

ps Densiiy of soluble gas

* Dimensionless factor used to allow
for the e ffect of gas density on 
the loading rate

U nits

atm.

3
ug./m.

3
kg./m.

3
kg./m.
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Tablt' C2 Profxrtut of Gasti

Viscosity
Gas at R .t.p .

g. c m . sec. X  lO -*) j

DifT'.iiion Coefficient 
for A ir  at R .t.p . 

(cm .'/iec .)
1(K)00 A ir  100" Gas

Diffusion 
Coefficient for 

W ater at 20*G. 
(cm.*,sec. : 10 *)

A rrrvfrne 1 00 : 0 158 O'155 1-30
A ir 1 31
Am m onia 1 tX) 0 203 O'100 2 04
Bromine I  34 0 086 0 104 1 29
Carbon dioxide 1 47 0 144 0-152 1 74
Carbon duuiphide 0 93 0 0 9 1  0 103 —
Carbon monoxide 1 7 3 0 202 0-201 . 1 90
Chlorine 1 33 0 108 0121 141
Ethylene 1 01 O '152 0 151 1 59
Hvdrogen 0 33 0 883 0'«90 5 94
Hydrogen chloride 1 43 0 150 0 101 2 80
Hydrogen cyanide 0 74 0 133 0 132 1 68
Hydrogen sulphide 1 : 3 0 1 5 1  0 134 1 63
Methane 1 09 0-223 0 206 2 00
Nitrogen I 70 0 202 0-201 1 90
Oxvgen 2 02 0 200 0 2 0 4 2 0 8
Sulphur dioxide 1 23 0-109 0 121 1 47
Sulohur trioxide 127 0 102 0-116
W ater vapour 0 95 0-104 0-182 —

Tail's C 3 S o iu b i. il/ i t  I I ' jX t  a /G a s u  u-hich d e v io lijro m  l l r i n ' i  L u o

Gas
Partial

Pressure
(atm .;

So lub ility* . k g . /m . *  of water)

.................................

10°C. 2 0 'C . 30°C. 4(T’C. 5 0 ’C.

Am m onia 00 1 20 12 5 7-7 5 1 3 4
0 0 3 94 33 25-3
0 10 160 108 72 50 34
0-30 337 250 180 130 04
0 50 400 340 265 195 1 10
1 00 090 520 410 315 240
3 0 1,120 855 670 530
5 0 ~

983 * 775

; Carbon 00 1 0 024 0 0 1 7 5 0 013 - —
dioxide 0 0 3 0 1 2 0 0-0875 0 0 6 5 -

0 10 0 210 0-175 0 1 3 0
0 39 . 0 72 0'52 0 39 — -
0 60 1 20 0 87 0 65
1 00 2 30 17 3 1 :8 -
3 0 0 6 92 5 05 3 75 -
5 0 1 1 2 8 1 5 6 07 -—

1 00 2 : 0 16 3 114 —

Q iio rin e 0 0 1 * 0 54 0 52 0 50 0 48 0  46
0 05 * 117 1 0 5 0 97 0 92 0 - 1
0 10 t 73 15 2 1 35 1 23 I  14
0 30 3 70 2 95 2 52 2 20 2 00
0 so 5 50 4 26 3 54 3 1)0 2 65
1 00 0 65 7 40 5 80 4 76 4 07
3 0 0 19 2 14 6 114 9 3

Hydrogen 0 01 440 415 380 340 310
chloride 0 0 5 433 600 400 425 305

0 1 0 585 340 500 463 430
0 30 66<» 620 675 540 500
0 50 I ' j MiO 015 575 540

!
1-00 780 73: 685 010 593

Hydrogen 0 01 0 0523 0 0397 0 03,1 0 0 2 5 4 0 0214
sulphide 0 0 5 0202.3 0 1 9 8 01535 0-127 0 107

0 10 0-524 0 396 0 311 0 254 0 214
0 30 1 57 1185 0 933 0 76 0 64

I , 0-50 2 02 197 1 535 127 • t 07
1 00 5 18 3 93 3 10 2 3 2 1

Sulphur
ilioxu lr

0 01
0 0 3

2 9 
10 2

1H 
f. 4

I t
3 3

10
3 3

0-7 
2 0
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Gas
In le t

Middle
Position

Gas
Outlet

Gas flow (m / hr)

Partial pressure of 

S02 (atm) in gas 

Gas temperature (°C)

Liquid temperature (°C) 

Concentration of (Kg/m ) 

dissolved SO?

Equilibrium partia l (atm) 

pressure of SO?

Equilibrium concentration 

of dissclved S02 (Kg/m ) 

Driving force (ap) (atm) 

(ac) (Kg/m ) 

H, So lub ility  coeffic ient 

(Kg/m atm)

793526.4

0.003

25

21

0.0355

00195

0.57

0.00105

0.534

508.57

789505.55

0.0016

22.5

20.5 

0.0177

0.000975

0.302

0.000625

0.2843

454.88

785484.71

0.0001

20

20

0

0.0355

0.0001

0.0355

355

bottom 
oosi tion

Top
position

Table C9 Conditions for absorption of sulphur dioxide in the designed 
packed tower.
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APPENDIX D.

DETAILED DESIGN OF THE ION EXCHANGE UNIT

1. Theoretical Approach to the Design

The equations given below are the ones used in the process of 
parameters calculations for the ion exchange un it.

1.1. Brack ;. h water, passing through the weak cation exchange resin, 
exchanges an amoint of divalent cations equivalent to i ts  a lka l in i ty  
content according to the reaction:

2 RCOOH + Ca++ (or Mg++) + 2HC0"3 t

( rC00)2 Ca + 2H20 + 2C02

1.2. The volume occupied by the resin is given by

2
V = ird , where d is the diameter of the un it, as well as of

the resin bed, and L is the height of the bed.

1.3. The pressure dro), ap, is given by the equation

3 - n
200 GuL(l-E)

AP = 2 3-n 3
Dp $s P FgcG

0  ̂ is the partic le  diameter, G is the f lu id  where mass velocity,
E - the voidage of the bed, L is the resin height, u  - the f lu id
viscosity, * r is the bed shape (spherical in our case), f -  is the
density of the f lu id  and gc is a conversion factor, n is a *actor 
which depends on Reynolds number - Re. [  150]

1-4. The Reynolds number for f lu id  flowing through a packed bed is
given by the equation
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Re = --P- ft and the dependence of n on Re is

given below.

Re n

up to 10 1
II II 30 1.3

up to 50 1.5
II II 70 1.6

up to 90 1.7

The optimum cycle

The design of the optimum cycle for a particular ion exchange 
insta lla tion involves an interesting interplay of variables. An 
economic balance can lead to a figure like  Fig.01 [160] in which the 
minimum total cost correspondence to a certain number of cycles per 
day. In our case, no attempt was made to calculate the optimum cycle, 
because of the special arrangement in which the ion exchange unit is 
fixed.

I t  must be remembered that the ion exchange does not work as an 
independent un it ,  and as suggested in this thesis, i t  is linked to 
the SOg scrubbing unit on the one side, and to the effluent treatment 
unit on the other side.

0r the other hand, the longer the service cycle the more resin is 
required and proportionally, more regeneration solution is required.
On tne same princip le , the shorter the cycle, more significant loss 
of rosin is encountered due to the a t t r i t io n .

For the purpose of this thesis, the calculations of the size and the 
pressure drop within the resin bed w ill be shown.
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2. Detailed Calculations [162-168]

For the ourpose of this thesis the water to be treated in the ion
unit has the composition as shown in Table 1 . [10]

Table 01

Water Composition

Cations meg/1 Anions meq/1

Na+ 33.8 Cl* 36.3

Ca++ 7.2 hco3" 9

Mg++ 10 SO/ 5.2

Total 51 meq/1 Total 50.5 meg/1

Hardness = 7.2 + 10 * 17.2 meg/1
A lka lin ity  = 9 mea/1

Table 1 shows that 33.7% of the total cations are hard cations,
Ca++ and Mg'++. More than half (9/i7 .2) of the total hardness can 
be loaded on the weak cation exchange resin. Therefore, the strong 
cation exchange resin (which usually follows the weak one) can work 
for a longer period by loading on i t  only the remaining 82.3% 
cations.

2.1.The cape city  of the weak cation resin was taken as 3 e q / lr  resin, a 
value s ligh tly  lower than that commonly quoted (3.5 eq /lr ) . [161j .

2.2.The flow rate of the brackish water is 90 ga l /m in j122],or 20.44 m3/h.

3 i
At a flow rate of 20 Bed volumes per hour (20 B.V./h = 20 m / h ny ), 
an amount of

20_l44 jL  3/j l 3 s 1 0 2 2  m ' of resin is needed 
20 m /nyh

A safety margin of 25% is taken in case the flow rate of the brackish



w a t e r  must be Increased or  the capacity o f  the resin drops suddenly. 

T h e r e f o r e  1.277 m of rc is required.

As e x p l a i n e d  above, 9 meq/l o f  Ca* and Mg" (together) can be
removed f rom the brackish water by the weak cation resin.

The t o t a l  amount o f  Ca"' and Mg4 ' removed by the 022 l i t re s  

o f  resin, 1s

1022 x 3 = 3066 eq (Ca «nd Mg++)

The flow rate, in eq/h units of the brackish water is 

20.4 x 0.009 x lOHO = 183 eq/h

Therefore, 3066/183 = 16.75 hours w i l l  pass before the weak

catioi resin w il l  oe fu l ly  loaded which is the minimum periou 

between two reqenerations.

The flow rate of the regeneration solution as i t  comes out of th« 
scrubbing tower, is 6144,6 1/h (Appendix C)

From the newly developed regeneration process, between 10 and 15
Bed Volumes of regeneration solution (SO2 in water) are necessary
for the regeneration of the weak cation exchanger.

I f  the higher figure (15 B.V.) is considered, the solution needed 
for regeneration is

3
1.2775 x 15 = ’ 9.16 m or 19160 l i t re s .

19160 l i t r e s  is the amount of scrubbing effluent doming out during

19160/6144.6 = 3.118 hours
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Thus most o f  t h e  s c r u b b in g  e f f l u e n t  w i l l  be passed d i r e c t l y  to th e  
t r e a t m e n t  and only 19160 l i t r e s  w i l l  be s t o r e d  f o r  t h e  r e g e n e r a t i o n .

At least 3.12 hours before the regeneration, the accumu1 aVon o f  the 
scrubbing effluent should be started.

3
I t  is advisable to use two u n i t s ,  each c o n t a i n i n g  1 , 2 7 7  m weak  
cation r e s i n ,  so that w h i l e  one i s  r e g e n e r a t e d ,  th e  o t h e r  one is in

service.

In this way, at least 1 6 . 7 5  hours w il l  pass between th e  r e g e n e r a t i o n s , 
each unit being regenerated once i n

16.75 x 2 = 33.5 hours.

This a r ra n g e m e n t  is s u i t a b l e  f o r  t h e  men who s e r v i c e  t h e  w a t e r  
treatment un it, and e n a b les  some a n a l y s i s  and m a in te n a n c e  work to  be

conducted.

The effluent treatment unit can be set to process the effluents 
continuously or in batches.

I f  i t  is set for continuous process, an accumulation pond or tank 
for the effluent must s t i l  l be provided, in case of emergency 
situations. Therefore, i t  is advisable to set the effluent treatment 
plant for batch processing.

In th is case, the e. .uent treatment unit can be shut down for the 
interval when the scrubbing effluent is accumulated for regeneration.

During that period, (more than three hours) maintenance work can be 
conducted.

2.3. The size of the unit for the weak cation exchange resin :

3
The volume of the resin is 1.277 m .



u ,  n x d v L In industrial un its , the head of 
4

the resin bed is 1.5 times the diameter

Therefore i t  can be written:

: — x 1.5a = —

d -  y ' r F r r  *  1 -027 m

L = 1.027 x 1 .5 = 1 .54 m.

The height of the un it, should be chosen in such a way as to give 
enough room for the expansion of the resin during the backwash and 
for a l l the accessories inside the tank (delivery pipes, d is tr ibu tors,

trays, etc.)

In th is  case, 50% expansion of the resin is necessary plus another 

20% free space fo r accessories:

1.54 + 1.078 = 2.618 m w i l l  be the height of the 

ion exchange unit.

2 4 Pressure drop. Before the pressure drop is calculated, the flow 
regime through the bed is needed for the substitution of the r ight 
value for "n" in the pressure drop equations.

Re D£_G
Dp = 0.07 cm

G = 20• 4 ^ *  JQ_ /  n x 102.7 = 0.68g/sec.

O.Olg/sec cm

Re
Q,0 7 ^ 0 . 6 8  „  4 , 7 6

n * 1
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200 Gu L (1 - E)' 
AP = ^r-z— — 1

d ♦spFgcs

n = 0.01

L i « 154
G = 0.35

= 0.58
Dpi = 0.08

APl
200 x 0.68 x 0.01 x 154 x (1-0.35) 

0.08 x 0.58 x 1 x 1 x 0.35'

= 0.96 x 10' Kg/sec2m = 0.96 bar

During loading, the resin shrinks by 13% (Zero!ite 236) and
therefore the Dp. changes to 0.07 cm and the height of the bed

drops to 134 cm

L = 134 Dp2 = 0.07

5 2
AP = 1.1 x 10 Kg/Sec m * 1.1 bar.

Usually the company which supplies the ion exchange resins, also 
provides the un it in which the ion exchanger is contained and all 
the accessories Fig.02 and D3. Therefore only the amount of the ion 
exchange must be known in making economic evaluations, the cost or 
the un it being dependent upon the amount of the resin required.[162-168]

3. M a te r ia ls  of c o n s t r u c t i o n . The u n i t  w i l l  be p r e fe ra b ly  made o f  

316L s t a in l e s s  s tee l  l i n e d  w i th  a non c o r ro s i v e  m a t e r i a l .



The pH of the regeneration solution must be 1 or < 1.5 
I f  i t  is too high, i t  must be lowered to the l im its .

This can be done by bubbling pure SO- through the regeneration 
solution un t i l  the pH drops to the required level .

The pure S02 originates in the effluent treatment plant and i t  can
be returned after bubbling, to the same place (stream 19, Fig. 4.15 
Chapter 4).

Summary of Design

Two ion exchange units, having 1.027m diameter and 2 62 m in
height each, are required for the treatment of brackish water. Each
unit w i l l  contain 1.2775 m weak and cation exchange resin 
(Zero!ite 236)

3
The water flow is 90 gal/min or 20.44 m /h and the pressure drop 
through the resin is between 0.9% to 1.1. bar.

The brackish water contains 51 meq/1 T.D.S. of which 9 meq/1 
are HC03" anions.

Weak cation resins are more and more used in the water treatment these 
days.

A typical example is the SIRA Process,[10] developed in I ta ly ,  which has 
weak cation and anion resins and is a further development of the 
well known Dessal Process ( F ig .0 .4 ).[6 ]
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6. Nomenclature

Symbol Meaning

D Particle diameter un
P 2

G Fluid mass velocity g/cm sec

L Packed height cm

Ap Pressure drop bar

G Bed voidage

w Fluid viscosity g/sec cm
3

pF Fluid density g/cm

*S
Bed shape factor

Re Reynolds number

d Unit Diameter cm

C resin capacity eq/ 1

T.O.S. Total dissolved solids eq/ 1

B.V. Bed Volume = the original
3

volume of the resin m or 1

r Resin
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