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i. GENERAL 

l.l. Introduction 

Among the minerals which Nature has bestowed on mankind, 
chlorides take a prominent place. The element chlor~n~ com­
~es some 480 parts per million in the litoo~phere ~1), &nd 
some 19000 parts per million in the oceans ~2). Of ~he dif~er­
ent.' t chlorides encountered, those of s'odium and potassium 
form a considerable part, both on land (e.g. rock salt NaCl, 
Sylvi te KCl., Carnalli te KCl.MgC12.6H20) ,and in sea. 

It is only in some cases, however, that the chlorides 
of sodium and potassium are used ultimately as such (a5 NaCl 
for consumption, and KCI as fertilizer). Of ten conversion, 
involving exchange of the chloride, precedes industrial ~tili­
zation. Conversion to the hydroxides and carbonates is~' 

", ' . . ,yielding reactive intermediates :Cor :further indust-
ri'ally important compounds. 

Salt has since times immemorial formed one of the major 
mineral resources of the Land of Israel. There exist indica­
tions of salt-gathering around the Dead Sea (in Hebrew : Yam 
HaHelah, the,salt Sea), in very early times. An explicit re-

.. _~ord of th}S)W~S" given by the Prophet Zephania, some 2600 
years ago ~ 3 . • •• as Sodom ••• as Gomorrah 0.. (a) sal t­
pit". In our times, one of the earliest industrial enter­
prises undertake'n during the reconstruction of the Jewish 
homeland was the exploitation of the KCI from the Dead Sea 
by M. Novomeysky, planned in 1911 and put into operation in 
1930. 

An important expedient in the endeavour to increase the 
economic value of the Dead Sea sodium and potassium chlorides 
lies ,in their upgrading by conversion. ' The present thesis 
describes a new process for convers ion of the Dead Sea KCI 
into KHC03 and K2COy This conversion may be summarized as 
follows: 

(1) V.W. Goldschmidt, Geochemistry (Oxford ~954) pp. 74-75 
(2) Idem, idem, p. 49 
(3) Zephania, chapter 2, verse 9 
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1) KCI in aqueous solution is caustified with Ca(OH)2' using 
a . cation-exchangingresin as auxiliary agente The solubi­

.lity of the caustifying agent is increased by the addition 
of phenol (C6H50H). 

2) The phenolic potassium hydroxide solution so obtained is 
carbonated with gaseous CO2, which gives KHC03 and phenol. 
The latter· is recovered and recyclede 

3) Both the Ca(OH)2 and the CO2 stem from limestone. 

4) The KHC03-s01ution is dehydrated by extract ion of the water 
with an aliphatic alcohol (such as n-butyl alcohol), which 
in its turn is dried with a saturated NaCl-solution, for 
reasons which will be explained later, am recycled to the 
process ("Water-Transfer Method"). 

5) The obtained solid KHC03 is eventually converted into 
K~03· 

6) The obtained solutions of CaCl2 (from step 1) and of NaCI 
(from step 4) are discarded. . 

By analogous process, sodium chloride is converted into 
sodium bicarbonate and carbonate. 

The concentration of the raw materials, to wit KCI ~~ 
NaCI, in the Dead Sea, ' is respectively 13 gil and 85 gil ~4). 

The present process should be regarded as a p05sible 
new way for conversion of the chloride of potassium (or sodium) 
into the bicarbonate or the carbonate, and also as a possible 
valuable addition to the economy of Israel. This country does 
not, as far as is known at present, abound in nch natural re­
SOUrCeSe The process described uses locally available raw 
materials - potassium chloride, limestone and salt (NaCl) -
to produce the more valuable bicarbonate and carbonate of 
potassium and sodium. lts technically and commercially 
successful operation might thus be beneficial to an economy 
which has to support a growing population. 

It is the author's belief that the present thesis con­
tains the basic information necessary for the further develop­
ment .of this process. 

(4) The Dead Sea Commission 1955/56 » Prof. Ir . Ac de Leeuw ~ 
Chairman; 2nd report(Jerusalem 1956)$ Appendix 1 j page 14 
( in Hebrew). 
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1..2. Methods of Caustificati~n and Carbonation 

In troduc tion 

The present thesis deals with the caustification and 
çarbonation of the chlorides of potassium and sodium. It is 
therefpre instructive ,· to review the known methods -of attaining 
this aim, ' these of technical importance as weIl as those which . 
have not (yet) outgrown the laboratory or pilot plant stage. 
The method developed can then be appraised in the light . of ·this 
review. 

Caustification and carbonation of the chlorides of 
potassium ahd sodium have been proposed in a multitude of wayso 
Reviewing might be facilitated by their division according to 
the following scheme 

1) Caustification by el€ctrolysisj 

2) Caustification and carbonation by the action of suitable 
agents, such as calcium hydroxide on sodium silicate 
(made from sodium chloride); 

3) Caustif'ication with the intermediate of'l ion-exchanging 
resins,where the caustification agent serves as re­
generant • . 

Caustification by Electrolysis 

The .conversion of sodium or potassium chloride into 
the corresponding hydroxide by electrical current is by no 
means a ne, teactiono In the year t807 Sir Rumphrey Davy 
published ~5) his account of this conversiono It served him 
in the identificf+tion of' 'chlorin~6~s an element, contrary to 
the current belief at that time ~ )0 . 

This caustif'ication o~ sodium and potassium chloride 
is nowaday s(9..Y f'ar the most important method of' preparing their 
hydroxides {J. The process yields products at a high purity 
and - in the case of the aqueous alkali hydroxides - at consi~ , 

dera.ble concentration$ up to 50 wto,% NaOR or KORo 

(5) H. Davy ~ Phil. Trans. Roy. Soc. (London) l807 23 
(6) Imperial Chemic~l Industries, Ancestors of an Industry 

(Graat Britain 1950) p.55 
(7) C.L. MantelI - Electrochemical Engineering 

~~ (4th Ed . , New-York 1960) chapter '1'1 ,pp0249-307 
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In the U.S.Ao, chlorine is the primary product of the 
electrolysis, while the caustic soda (or, on a smaller scale , 
caustic potash) is the secondary. This is one of the reasons, 
that in spite of the advantages of the process, part of the 
caustic soda is still made by other means of caustification. 
In less deve19E~d countries, the accent is · frequently on the 
caustic soda ~ 7) • This last statement holds also for Israel .• 

One of the most important factors limiting the app~ 
lication of this process on a wider scale in the so-called 
under-d-eveloped countries is the high amount of energy required .• 
The 'following facts illustrate the point (data from ref. 7) : 
For the production of .1.0 t NaOH (25 kmoI), 3610 kWh + 3.1.4 t 
steam are required (all tons are metric). Together with this 
amount of alkali hydroxide, 0.89 t chlorine are obtained.' In 
view of the accent in the production as noted above, the dis­
cussion is limited to alkali hydroxide. Chlorine, as weIl as 
the refrigeration required for its 1iquefaction, is 1eft out. 

Generation of the electrical energy proceeds with 
loss of a part of the chemica1 energy of the fue1 used. The 
magni tude of thi-s 10ss may be ca1cu1ated in the fol10wing 
manner :-

The therma1 efficiency of a modern, oil-fired power 
station, selling power but no heat and emp10ying units of ' at 
least 50 MW, is 3~. Losses incurred in the distribution (9) 
amount on the average to 1~ of the power on the bus-bars 
The total energy - efficiency of generation and distribution 
is then 0.37 x 0.88 = 0.326. 

For the production of t ton of NaOH, the chemical 
energy in the fuel equals 3610/0.326 = 11100 kWh. 

The generation of steam required for the N~O~-produc­
tion may take place at an energy efficiency of 9~ ~8)o Assum­
ing that the energy contents of the steam are, at first approx­
imation, equal to the heat of evaporation of the w.ater, about 

(7) C •. L.Mantell 

(8) FoSo Aschner 

(9) 00 Lyle 

- E1ectrochemica1 Engineering (4th Edo, 
New-York · t960) chapter 11~ pp. 248-307 

- The Combine~ Generation of Power and 
Heat, Handasa weAdrikhalut (Engineering & 
Architecture) 11 (19?9) 79 (in Hebrew) 

- The Efficient Use ofl Steam (London \947) 
po 68 
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2.25 x 106 J/kg, the chemical energy in tbe fuel, generating 
such steam

6
for -t ton of NaOR, equals 3 • .14 x (2.25 x i09/Oo90 x 

x 3.6 x 10 ).-.) 2200 kWh/t NaOR. .. 

The total energy requirement of this process (exclud­
ing refrigeration for chlorine liquefaction) is then about 
11tOO + 2200 = 13300 kWh/t NaOR. This energy comes in the form 
of fuel for the generation of steam ahd electricity. 

If we assume ~hat on a kWh/mol-basis the efficiency 
of the production of KOR equals that of NaOR$ then the energy 
in the fuel needed for the production of the electricity for 
1. ton KOR is 111.00 x 40/56. t = 8000 kWh. 

As the steam is used mainly for evaporation of water, 
and as the wexght concentrations of NaOR and KOR are of the same 
order (50%), we may assume that the steam -consumption per ton 
KOR equals that per ton NaOR, to wit 2200 kWh/t. The total 
energy requirement of the caustification of KCI to KOR is then 
(excluding the chlorine) 8000 + 2200 = 1.0200 kWh/t of KOR. 

For a small-sized plant of, say, 5 t caustic/day, 
theenergy requir.ements of the fuel would then be 66500 respec­
tively stooo kWh/day, or, in terms of a quantity of fuel, of , 
say, ~. 04 kcal/kg., respectively 5700 and 4400 kg/day. 

It follows that the weight of fuel required (exclu~ ­
~ of thechlorine) is of the same order as the weight of the 
pure caustic produc.edo In the development of a new process for 
the caustification of alkali metal chlorides, we should strive 
for a smaller energy consumption. The process which is the sub­
ject ofthe present thesis, answers this claim. This will be 
set out in detail belowo . 

Caustification and Carbonation by the Action of 
Sui table Agents 

This paragraph includes the earlier process of 
Leblanc, now redundant , and the later one of Solvay, now of 
considerable technical importance. Other processes proposed 
the use of the hydroxides or carbonates of the alkaline earth 
metals; the oxides or hydroxides of iron, lead and zinc; the 
carbonates of magnesium, nickel and cobalt; steam; carbon diox­
ide and ammonia; and watergas. 



6 

1.2.3.1. Calcium Hydroxide and Carbonate · 

The use of calcium hydroxide for caustification has 
been proposed for many processes. . This is not as'ton~shing , 
since lime i~ "the lowest-cost alkali available" ~ 10) 
(note i.a). 

One of the oldest technical processes for making 
sodium carbonate was that inve~te~ by Nicholas Leblanc at the 
end of the eighteenth century ~ 1 iJ. Sodium chloride was re­
acted with sulfuric acid to yield sodium sulfate ("salt cake"), 
which was heated in a furnace with carbon and limestone. Re­
duction of the sulfate to the sulfide was followed by conver-

. siori to sodium carbonate. Low temperature extraction with 
water yielded a Na2C03-so1utiono This process is .equally 
applicable to the conversion of potassium chloride to potas. 
sium earbonate. 

The eaustification of sodium carbonate to sodium 
hydroxide with calcium hydroxide was a further step in the 
same process .. It was j however j complicated by the appearan(f2) 
of the double salts CaC03.Na2C03.5H20 and CaC030Na2C0302H20 
whieh had obviously to be preventedo A compromise between the 
increased yield at dilution~ and the costs of sub sequent con­
centration, had therefore to be foundo 

Leblarp'~ process for sodium carbonate has wholly 
been replaçed ~3) by' the.amIDonia-soda process j named aftar 
Solvay ~ 14). This method dates from the beginning of the 
19th century. ' Its product is purer than that of Leblanc's. 
Also 1 Leblanc' s pr6cëss yielded two by-products, wbich were 
difficult to dispose - . HCl and caS. Solvayv s process yields 
only CaC1 2 as by-product and this can easily be discarded j 

for example into the sea. According to this process j a con-

(10) Chemical Lime Facta ,BulL 21A j National Lime Association 
(Washington 195t) po 7 

(1~) JoR. Partington j Textbook of Inorganic Chemistry 
(London 1944, 5th ed.) p. 756 

Note 1_a Ca( OHh costs currently about 004 $/keSli ) 
NaOH . costs 4040 $/keq (prices from ~11-a )0 

(11-a) Chem.Eng oNews ~Quarterly Report on Current Prices, 
June 27 j 19600 ' 

(12) NoLebIanc & KoNovotny, ZoanorgoChemo2! (1906) 1.81-20t 
(13) ZoGoDeutsch i in RoEoKirk & DoFoOthmer j Encyclopedia of 

Chemical Technology(New-York t947)voloI,3A5 
(14) J .RoPartington j Textbook of Inorganic Chemistry (London 

1944 5th Ed.) po 761. 
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centrated sodium chloride solution is treated with ammonia and 
carbon-dioxide, when sodium bicarbonate is precipitatedo This 
is calcined to the carbonate. The ammonium-chloride solution 
from the first step is treated wi th bumt lime to recov'f'r the 
ammonia. Non-attainment of efficient ammonia recovery was one 
of the main initial difficulties of this processo The burnt 
lime and part of the carbon dioxide stem from limestone. The 
balance of the CO2 stems from the calcination. Due to the 
higher solubility of potassium bicarbonate as compared with 
sodium bicarbonate~ K2CO~ cannot be made by this methode The 
Solvay process~ started 1n ~875, made some 280.000 .t in t880, 
when Leblancvs process was at its climax (550.000 t). In 19i3 ~ 
when Leblanc vs process had stopped operating, Solvay's process 
made over 2.2 . million t, while in 1944 the industry in the 
whole world had a capacity of nearly ~O million t (13). 

Other processes f or caustification or carbonation 
of sódium or potassium chlorides, which were of lesser techni+ 
cal importance or did not outgrow the stage of proposals, in­
clude the following :-

Calcium hydroxide has been proposed to caustify 
potassium chloride via intermediates. One way involved con­
verting KCI with boric ~cid into K20.5B203' which on reacting 
with Ca(OH)2 yielded KOH and Ca(B02)2~ from which latter co~­
pound hydrochloric acid or ammonia recovered the boric acid~ 35). 
The HCI obtained in the first step amounts theoretically to 2~ 
of that required in the last step. The analogous conversion of . 
sodi um chloride into sodium hydroxide was also put forward , 
af ter the decomp'9sition of sodium borate with lime had been 
shown possible t~,16) 0 • • 

According to another proposal potassium chloride was 
converted wi th calcium fluori de and silica, in the presence of 
hydrochloric acid , into potassium silicofluoride. lts treatment 
wi th ammonia was said to free potassium fluoride , which, with 
calcium hydroxide , formed pot~ssium hydroxide (and calcium 
,fluoride for the first step) ~ l7). 

(13) Z. G.Deuts ch j in R.E.Kirk & DoF.Othmer, Encyclopeàia of 
Chemical Technology(New-York1947)voLI p.385 

(j5)' L.Hackspill & A.R.Rollet, Germ.Pat0562005 (13.201930) 
( 16) L.J.F. Margueritte ~ Brit.Pato ~ 59 (~885) - Wo Garroway, 

Brit.Pat. 1.7395 (1889) . 
( 17) M.Buechner , U.S oPatent j776064 (~609.·.} 926),and others 
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The analogous convers ion of sodium chloride into 
sodium hydrqxide via the silicofluoride has also been brought 
forward \~.8). Likewise the conversion of sodium chloride with 
hydrofluoric acid into sodium fluoride, and the subsequent pro­
cessing with calci~m qxide or hydroxide into sodium hydroxide , 
has been proposed Vl9). The last step yielded calcium fluoride, 
from which the hydrofluoric acid and the calcium oxide were 
claimed to be recovered on heating with steam. 

. An indirect conversion of sod~um chloride into sodium 
hydroxide was suggested, as follows:- \20) Sodium chloride 'was 
treated with ammonia and sulfUr dioxide, to yield sodium ammon­
ium sulfiteo This compound was said to decompose on heating 
,into sodium sulfite, which was amenable to caustification with 
calcium hydroxide. 

Another indirect convers ion entailed treating sodium 
chloride vapours wi th steam an,d silicao This reaction, known 
by i tself, was proposed as atechnical P9ss}.bili ty in"l862, 
af ter development of tbe necessary oven ~?1)0 Causttfication 
of the formed sodium silicate with aqueo~s calcium hydroxide 
was said to yield sodium hydroxideo 

For the conversion of potassium chloride into its 
hydroxide or carbonate, yalQium'hydroxide has been suggested 
in the following manner \22): , 

A KCl-solution was treated with nickel hydroxide 
respectively nickel carbonate (or the cobaltcompound) and 
ammonia, when potassium hydroxide respectively carbonate was 

"formed and hexammino-nickelchloride was precipitatedo The 
latter's treatment with calcium hydroxide freed ammonia and 
nickel hydroxide, which eventually on carbonation yielded the 
i~itially required nickel carbonateo 

The analogous convers ion of sodium chloride ~~~~ 
sodium hydroxide or carbonate has also been proposed t )0 

(flS) WoSiegel, Chemo-Ztg.22.. (-1929} 145-7 , 
(:f.9) EoLoM.Brochon, P'rench Pat. ,,208754 t( 10.10".,.1890); 

, WoWeldon, Brit.Pat0628 '(1:3~1866) . 
(20) Ç-oTauber, GermoPato 43921 (11009'. 1887) 
(21) WoGossage, BritoPat. 2050 (t862) 
(22) HoAoFrasch, GermoFato t64725 (24.9oi90~) 
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The overall reaction was thus a combiIied caustif'ica­
tion and (eventually) carbonation with calcium hydroxide and 
carbon dioxide. 

Sodium sulf'ate Ce g. as made in the f'irst step of' 
Leblanc's process) was said (23j to be caustif'iable with 
calcium hydroxide at a ~ Na2S04-concentration, this dilution 
possibly serving to prevent f'ormation of' one of' the double 
salts of' the two sulf'ates. Replacing calcium hydfox~de by 
calcium aluminate f'or this process was mentioned 24),claiming 
a decreased solubility of' calcium sulf'ate in presence of' the 
aluminate. 

The conversion of' potassium sulf'ate (f'rom potassium 
chlorid~ ~d sulf'uric acid) withccalcium hydroxide gives low 
yields ,25), due to the relatively high caS04-solubility and 
the low Ca(OH)2-solubility, which is f'Urther · decreased by the 
KOH f'ormed .. 

The combination of' sec9nd~ry calcium orthof'osf'ate 
(CaHP04.2H20) and steam was said ,26) to convert potassium 
chloride (or sodium chloride) into monopotassium (or monosodium) 
calcium orthof'osf'ate (KCaP04)' which,.on suspension in water 
and under pressure of' carbon dioxide, would yield potassium 
bicarbonate (respectively sodium bicarbonate)~ 

The caustif'ication of' disodium orth9f'o~f'ate 
(Na2HP04) with calcium hydroxide was proposed ,27) as a way 
of' producing sodium hydroxide. . 

Based on a British patent (28) of' some eleven years 
earlier but enlarging the scope(co~siderably in a subsequent 
patent of' nearly a century ago 29), the f'ollowing conversion 
of' .sodium chloride was suggestedo Conversion with oxalic acid 
gäv.~ r. Na2C204, which on treatment with the oxide, hydroxide or 
carbonate of' calcium or such other metal as f'orms an insoluble 
oxalate, gave a solution of' NaOH or Na2C03 and a precipitate of' 

(23) 00 Rebuf'f'at, GiornoChimolndoApplico 11 (1929) 529-31 
(24) Ao Travers, BulloSoc.Chimo (5) 2 (1935) 2124-8 
(25) Go Gallo, AnnoChim.applicata ~-(1935) 623 
(26) Mo Sourdet &. Jo Martin, French Pat. t001853(2802~1952); 

UoSoPat. 2601066 (17.601952); Brit .Pat . 672655(21.05.1952) 
(27) SoS. Sadtler, U oS.' Pat. 1351993 (31.8.1919) 
(28) A. Vogel, Dihglers Polyt. J~. iJ.§. (1851) 237 
(29) Wo Weldon, Brit. Pat. 629 ('103.i866) 



10 

the metal's oxalate. Recove~ of the oxalicacid with sulfuric 
acid was claimed to result in minute losses only, and the pro­
cess was claimed to surpass that of Leblanc in ec6nomy of 
operation (Note .t.). 

1..2.3.2. The Hydroxides of Strontium and Barium 

The caustification of potassium sulfate (from KGl 
and HZS04 ) with strontium or barium hydroxide proceeds more 
satisfactorily than with calcium hydroxide, due to the smaller 
solubility of SrS04 'and BaS04 • The regeneration of Ba$04 to 
BaO was said (25) not to be workable economically. The recovery 
of SrO from srS04 was claimed,however, to proceed very favour­
ably. The strontium sulfate was boiled with a solution of 
sodium carbonate; strontium carbonate was said to te formed. 
Calcination of the srC0

3 
at 12000 yielded the srO 25)0 

1..2.3.3. Magnesium Carbonate 

The convers ion of potassium chloride intopotassium 
carbonate with the aid of magnesium carbonate (the .. :t::ng~l-Precht 
process) dates from the end of the las.t century (3,1) ~ 32) • 
The process has been the subject of con~idjrable ' researchJ 
although it is IlQt in aciual operation ~33 (Note~1b). 
The process entails the precipitation of Engel's salt 
MgC03oKHC03.4H20·from a suitable ~ade of magnesium carbonate 
trihydrate and potassium chloride under introduction of carbon 
dioxide, preferably at a low temperature : 

Noté " ~_ 'o The description of this patent, as given in ref 0 30, . 
has hardly anything in common with the patent itself. 

(30) Gmelin's Handbuch der Anorganischen Chemie 
(8e Auflage, Berlin ~931) volume 21 (N~trium)page 712 

(31) ChoR.Engel, Germ. Pat. 152\8 (29.1(, 1881); 
(32) G. von Knorre, Zo anorgoChem. 2!t 1903) 260'-85 
(33) H.Epler & P.Lumbeck in Ullmanns Encyklopaedie der 

Technischen Chemie, Herausgegeben von W. Foerst, 
3.Auflagé (Muenchen-Berlin 1.957) 90 Band, S. 235 

(34) N.S. Bayliss & DoFoAo Koch, Austr. JoApploSci. 2 (1.952) 
237-51 

Note ib: The process was apparently operated in the 
Salzbergwerk Neu-Stassfurt until 1938 (34) 
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The separated d9ub~e salt may be heated with a recycled 
K2C03-solution ~35). MgC03.3HiO, suitable for recycle, and 
an enriched solution conta1n~ng KHC03 and K2C03 are then ob­
tained. The solution is partially evaporated to precipitate 
KHC03, which is converted to K2C03 by calcination. 

One third of the magnesium introduced is converted 
into magnesium chloride. This can be regenerated either by 
caustification with calcium hydroxide or by high-temperature 
decomposition to magnesium oxideand hydrochloric acid vapour. 

Aiming at circumvention of the regeneration of 
magnesium chloride a suggestion has been made whereby the 
carbon dioxide and one third of the magnesium carbonate 
trihydrate are replaced by t~e equivalent amount of sodium 
carbonate or bicarbonate ~35). Instead of MgC12' NaCI is 
formed: 

MgC03"3H20 + KCI + NaHC0
3 

+ H20 ~ MgC03.KHCOy4H20 + NaCl. 

Af ter precipitation of Engel's salt~ the mother liquor con­
taining the NaCI, èari be used once more. Thus, sn overall 
conversion of potassium chloride with sodium (bi)carbonate 
to potassium carbonateand sodium chloride is obtained. 

A convers ion of sodium chloride into sodium carbonate 
with the aid of magnesium carbonate and carbon dioxide was sug­
gested nearly a century ago. Regeneration of the magnesium 
chloride with steam, to giye ~ydrochloric acid and magnesium 
oxide, was also proposed. ~36) . 

A later proposal (37) entailed a similar convers ion 
of sodium chloride; the solution of magnesium bica.rbonate had 
preferably to be saturated to magnesium chloride, in order to 
decreas.e the solubili ty of the sodium bicarbonate obtained. 
Separation of the sodium bicarbonate precipitate was followed 
by readdition of magnesium oxide or hydroxide or carbonate. 
Regeneration of ~he(ma~nesiurn chloride was executed essentially 
as described above 36). . 

Schnerb, Bull.Res.Council Israel .2f (;1955) ;11.5-20 
Pichard, Cornptes Rendu s ,[2 (1.876) 11Q4, . 
White ~ Brit. Pat. 21546 {24.9.1913) 

/ . , ,' . ]' 



The proposal to precipitate the double salt 
MgC03oNa2C03 from a solution containing both ~aC~ and MgC03' 
with the aia of ammonia and C02, was made in .1930 (38). 
Subsequent treatmen t with boiling water was said to decompose 
this salt and . to dissolve the Na2C03. 

A more recent proposal (39) mentione~_tbe precipita­
tion of NaHCO in a method similar to that of ~3ó), as part of 
a more generat process to utilise MgC03 in a cyclic process. 

A quite recent claim (40) for a similar process 
considered a CO 2-pressure of 4 atmospheres necessary, and 
proposed cooling to oP to precipitate the NaHC03 • Af ter 
calcination, a purity of 96-9~ (as Na2C032 was claimed, 
along with t.% as chlorides. A yield of 7~ (on the Na) was 
claimedo -

Another conversion of so~iR~ chlorid~ into sodium 
carbonate was proposed as follows ~41)o Sodium chloride was 
treated with equimolar quantities of hydrochloric acid and 
magnesium oxalate, to yield sodium dioxalate and magnesium 
chloride. By double conversion with magnesium carbonate, 
the NaHC 204 was turned into NaHC03• Magnesium oxalate for 
the first step was then obt~ined. Decomposition of the 
magnesium chloride was effected wi th steam. Half the amount 
of hydrochloric acid formed here served for the first step. 
Finally, flue gases converted the MgO into MgC030 The overall 
reaction thusrepresents the conversion of sodium chloride with 
steam and carbon dioxide into sodium bicarbonate and hydro­
chloric acid. 

, .2.3.4. Zinc Oxide + Carbon Dioxide 

In analogy to the Engel-Precht process, K2CO was 
said to be precipitated as a "potassium-zinc carbonate~ 
(perhaps identical with the reported 6ZnC03.4K2C03.H2C03~20 
(42)) from ~ KCI-solution to which ZnO or Zn(OH)2 and co 
were added ~43). Insoluble in colä water, the precipitate 

(38) E. Urbain, French Pat. 724539 (23.1201930) 
(39) J.C. Séailles·, French Pat. 972735 (2.2 .195'1) 
(40) A.M. Ponizovskii· & B.A.Shoikhet, USSR Pat031.7965 

(20.2.~959) 
(4i) Eo Bohlig, Dingl. J. 224 (1877) 621 
(42) Ho Sainte-C~aire Deville, Ann.Chim.Phys.(3)l2(1853)75-82 
(43) Bo Wittjen & Eo Cuno, Germ.Pat. 19197 (2~ • .1 .~882) 
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was isolated~ and subsequently treated with hot water, when 
a K2C03-solution was obtainedo 

1.2.3050 Plumbous Hydroxide 

The reaction of sodiuID chloride with plumbous 
hydroxide yielding lead oxychloride a.rd caustic soda, and 
the analogo~s reactions wi th potassium chloride, were 9.i8-) 
covered in 1773 and published some twelve years later t44 • 
The reaction was patented to yield the sub~eg~ently called 
"Turner's Yellow" about one century later ~4!:»o Thecombined 
caustificattg~ with Pb(OH)2+C~(OH)2 was proposed at about the 
same time t ). Regeneration of t~e lead oxychloride with lime 
was publis~ed in the same period l47)o Regeneration of the ' 
oxychloride with a.IIÎmonium carbonatè, ánd treatment of the " 
aiDmonium chloride so formed wi th lime fOf ttle regeneration of 
~he NH3~ was. suggested some yeafs later 48). Compos~'tion óf" _ 
the i.bJfYchlorJ.de was determined 49) and found to be eJ.ther ._ 
3PbO .PbC12 (in concentrated solutions) or 4-PbO.PbC12• t d~f4;;: " 
f:enuttrecove~ of the lead was proposed more recently 50). 
3PbO.PbC12 was dissolved in nitric acid, and the' hydrochloric 
vapours we re distilled, offo , Ammonia then precipitated plumb­
oua hydroxide required for the first stepo The overall re-
action ' 

,. 
thus represerited , the hydrolysis of sodium chloride to sodium 
hydroxide anQ 'hydrochloric acid, with the accompanying neut­
ralisation of nitric acid by ammonia. No recoverY of the 
nitric acid was envisagedo 

C.W.Scheele, Crel1 9 s Ann. ' II ~ 220 
J oTurner, Brit. Pat. 1281 (f871.) -
WoRoLake, Brit. Pato 93~rC29.3 . 1869) 
MoBachet~ Fr. Pato 93983 (~872) . 
D.CoKnab, Brito Pato 3082 (~3 0 8 . i877) 
E.Berl & GoAusterweil, Zo Elektrochem. 12 
J.Kersten, Germ.Pato 255688 (31 . i003911.) • • 



1..2.3.6. Potassium Carbonate 

The double conversion 

was ad~ocated at the end of last century because potassium 
carbonate was then "more easily obtained" than the sodium 
compound. The reactants were mixed and carbon dioxide was 
led in. The least solub~e component, sodium bicarbonate, 
was said to precipi tate ~ 51 ) < 

1.2.3.7. Ammonia and Carbon Dioxide 

A proposal to conyert sodium chloride into sodium 
bicarbonate was as follows ~52J. Solid sodium chloride was 
treated with a solution of urea containing free ammonia. 
Carbon dioxide was led in, when sodium bicarbonate was pre­
cipitated. The filtrate was claimed to serve - af ter con­
centration - as fertilizer , while calcination of the prec j p­
~t~te converted it into spdium carbonate. 

1.2.3.80 Gases containing Carbon Monoxide 

The conversion of sodium chloride with water-gas was 
suggested at the end of last century t53J. Reacting NaCI 
with CO + H2 was said to yield sodium oxide Na20 » along with 
carbon anQ. hXd.roctlloric acid. A somewhat similar proposal 
entailed t54) t55J reacting sodium chloride with carbon 
monoxide and dioxide j when the mixture was said to yield 
sodium carbonate end phosgene. Other sodium compounds, Buch 
as the Bulfate j the sulfide end the nitrate, we re claimed to 
serve equally weIl as raw materiaIs. The thermodynamic 
feasibility of these two reactions has not bee~ checked. 

(51.) W.Weldon, Brit. Pat. 980 (8.3.1881) .~ 
(52) T.Okada and E.Ohtsuka, Jap . Pat. 8 ~51) (9.1.195t) 
(53) MilIs, Brit. Pat. 4661. (1891) & French Pat. 22·1314-

(1.8.8.~ 892) 
(54) Fovon Hardtmuth & L.Benze , Germ.Pat . 74937 (3.i.~893); 

74976 (i4.4 . 1893) 
(55) MoBenze, GermoPat. 73935 (2107,d893) 



1.2.3.9. Steam 

Many proposals have been made for caustification 
with the simplest, cheapest and most abundant "hydroxide" -
water. No such caustification has, however, reached the 
stage of technical execution. 

The claimed processes include the following. 

Molten or gaseous sodium chloride was said to 
hydrolyse on contact with ~t~j' and to form hydrochloric 
acid and sodium hydroxide ~5 0 Platinum and pumice were 
named as catalysts for this processo A more recent method(57) 
involved the conversion of sodium chloride by electrolysis 
into sodium-lead alloy» which, on being treated with ammonia, 
gave sodium amide. Contacting this with superheated steam 
was said to yieldeodium hydroxide. . 

The earlier (par i 020303.) mentioned regeneration 
of magnesium chloride~ obtained trom carbonation of sodium 
or potasS}Um)chloride with magnesium carbonate~ with the aid 
of steam ~36 , might be regarded as an additional proposal 
for an overall caustificatio"n wi th steamo 

1.2.4. Caustification and Carbonation with the 
Intermediate of Ion-Exchangers 

With ion-exchangers double conversions of the type 

" "AB " + CD ---.-,>- AC + BD ~ 

which~ because of unfavourable equilibria could not be 
executed directly, are attainableo Thus, many proposals 
we re in this manner made to produce the hydroxides (and their 
derivatives) of potassium and sodium,starting with the 
respective chlorides and one of the hydroxides of calcium, 
strontium, barium or even (in dilute state) of sodium and 
potassium. 

(56) S.Cabot, Chemo News 21 (1:875) 243 
(57) E.AoAshcroft, Germ. Pat .. 268826 (270201912) 



Because o~ their preponderanee, proposals including 
anion-exchangers wil 1 be dealt with ~irst; then, those in­
vol ving cation-exchange will be reviewed, to be ~oiiowed by 
the suggestion involving liquid ion-exchangers. -

1.2.4.1. Anion Exchanging Resins 

Anion-exchangers have been used ~or industrial 
purposes since 1935 only. The ~irst resins~ o~ the polyamine 
t~e, were made and investigated by(B.A,Adams and EoLoHolmes 
t57a 0 In their ~irst publication 57b) they mentioned the 
possibility of exchanging anionso 

The oldest re~erence to the mode o~ operation 
represented by the equation 

R-Cl + ~a(OH)2 ~ R-OH + ~aC12 

is ~rom t939(58)0 The production o~ chemicals by anion 
exchange was then probably not yet consideredo The authors 
there~ore proposed this reaction ~or the regeneration o~ 
resins exhausted during the treatment o~ watero The resin 
utilised was not speci~iedo This proposal, however, might 
equall~ be applicable to a causti~ication, o~ which the 
subsequent step would then be 

R-OH + ·NaCl ---~>o- R-Cl + NaOH • 

This sequence was speci~ically named in a patent o~ . 195~(59) • 

• Note on nomenclature:- The resin-skeleton (or rather, 
radical) is noted R- o For the sake o~ brevity, it is 
proposed to call anion-exchanging resins to which eogo 
the hydroxide ion is attached, "resin-hydroxide" 0 For 
cation-exchanging resins with eog. sodium ions, the 
name "sodium-resin" is proposedo These names are un­
ambiguous, and soorter than the sometimes used "resinate" 
or "anion-resin hydroxide ~orm", etco 

(57a) RoKunin, Ion Exchange Resins (New York 1958) po 4 
(57b) BoAoAdams & EoLoHolmes,French Pato 796797 (1504.1936) 

and BritoPato 450309 (1307.j936) 
L'Auxiliaire des Chemins de Fer & GoV.Austerweil, 

French Pato 850556 (20 .12.1939) 
Dow Chemical CoqBrito Pato 662314 (5.1l ~ 1951), 

U.So Pato 2606098 (508.1952) 
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The use of cation-exchangers was considered unsatisfactory, 
as sodium hydroxide would then be formed in the step in which 
the calcium hydroxide solution would be introduced, yielding 
a very dilute (O.~ or less) NaOH-solution. Anion-exchangers $ 
of the quarternary ammonium type, were preferr ed. Solutions 
of ~ or more of sodium hydroxide were claJmed to be produce­
able in this way in single pass operation. Contamination by 
chloride was high. Recycling of a rather significant part of 
the effluent solutions (up to about 6~), especially those 
fractiqns of lower hydroxide concentrations, was claimed to 
raise the NaOH-contents in one fraction, comprising about ~ 
of the effluent , to about t~ l/ with approximately t% NaCl 
accompanying it. The use of the hydroxides of strontium and 
barium instead of Ca(OH)2 was mentioned, without entering 
into any details of the regeneration. 

A proposal somewhat lik~ (58) but naming the resin 
specifically, dates from ,1950 ~60). A slurry of calcium 
hydroxide in water (3- 4% by weight) was claimed to regenerate 
Amberlite IR-4B, a resin of the polyamine aldehyde type, which 
had "absorbed" acids in a previous loading step. Some clogging, 
noticed on passing the slurry downwards, was claimed not to 
appear when operating upwards. The possibility of using the 
hydroxides of strontium, barium and magnesium was named as 
well (note 2). 

(58) L'Auxiliaire des Chemins de Fer & G.VoAusterweil, 
French Pat. 850556 (20.12 .,1939) 

(60) JoHoPayne & H.PoKortschak, U.SoPato 2507992 '(i16.5.1950) 

(6~) T.R.EoKressman, Ion Exchangers (Commercial Materials) 
in CoCalmon and ToR.E.Kressman, Ion Exchangers in 
Organic and Biochemistry (New York 1957), poj20 

Note2: The capaciiy .qf the resin was 300 meq/ml in the 
wet state ~M). The authors used ~OO ml, containing 
0.3 eq, on which 0.~9 - 0.21 eq of acids were 
"absorbed" • The regenerant 'was claimed to remove 
90-9~ of these acids. 
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The conversion of sodium hydroxide with potassium 
chloride and carbo~6Qioxide into potassium bicarbonate was 
suggested in 1"951. ~'12) . Resin-hydroxide, when treated with 
a weak acid and a salt of a strong acid, would yield the salt 
of the weak acid. The following example was given: 

R-OH + CO2 + KCI R-CI + KHC0
3 

A pressure of about 35 atmospheres was required for this 
example . Regeneration was proposed with sodium hydroxide, 
thus yielding the overall conversion 

NaOH + KCI + CO2 KHC0
3 

+ NaCI . 

The conversion of sodium pblQride into sodium 
bicarbonate was suggested in r~949 ~63)o Re sin-hydroxide 
was. mixed with its weight of water and one tenth its weight 
of NaCI, and C02 was introduced . A solution containing 
NaHC03 and NaCI was obtained. By precipitation of sodium 
sesquicarbonate (NaHC03.Na2C03) separation from the chloride 
was ascertainedo Heating converted the sesquicarbonate to 
Na2C03 . The resin-chloride was regenerated with calcium­
hydroxide. 

The convers ion of sodium chloride into sod}um 
bicarbonate was claimed in another Japanese pate·nt ~64) 0 

A solution containing sodium chloride and sodium bicarbonate 
was passed over resin hydroxide, and carbon dioxide was led 
in simultaneously, when sodium bicarbonate was precipitatedo 
Af ter filtration, the mother-liquor ~as made up with NaCl. 
The resin was regenerated with an aqueous solution of Ca(OH)2 0 
Resin utilisation per pass was rather low, of the order of i~o 

The same patentee (65) suggested a process with the 
same loading as above, but utilizing gaseous ammonia (in the 
presence of water or water vapour l presumably) for the re­
generationo Whether the NH4CI formed would be reconverted to 
NH3 was not statedo 

(62) W.W o Durant & C oB.Clark , U oS oPat. 2543658 (27 0201:951 ) 
(63) Sh.Akabori & MoYamada a Jap . Pat . ~79~87 (26 . 9 ~ t949) 
(64) Sh.Akabori , Jap. Pat. 27 {'50) (1 .H,;1 , 19:0) 
(65) Sh .Akabori, Jap . Pato 276( ' 51) ( 30 . 1 1951) 



This patentee (66) also gave a rather complicated 
method of obtaining the sodium chloride solution, necessary 
for the above-mentioned conversion, startiDg with sea watero 
Essentially, the method consists af canversion of the 
magnesium chloride in the sea-water into magnesium hydroxide 
with the aid of Ca(OH)2' which then gi.ves C!1CI20 The CaCl2 
is removed by precipitation as CaC03 with the aid of R-OH and 
CO2• Supply of the hydroxyl ions for the ~esin is effected 
with an additional amount of Ca(OH)2; the fo~ed CaCl2 is 
discarded with the impurities in the sea-water, af ter isola­
tion of the NaCI with the aid of an additional cation exchange 
cycle. 

In view of the considerable number of intermediate 
reactions required by this method, its feasibility is ' open 
to question. 

The same- patehtee also claimed the possibility (67) 
of a fractional bic~rbonation of sodium chloride and potassium 
chloride by treating a diluted solution of both chlorides 
(containing about 't equivalent of each) wi th ab ou t \0 equiva­
lent s of -resin-hydroxide , and with carbon dioxide. The 
filtrate from the re sin, af ter evaporàtion, was said to yield 
pure~ solid NaHC?3 (7~ of the Na), w~ile a fUrthe: treatment 
with abw t 5 equl.valents resin-hydr oxl.de and CO2 Yl.elded a . 
precipitate of pure KHC03 (4~ of the K). Regeneration of 
the resin was proposed Wl.th aqueous Ca(OH)20 . 

A convers ion of sodium chloride into sodium 
hydroxide with the aid of Amberlite IRA~400 (a strongly 
basic anion exchanger of the quartern~ trimet~y~-~monium 
type) in the hydroxide-form was proposed in ,~ 9.51 ~68). 
Regeneration of the resin-chloride to re sin-hydroxide was 
proposed wi~h aqueous calcium hydroxide. The same author 
claimed (69) to attain similar results with Amerlite lRA-4iO 
(with triethanol-ammonium groups)0 For nearly complete 
regeneration with the aid of lime-water an excess of ~034 

(66) Sh. Akabori, Jap. Pat . ~336 ('5l) ( ~2.301951) 
(67) Sh. Akabori, Japo Pat" 7 ('·51) (9 ~i :·195~) -;" 
(68) Mo Sekino, Jap. Pat. 67\1.2 ('51) (29.f.jl O.;: 951) 
(69) Mo Sekino, Jap. Pat. 6617 ('53) (23.1201953) 
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times only (in .term.s of meq) over. the total resin capacity 
was required (note .3) '. A process utilising the same resin, 
~)regenerating with concentrated ammonia,' has been claimed 
~ 76 0 Loading with 2 .N NaCI yielded 0037 N NaOH onlyo 

An American patent (72), stressing the usefulness 
of a regèneration wi th lime-water for resins used for t'é;,;. ,'·­
moving acids from industrial ' effluents prior to discard, 
could equally weIl be applied to caustificationo Regeneration 
of the weakly basic ion~exchanger took place preferably in a 
direction opposite to that used in the loading stepo To 
prevent clogging, the regenèrant was filtered befqre useo 

An American publication (73), considering the use 
of ion-exchangers for the demineralization of brackish waters, " 
held that regeneration of the weakly hasic anion-exchanger 

. Amberlite IR-4B with aqueous Ca(OH)Z was cheaper than that 

. with sodium hydroxide or carbonate l.n chemicals but more 
expensive in handling aJid equipment, and hence recommendable 
in la.rge~scale installatiQns only, where the advantage might 
be up to I 00~0~1000 gallons treatedo 

Finally, a recent patent (74)proposed to imp~ve 
the execution of the caustification of sodium chloride to 
sodium hydroxide with calcium hydroxide and an anion-exchanger~ 
The resin was' premixed with solid calcium hydroxide, which was 
said to improve the degree of regenerationo Secondly, the 
interstitial liquid was blown out prior to the loading step, 

Note 3: 420 mI resin, of 102 meq/ml (6t), were used, Leo in 
all some 500 meqo . 15 1 regener~t ,ere passedj at a 
Ca(OH)2-solubility ~f 4405 meq/l~70), the regenerant 
contained some 670 meq, and its excess was thus 
670/500=i 0340 The completeness of regeneration was 
tested by l~ading with 504 N NaCl, when 5 N NaOH 

( 70) 

(71) 

(72) 
(73) 

(74) 

was obtainedo 

C oDoHodgman, Handbook of' Chemistry and Physics" 
(Cleveland 1957) po 1596 

To Yamabe & S oSuzuki, J oChemoSo.Ç o 'Japan, IndoChemo 
Secto 22 (~956) 20- 22 

WoJuda & MoCarson, UoSo Pato 2599558 (1006.t958) 
K.S.Spiegler, WoJuda & MoGarson» JoAmeroWater Works 

Assoco 44 (i952) 80-88 
NoWoRosenberg and WoEoKah, UoS o Pato 28843~ ':) (2804.1959) 



whereby higher sodium hydroxide concentrations were said to 
be obtained (note 4)~ 

The considerable number of patents on such a . 
limited subject, nearly all of which were issued within : the 
last twelve years, would indicate the amount of work performed , 
and might cause one to suppose that many instances of technical 
application had materiali~ed~ Actually, only two such applica­
tions have been reported ,75) ; the production of KOH from KCI 
and NaOH, and the production of NaOH from NaCI and Ca(OH)2' 
with the aid of anion-exchangers, uti~ising a slur~ of Ca(OH)2 
and countercurrent movement of resin and solution. Hardly any 
details are given. 

102.4.2. Cation-Exchanging Resins 
.. 

The first attempts at using cation exchange for 
industri~l p~rposes date from the beginning of tbe twent ieth 
centu~ ,75a J, when R. Gans employed natural aluminium silicates 
for softening watyr. Synthetic resins, first made by BoA oAdams 
and E. L. Holmes \75b ), overcame the limitations of natural 
materials and widened the scope of utilisation of cation ex­
change considerably. 

The oldest reference t o the caustification of sodium 
chloride with calcivm6bydroxid e and a cation-exchanger dates 
from the year 1~17 ,7 J . The patentee proposed to utilise the 
ion-exchanging properties of the naturally occurring zeolites. 
By loading "exhaustively" with sodium chloride solution and 
regenerating with aqueous Ca(OH)2' dilute NaOH would be obtained. 
Local use was probably assumed, or else thermru concentration 
envisaged. 

Note 4:- It is the present author's op~n~on that the numerical 
results given in this patent show little if any 
improvement over "prior art", and that part of them 
are obviously impossible. 

(75) Anonymous, Chem.Engng 66 (1:953) No. 12 , 76 
(75a)R. Kunin, Ion Exchange Resins (New York ' j958) p. 3 
(75b)B.A. Adams &: E.L. Holmes, French Patent 796796 (1.5.4.1936); 

Brit. Pat. 450308 (13.7.1936) 
(76) C.P. Hoover, u.s. Pat. 1238916 (4.9.1917) 
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The .other proposals for .the use of cation exchangers 
for the conversion of NaCI and KCI into their bicarbonates or 
hydroxides are of a much later period (1941. and later). These 
proposals have been classed in the following paragraphs accord­
ing to the product they lead t~. 

The use of mixtures of NH3 + CO? (or of preformed 
(NH~) 2CO~) for conversion of NaCI or KCI ~nto their respective 
(bi)carDonates was proposed by several authors. 

As part of a general patent of executing cat ion­
exchange reactions with excess of volatile reactants, fe­
covering the excess at a later stage, it was prop~sed 77) 
to convert ammonium-zeolite with NaCI into sodium-zeolite, 
which, on treating with excess (NH4)2C01' yielded Na2C03' 
from which the (NH4)2C03 was recovered Dy volatilisation. 

Instead of the dirept treatment of ammonium-resin 
with NaCI, another proposal ~78) embodied a two-step reloading, 
first with CaCl2 and subsequently with NaCI. NH3 was l~berated 
from the NH4CI-solution with Ca(OH)2, and combined with C02 and 
H20 to give the ammonium carbonate required. The an~losous 
convers ion of KCI into K2C03 was suggested recently ~79). 
Loading of the Ammonium-res~n was effected with KCI . Af ter 
washing, NH~+C02 (1:1.) in a twofold excess (in equivalents) 
over the KCI were in1:;roduced, when ammonium-resin ani a 
solution of KHCO~ and NH4HCO~ were obtained. Thermal decomp­
osition yielded K2C03' i of the CO2 needed and half of the NH30 
The overall reaction would then be:-

The alternatively possible conversion of KHC03 to K2C0 3 with 
lime would introduce impurities , and hence be undesiraole. 

Improvements to the analogous process of conversion 
of sodium chloride with a mix~r~ of NH3+C02 (1:2) were 
sugges ted in a recent patent ~ 80 ) ... 

(77) H.L. Tiger & P.C . Goets, Can.Pat. 396040 (22.4.l941) 
(78) F.C. Godfrey & G.Miller , UoSoPat o 2755169(~7.7.1 956) 
(79) A.G. Follows , EoB. Hoyt & EoW o Smith a UoS.Pat. 276705~ 

. (1.6 . ~O.1956) 
(80) Sc Vajna , West German Pat. 1049839 (5.2.1959) 
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(a) The number of equivalents NaCl. respectively NH4 had to be 
equal to the total capacity of the resin; 

(b) The temperature had to be increased to 800 ; 

(c) Countercurrent of resin and solutions had to be employed. 

Several authors proposed to use Mg(HC03)2 for con­
version of NaCl into NaHC03. Five proposals to convert the 
sodium .of ~§~~water into NaHCO~ in this way were made in 
1948-195i ~81-ö5). Sodium-res~n was treated with a magnesium­
bicar~onate solution, to yield NaHC03~ The magnesium-re sin 
was ·.regenerated with calcium- and magnesium- free sea-water, 
or brine. It might be added that usually the Mg(HC03)~ would 
be made from Mg(OH)2 prec~pitated from sea-water by Ca~OH)2' 
and that i t would be bica-rbonated wUh CO2 obtained (along 
with the Ca(OH) 2') _from lime-stone. 

The conversion of sodium chloride into sodi~m 
bicarbo~at~ with carbon dioxide wàs proposed in the following 
manner ~ 86).. Sodium-resin was converted .. to hydrogen-resin by 
treating with liquid carbon dioxide under a pressure of 50-60 
atmospheres, in the presence of water. NaHCO was formed. 
Although the patentee !Ilentioned the . possibili ~y of direct 
regeneration of the hydrogen-resin with a sodium chloride 
solution, he considered it difficult to execute, and preferred 
a two-stage regeneration, first with a calc:;um hydroxfde 
solution, and then wi th the sodium chloride·. The use of a 
potassium-selecti ve resin, based on poly-(pentani tro -
diphenylamine), was claimed to enable K2C03 to be obtained 
from a solution containing both sodium and potassium salts. 

Some years later it wasproposed (87) to execute 
the same convers ion with a carboxylic type resine 

(81) 

(82) 
(83) 
(84) 
( 85) 

(86) 
(87) 

Sh. Nakahara, B. Kuwabara & Y. Fujita, Jap.Pat. 177239 
.. ( 20 • j 2 • '-948 ) 

M. Funaoka & Y. Fujita, Jap.Pat. 180564( tO .10.1949) 
T. Yamamura & Y.Nomiyama» Jap.Pat. 181089 (7.12.1949) 
"Private Communication" in reference 88,undated & unnamed 
Sh. Akabori, Jap.Pat. 881 ('5i) (23.1.1 ·951) '. 
Sh. Akabori, Repts.RéS.La9 .• Asahi Glass Co. g (1952) j48-72 
A. Skogseid, Norw.Pat. 74138 (25.10 .~948) . 
M. Sekino, Jap .Pat. 771'.7 ( '5~: ) (t8.i 2.1-951) . 
M. Sekino, A. Nishihara & Y. Sagane, Repts. Res.Lab. 
Asahi Glass Co. g (1952) 134-47 
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As the convers ion of sodium-chloride (as sodium-resin) 
into its hydroxide with the aid of aqueous Ca(OH)2 would yield 
a ve~diluted solution, several authors tried to circumvent 
the difficulty by substituting a different hydroxide tor the 
regeneration. 

The use of strontium hydroxide was proposed in t950{88). 
A Sr( OH) 2-solution was passed over sodium-resin (in a "main" 
cation-exchanger) to yield a 3.% NaOH-solutiono By heating, 
excess Sr(OH)2 precipitatedfrom this solution and was recycled. 
The regenerant was NaCI. A recycled Sr(OH)CI-solution was 
saturated with solid NaCI, and then led over an "auxiliary" 
cation-exchanger from which any Sr o• present was thus recovered, • 
af ter which regeneration of the "main" exchanger took place 
(Sr-resin ~ Na-resin). Addition of solid Sr(OH)2.H20 
to the effluent was claimed to precipitate Sr(OH)CI.4E20, and 
the solution was recycled for resaturation with NaCI (note 5). 
The wash-water af ter the regeneration of the "main" exchanger 
was freed of i ts Sr·· in the "auxilia~" exchanger; the re­
maining NaCI-solution was discardedo The Sr(OH)C1.4H20 
c~stals we re calcined in the presence of silica and steam, 
when HCI-vapour was obtained 0 . The remaining SrO served to 
pre pare anew Sr(OH)20 

The overall reaction would thus consist of a hydrolysis 
of NaCI to NaOH and HCI. 

Another proposal utilj.zi~g Sr(OH)2 for the caustifica"" .J· 
tion of NaCI dates from 1956 ~89)0 A sodium chloride solution 
reloaded the cation-exchangero To obtain pure SrCl2 from this 
effluent (for reconversion to Sr(OH)2)' it was passed over 
resin-hydroxide, when resin-chloride and a precipitate of 
Sr(OH)2 were obtainedo A hot-water wash regenerated the resin 
and dissolved the precipitate to yield a pure SrCl2-solutiono 

(88) 

Note 

HoStern, Production of Sodium Hydroxide by Ion Exchange. 
Ph.DoThesis, Iowa State Coll§~~ (1950) 

5:- A study of the complete text of ~ ) shows clearly 
that the author did not claim to have solved the 
problem of precipitation öf basic strontium chloride 
completely and satisfactarilyo The impression gained 
from the abstracts; both in Iowa State College J oScL 
~ (1951) 358-60 and in Chem.Abstr. ~ (i95~) 6896e, 
that this precipitation had proceeded as weIl as 
expected from the data of phase equilibriaa is quite 
misleading'~ 

GoMiller & FoCoGodfrey,UoSoPato 2743165 (2404,1956) 
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Tbis was mixen with ammonia?al cupric hydroxide, [Cu(NH3)~(OH~ 
when Sr( OH) 2 precipi. táted~ . . Tbe Cu(NH3)2C12 obtained 
was then treated with Ca(OH)2 to give Cu(OH)2 an~ free NH3 0 

Tbe possibility of replacing Sr by Ba was ·mentioned. 

The overall reaction would thus be a caustification 
with Ca(OH)2' although a consider~ble nu.mber of steps was 
inyolved. 

Another way of circumventin, tQe low solubility of 
Ca(OH)2 was to replace it by Ca(HS)2 ~90)o The sodium -
hydrosulfide formed was caustified with a mixture of ferric 
and aluminium hydroxides. Tbe calcium-resin was regenerated 
with sea-water j' end the ferric sulfide by boiling with wate~ 
af ter acidification. 

Another possibility of circumventing the +0", 
Ca(OH)2-s01ubility was the use of a Ca(OH)2-s1urry 191). 
Tha slurry was passed downward~ while s~bsequent backwashing 
upwards removed the excess solid. Production of 0.226 N NaOH 
was claimed in this way. 

As far as is known~ no application of cation-ex­
changers to the process under consideration has been reported j' 
end this~ in spite of the advantages inherent in cation-ex­
change over anion-exchange. These advantages include : 
Cheaper j and more stabIe resins (chemically as weIl as 
thermally)~ and freedom from chloride in the alkali metal 
hydroxide solutionso This fact suggests that the answers 
offered to the problem of dilute solutions are not satis­
factory from the technical or economie point of view. 

t.2.4.3. Liquid Ion-Exchangers 

The impossibility of caustifying KCI by Solvayt s 
method has resulted in investigations attempting to shift 
the equilibrium 

.. 
with the aid of amines instead of ammonia. 

(90) Y. Okayamàj·Jap. Pat. 172643 (9~5.1946) 
(91) W. Juda & K.S. Spiegler j Israeli Pat. 4942 (25.8.1-949) .. 
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Amines(of Qigher dissociation constant (Kb) than ammonia were 
found 9.1a) to attain the desired shift ° Two patent s have 
recently been based on this fact» both utilizing liquid amines. 
As the amine-salts formed require regeneration» the amines can 
be regarded as liquid ion-exchangers o 

In a claim of ~954(92)a mixture of . prima~ or second­
ary amines was proposed for the conversion of KCI into KHC03; 
a CO2-pressure of 3 atmospheres was usedo KHC03 94% pure, 
containing 9~ of the initial K» was said to be precipitated. 
Regeneration of the carbonate and hy,drochloride salts of the 
amines was effected with calcium hydroxide followed by dist~l­
'!olà..tioni:, to recover the pure amines. 

A higher purity of KHC03 (up to 99.7,%) was claimed 
in a later patent ~93). The proposed amines include mono­
isopropyl amine» n-butyl amine~ ethylene diamine and others. 
For the precipitation of KHC031 cooling to -200 was said to 
be required. Regeneration of the amine-salt was proposed 
with calcium hydroxides or even sodium or potassium hydroxide 
(the last two, in a dilute solution probably). 

The convers ion of NaCI into NaHC03 with the aid of 
Ç02 and liquid ion-exchangers (amines) was suggested in 1.956 
~9~)o A temperature of 800 and a C02-pressure of 3 atmospheres 
ware said to be requiredo No details of the amine-regeneration 
were giveno 

The separation of Nao from KO by fractional carbona­
tion ,ith the aid of liquid ion-exchangers was claimed in 
1.958 ~ 95) 0 From a KCI-NaCI mixture» 90;& of the Na 0 were 
claimed to precipitate as NaHC03 practically free from KO, 
on the addition of isopropylamine-bicarbonate. Regeneration 
of the amine-chloride was proposed by calcium hydroxide. 

( 91.a) 

( 92) 

( 93) 
(94) 
( 95) 

Aktien-Gesellschaft Croix» DingIers Polyto J. ~ (1880) 
304-6; and various other publications by same 
A.Birman~ Brit.Fat. 702279 (i3010J954) ~ French Fat. 
t073302 (23.901954) and others . 
AoG. Follows, UoS.Fat. 2768060 (230 ,1.001956) 
W.J o Burkholder, UoS.Pato 2773739 (Üo12.:1.956) 
J. Lafont» Brit.Fat. 791410 (5.301958) $ referring to 
Brit.Pats. 702279 (1301..~954) , 703526 (3.2c1954) ; 
UoS. Pat. 2900232 (1.8.801959) 
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The principle o~ exeeuting metatheses ' with the aid 
o~ liquid ion-exchangers, including the examples 

2KCI + Na2C0
3 • K2C0

3 
+, 2NaCI 

and 

KCI + NaOH ., ' KOH + NaCI 

was patented in 1957(96). 

Operation o~ a proeess making KHC0 31 based on tbe 
KCI o~ the Alsace, Franee" and 9n the use or liquid ion­
exehangers, seems to be a ~aet ~97)o The product is said 
to be "~ertilizer graden potas~dum biearbon~teo 

1 .3. Coneentration o~ Aqueous Solutions 

The aqueous solutions obtained ~rom installations 
of eausti~ieation and earbonation of ten require eoneentration, 
either beeause of the further uses eontemplated, or beeause of 
eeonomy o~ transport of the products. Some eleetrolysis 
installations, in particular those employing mercury cathodes 
and a separate amalgam decomposition chamber yield highly con­
centrated solutions and are an exception to this statement. 
Ion-exchange operations, on the ot her h~d, are usually con­
ducted pro~itably in di'luted solutions ~ 97a ), and subsequent 
concentration is then requiredo 

The classical method o~ concentration is evaporation 
of the water. This method su~fers from high energy require­
ments , because as a rule only part o~ the latent heat of evap­
oration ean be recovered. If contamination is o~ small con­
sequence, direct contact of the flue gases with ~he solution 
(as in the Poriot evaporator) improves the heat trans~er, and 
decreas,es the fuel requirements. This is seldolD the case, and 
the then needed separation o~ heating medium and solution in­
creases th~ overall resistance to heat trans~ero Fuel economy 
can be improved in multiple-ef~eet evaporators. The advantage 
is then partially offset by increased inve~tment in apparatus, 
and an economie optimum usually limits the number o~ ef~eets 
used. 

(96) G.L. Cunningham, Germe Pat. 1.0125% (25.7.1-957) 
(97) Privat e comrnunieation from Ir. Y. Araten, Haifa 
(97a)E" Sehmidt , Chemo Tecb.n e (Berlin) 1Q (1958) 527 
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For substances which are temperature-sensitive j 

evaporation under partial vacuum is u8ually employed. The 
energy needed is then as a rule even higher~ for Blthough 
less free heat is required» the latent heat of vaporization 
increases with decreased t€mperature. Also» operatïon of the 
vacuum pump adds to the energy requirementso 

A new method for th9 co~centration of aqueous solutions 
has recently been proposed ~97b). It is based on the difference 
of partial water vapour pressures (pw) of two aqueous solutions, 
the one to be concentrated (A) and an auxiliary one (B). The 
method is execu ted as follows (see fig. l.!i..) 0 

FI·GURE 1.1. 
THE WATER- TRANSFER PROCESS · (97 b) 

SOLUTION A (DILUTED) SOLUTION A (CONC'D) -
PwA MIXING' AND SEPARATION 

SOLVENT SOLVENT 
(WATER-LOADED) (DEHYDRATED) 

MIXING AND SEPARATION 

SOLUTION B (DILUTED) SOLUTION B (CONC'D) 

Solution A is mixed with a ' solvent partially miscible with it 
(for example, a C4- ~or Cs- aliphatic alcohol). On separating 
the phases, the solvent is found to have taken up some water, 
the amount of which is determined by the solubility of water 
in that 'solvent in presence of the particular electrolyteo 

The water- loaded solvent is then mixed with the aqueous 
solution Bo B is chosen thus» that its partial water vapour 
pressure (PwB) is smaller than that of A, PwAo Therefore part 
of the water from the solvent is deposed i n B, and the partially 
dehydrated solvent is ready for recycle t e fresh Ao 

(97b) Ao Baniel , J o AppL Chemo .§ (1958) 611.- 6 ; .2 (.1959) 52'1 - 5 
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Through this process of "wàter transfer" A becomes 
more concentrated (and hence PwA decreases), while B is 
diluted (and pwi increases )0 A5 long a& the difference 
PwA-PwB represents a sufficiently high driving force, the 
process just described can be repeated. A KCI- solution, for 
example, can be completely dehydrated by using a saturated 
NaCI-solution as water-acceptor. Brine, when available, 
then represents a "water-sink". 

This method has the f91lowing advantages over 
evaporation : It requires (for pumping) but a fraction of -
the energy used formerly for evaporationj and it can be 
executed at room temperature, being therefore eminently 
suitable for temperature-:-l'upnsitive substanqes,or for sub­
stances causins corrosion ~e.g., by deObmposition) at 'elevated 
temperatures. The method is limited by~the availability of 
a cheap "water-sink" : a solution subsequently rejectable or 
easily regenerabIe (e.g., by solar energy), and of initial 
sufficiently low Pw. 

, 
Also, economie operationrequires recovery of the 

solvent from the water-acceptor (~uch as the aforementioned 
brine) prior to discard e Another limi tation of thfs method 
is that it requires a considerable investment in both water­
transfer solvent (such as the a~orementioned alcohols) and in 
mixing-settling equipment, in which the transfer operation 
takes place. 

The applicability of this method to the present 
process of KHC03-preparation from Hel (and NaHC03-preparation 
from NaCI) will be discussed in chapter 2. " , 
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2. DISCUSSION OF THE OPERATING METHODS .AND 

THEIR APPLICABILITY 

PRELIMINARY DESCRIPTION OF THE PROCESS 

2.1 Applicability of the Methods of Caustification and 
-Carbonation. 

The methods of caustification and carbonation revièwed 
in Chapter 1 show a preponderanee of the use of calcium ~ 
xide as primary caustification agent, even in those cases 
where " anotheragent is used in the first instanee. Those me­
thodsînvolving the lesser numberof stages will th en be pre- " 
ferable, unless any long er method isproved to operate more 
economically. Several methods involving intermèdiate substan­
ees have, as far as is known, not been tested in this respect. 
They include those involving the intermediates K20.5B203; 

K2SiF6 and RF; Na~i03; NaNH4S03; KCaP04; NiC03 and 

Ni( NH3)6CI2; Na2C204· 

It might prove interesting to retrace these methods and find 
the circumstances under which they might have technical and 
economie application. For the aim of the present thesis,they 
will not be considered further. 

The ammonia-.soda process ("Solvay") has been proved 
sound technically as weIl as economicallyo lts economie ex­
ploitation requires however a considerable minimal size of 
production, as weIl as a low total co st of the raw materials 
(salt, limestone), fUel and transportation to the markets. 
Per plant, "the average of production in the UoS.A. is 
1500 t/day, and that in Europe and India 250 t/day or about 
80,000 t/year. As the Israeli domestic consumption is about 
10,000 t/years export would have to be assured, either of 
soda-ash or of its upgraded forms, sueh as glass and phos­
phate fertilizer. A comprehensive market analysis in potent-

1 

ial custpmer-eountries would be required. We might assume, 
that sueh a market would be found. Even then higher manu­
faeturingeosts than in the U.S. would be inevitable, as is 
illustrated by the following partial analysis~ The final 
product, 5~ Na2C03 requires (on the basis of 1 ton 10q% 
Na2C03) fuel, 1 .45 t (inelu~ive coke for the lime-kilnsL, at 
an average eost of 12.00 #/t;electrieity, "106 kWh, at 
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0.005 ./kWh. At a soda-ash price of 34 ./t, these items 
therefore form about 5~ of the foo.b. value. As the domestic 
fuel price is about 60 I~t (24 $/t)X and that of electricity 
approximately 0.04 I~kWh, these two items would already total 
at more than the current sales price of 34 ./t(9ê-1~3). 

In view of these facts, promises of the application of 
the "Solvay"-process in this country seem small at present. 
Koreover, in its"classical" form, the pr9cess is, as pointed 
out earlier, unapplicable to the carbonation of potassium 
chloride. A variant of the Solv~ process which does permit 
the convers ion of KeI to KHco3 will be discussed later in 
this thesis. 

The caustification of the sulfates of potassium and 
sodium, not found lócally as such, would require the expendi­
ture of sulfurie acid, and hence probably not be attractive. 

The use of Sr(OH)2 and Ba(OH)2 instead of Ca(OH)2 being 
limited.to carbonates, they will not be considered here. Kore­
over, as they are more expensive than the alkali hydroxides 
formed, regeneration would be required, and the economie feas~­
l)iJH.ty.:' of this operation is doubtfulo The Engel-Precht pro- . 
cess, using KgC03 as carbonating agent, depends both on an 
economie conversl..on of the MgC12 to a sui table grade of MgC03 
(as the trihydrate), as weIl as on solution of the problems 
of the precipitation and subsequent isolation of the potassium 

x IL = Israel Pounds 
(98) Z.G.Deutsch, in R.E.Kirk and D.F.Othmer, Encyclopedia , 

of Chemical Technology, (New ·York 1947),vol.I, p.385-408 
(99) R.S·.Aries and R.D.Newton, Chemical Engineering .C"ost­

Estimation, (New York 1955), po169, 172 
(100) Chem.Eng.News,Quarterly ~eport on Current Prices,2706.60 
(101) W.L.Faith,D.B.Keyes and R.L.Clark, Industrial Chemicals 

(New York 1950) p.659 
(102) ZoG.Deutsch,Outline of the Technical and Economie Fac­

tors which have to do with the Building of a Soda-Ash 
Factory in Israelo Memorandum to DroDov Joseph, Minister 
of Developmento Jerunalem, September 1, 1955. 

(103) Private communication from Profo 0 0 Schaechter, Haifa 
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compound. The scope of these problems is underlined if it is 
recalled that in ,spite of a vast amount of research, this pro­
cess has not, as far as is known, outgrown the stage of the 
pilot plant (note 6). 

The economie feasibility of the other processes utilizing 
MgC03 (in conjunction with CO2) as carbonation agent is also 
dependent on the conversion of the MgC12 obtained to MgC03. 
This does not ~I?EJ.y to the proposal to utilise Na2C03 along 
with MgC03.3H20~35) but then this method would require local 
preparatio~ or else importation of NaZC03 to make K~03. 

The process employing ZnO + C02 resembles the E~el­
Precht process. Further research is required to estaèlish 
its suitabilityfor this country, as an economie way ' 'Of car­
bonation of potassium chloride. 

The variants of the process to caustif~ with plumboU5 
hydroxide require regeneration of the ~basic) lead chloride. 
The regenerationinvolving the neutralisation of ammonia with 
nitric acid would probably be unprofitable, unless the NH4N03 
in the 'purity 'and amount obtained were disposable. The other 
regeneration, with Ca(OH)2' poses the problem of numerous in­
termediate steps, where the final agent might obtain the same 
caustificatiön effect. 

At the current relative prices ,of potassium carbonate 
and sodium carbonate (where the f'ormer is about 8 times as 
expensive as the latter, on an equivalent basis), the conver­
sion of' NaCl to Na2C03 with K2C03 would ~not be considered now. 

The combined use of NH3 and C02 requires a special com­
bination of fertilizer needs, and is certainly not of' general 
application. The suggestion involving water-gas is not app­
lioable to this country, because of' the high cost of ooal. 
The proposals to convert chlorides into hydroxides with the 
aid ,of' steam would probably be too expensive from the point 
of view of energy-consumption. 

; 
As regards the use of' ' ion-exchangers for ' caustification 

and carbonation, the following remarks may be made. 

Nota 6: The EAgel-Precht process is reported to have been 
operated on a technical scale in one location, during 
a limited period(34) 



33 

. ~.olid anion exchangers convert, as explained abov-e, 
pota.ssium (or sOdium) chloride to toe hydroxide in the follow­
ing marmer: 

R-OH + . KCI : :>- R-CI + KOH 

R-<;I + ~a( OH) 2 ---,---';!!io- : a-OH .+ ~aC12 

The concentration of the KOH-solution obtained could there­
fore be considerable, due to the relatively high solubility 
of the KCI. 

~e use of anion-exchangers entails, however, two pro­
blems: that of chloride .in thè product and th at of the con- ' 
siderable amount of water required in view of the low solubi­
lity of calcium hydroxide. 

. The first problem mi~ht be 901ved partially by a con­
siderable internal recycle ~as in ~59)). This method, however, 
Gonsiderably lowers the production per unit volume of appara­
tus, and increases the pumping requirements. Another solution 
would be the precipitation od sodium bicarbonate or sesqui­
carbonate. While this method requires operation in saturated 
solutions, which entails higher viscosities and thus increased 
pressure drops over the columns, and C02 pressures over the 
atmospheric, i.e. more comp11cated apparatus, its applicability 
to potassium compounds, noted fO'r their higher solubilities, 
is open to douot. 

The second problem, that of the low solubility of 
Ca(OH)2' is of course commo~ to both cation - and anion ex­
changes utilising this caust'i.fIlcation agent. Theproblem may 
be overcome by u~ing a slurry -of Ca(OH)2, although the hand­
ling of a slurry -requires additiona+ precautions against clog­
ging of tubes or resine Another proposal ·to solve this problem 
is ~erhaps the premixing of resin with solid calcium-hydroxide 
(74), although the numerical résults given there do not justify 
the claim for "improvement over prior art" (note 4). A third 
way is tó replace the calcium hydroxide entirely by a more 
soluble hydroxide, such as that of ammonia 'or sodium. For 
economie operation this wa~ probably requires the presence of 
diluteor impure solutions of these hydroxides, 'say as a by­
product of some other opera tion(. this method will there~.örel: 
not be considered further here note 7). 
Note 7: An economie recovery might make the application of this 

method possible (Prof.O. Schächter, Haifa). 



The use of liquid ion-excpangers (such as' the above 
mentioned amines, which exchange~, anions), enabling the 
conversion of KCI to KHC03,also results in the presence of 
chlorides in the final product. For some purpos'es, su eh as 
fertilizers, this might be tolerated. Their use is certain­
ly not of general applieab1.lity, although the solubility of 
Ca(OH)2 does' not play any role, as it can be 'added as a 
soli~, or concentrated slur~, prior to distillation of the 
free amines. ' ' . 

Thus, the use .of anion-exehangem seems justified ·under 
two conditions., One, .that tlle presence of chloride in the 
product can be tolerat~do Two, that the costs of eoneentra­
tion of solutions are .such, ' that the use of eation-.excharig­
ers is uneconomical. It is recalled here that cation~exchang­
ersconvert potassium (or sodium) chloride to the hydroxide 
in the following way: 

Ca.;. -R ++ KCI --... K-R + ' .;caC12 

K-R + .;ca(OH)2 ~ Ca.1.- R . + _. ,KOH 
. 2 

KOH is thus obtained in the regeneration step, and in ä 
concentration dependent on that of the Ca(OH)20 Now,several 
suggestions for overcoming the low solubility of Ca(OH)2 
have been made. The use of Ca(OH) - slurry and the draw­
backs imposed thereby we re noted &bove. Another method is 
to increase the solubility of Ca(OH)2 by converting it to 
Ca(HS)2 (at a H S - partial vapour pressure of 100 mm 
mercury 9nly, t~e solubility of Ca(HS)2 at 200 is about 
250 g/l ~ 1 ')4 ). This methoa then requires the NaHS to be 
caustificated with ferric or aluminium hydroxide, and thus 
complicates the process conslderably. 

The use of Vg( HCO .) 2 for carbonation was proposed in 
several patents. It adds3to the operations of the process! 

(a) the isolation of Mg(OH)2' mostly through precipi:tation by 
Ca(OH)2 from some brine or sea-water ; 

(~8~) A. Seidell $ Solubilities of Inorganic and Metal­
Organic Compounds (New York , 1940) Volume I po 326 
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Cb) the carbonation to magnesium bicarbonate . The solubi­
lity of Mg(HC03)2 is ~bout 0.4 N, unless a high 
CO 2-pressure is used ~105). Whether the complications 
would beeconomically justified by the greater concen­
tration "of the carbonates produced; is questionable. 

- The direct use of carbonic acid (86) -cii'cumvents 
the 1011' solubility of Ca(OH)2' or might even eliminate the ­
use of that chemical altógether, if the regeneration of 
hydrogen-resin to sodium-resin with a NaCl-solution were 
possible in one step. Otherwise, due to the split regene­
ration with Ca(OH)2 and NaC-l, respectively, o-ne extra 
operation is introduced. Moreover, the method suffers: 
from the 1011' solubility of CO2, unless the cónsiderable­
pre_ssure of 50-60 atmospheres (recommended by reference 86) 
is applied. Hence, equipment to lI'fthstand- that pressure 
is needed. The attractiveness of toot method might lie 
in the possibility of -extracting potassium fr om its mixture 
with sodium, using -a potassium-selective resin. The 
stability of the resin, ~d its i-nitial cost, would then _ 
have to be ascertained. The consideration of selectivity 
does not apply to the circumstances of the present work, 
where pure KeI is available. 

The method proposed in (88) is based on the usa of 
Sr(OH)2 instead of Ca(OH)2' and on the final regeneration 
by thermal decomposition of Sr(OH)Cl. As has been remarked, 
the feasibility of the precipitation of basic strontium 
chloride is open _to question, as (as reported) the author 
experienced difficulties with this operation. 

The other proposal to utilise Sr(OH)2' which 
would then be regenerated in a number of steps using 
ultimately Ca(OH)2' complicates the process -considerably. 
The same holdsfor the carbonation lI'ith (NH4)2C03. There, 
the process requires the liberation and complete recovery 
of ammonia, as an additional step. 

(105) A. Seidell, Solubilities of Inorganic and Metal­
Organic -Compounds (New-York, 1940) Volume I p.326. 



A process with a chance o~ technical and economic 
succes~ ~n this count~ wi11 have to possess the following 
characteristics. lt will have to use pre~erably local raw 
materiaIs; its energy requirements, and its need for ~resh 
water, will have to be low. Decrease o~ the 8cale, due to 
the relatively small dome8tic market, must not increase 
the costs per unit to any great extent. 

The review of the methods 'o~ causti~ication &nd 
carbonation then points out, that ion-exchange and the use 
of Ca( OH) 2 as regenerant answer these demands. The use of 
anion-exchange promises a more concentrated KOH-solution, 
although contamination with KCI will very probably occur. 
Bxperimentation is required to ascertain these points. !he 
use o~ cation-exchange prevents this oontamination. !he 
problem o~ the dilute KCII-solution might be overcome by 
increasing the solubility of Ca(OH)2 through the addition 
of chemicaIs. Here as weIl, experimentation is required. 

The experimental part o~ the present thesis (chapter 
3) is there~ore concerned with both anion- and cation­
exchangers. 

2.2. '!'he Dehydration of the KHCOJ-S'olution. 

The principles qf the conventional concentration 
methods ~or aqueous solutions t as well as the nature of the 
water-transfer method and its advantages and limitations, 
were discussed in par. 1 .• 3. 

As far as is known at present, this count~ (lsrael) 
does not possess large reserves o~ natural energy sources~ 
such as oil or gas. The process under consideration should 
thus have 10w thermal energy requirements • This considera­
tion ~oints to the use o~ "water trans~er". Koreover, if 
Saom (Sodom), the seat of th~ potassium chloride plant, is 
envisaged for the present process as well, NaCl, wbich is 
a by-product ~rom the KCl-manufacture, is availahle in 
considerable amounts. lts di1uted solution, obtained in 
course o~ the water-transfer process, is rejectab1e (af ter 
solvent recovery). 
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Not all the streams o~ chemicals in the process 
requ~r1ng complete or partial dehydration can be treated by 
the water-trans~er method exclusively, due to the limit im­
posed by the P o~ a saturated NaCl-solution. The use o~ 
thermal energyw(~or evaporation) has there~ore -been introdu­
ced as well ~ but on a scale aslimf.ted as possible. The product 
KHCO~ is completely dehydratable by water trans~er with a -
satu~ated NaCl-solution. 

Preliminary Description o~ the Process. 

From the considerations in the two preceding 
paragraphs, a relatively simple ~lowsheet emerges, as ~ollows : 

Solid KCI - obtainable as such - is dissolved in water. The 
solution is passed through an ion-exchangero The resin is 
then washed with water and subsequently treated with a solu~ 
tion o~ Ca(OH)2" In the case o~ anion-exchangers, the ~irst 
step yields a solution o~ KOH containin~ KCI, and the second 
step, a solution of CaC12 containing Ca{OH)2. The first 
solution is then processed ~rther, and the latter is dis­
cardedo In the case of cation-exchangers , the situation is 
reversed, inasmuch as the first s tep yields a CaC12~ solution 
containing KeI (which solution is, af ter KCl-recovery,dis­
carded), while the second step yields a KOH-solution contain­
ing Ca(OH)2' used ~or ~rther processing. I~ an extra mater­
ial is added to the Ca(OH) - 80lution to increase its 801-
ubility, this addition is €hen found in the process-solutiono 

Let us assume at the present stage that in both 
cases the process-solution contains nearly pure KOH, and 
that the impurities(KCl respectively Ca(03)2 + eventual ad­
diüon) are of little consequence, requiring no additional 
steps ~or e~ther their removal or recoveryo 

It might now seem to be interesting, economic­
ally, to produce KOH by the present method, as this chemical 
would ~orm a raw material not only for the production o~ 
KHCO~ and K2CO~, but ~or numerous other potassium compounds 
as weIl. The u~e o~ ion-exchangers resultq however, in dil­
uted KOH-solution only. For anion-exchange utilizing the 
the reaction R-OH + KCI ~ R-Cl + KOH theoretically sol­
utions 2 to 3 normal (about 100-~50 gil) are obtainable; 
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forcation-exchange, where the reaction is 

K...Jl .,+, ~a(OH)2 --+--C&-1.-Il + XOH 
. 2 

this concentration would be ~ normal (50 gIl) or leas, 
depending on the nature of the addition used (or dispensed 
with). In both cases, a considerable amount of water would 
have to be removed. As stated in the discuss10n in para­
graph 2.2., water-transfer would be a suitable method ~f 
water removal. It can then be shown, that the limit imposed 
by that water removal method, namely, the presence of a 
sufficiently high differencein the partial water vapour 
pressures between the solution to be dehydrated, and that 
of the dehydrarit, limits the concentration of the IDH­
solutions (even when NaCl, which is superior tQ 1C1, is 
used as dehydrant ) to about loo g/lo As the KOH is produc­
ed as a chemical intermediary, rurther concentration prior 
to transportation would be mandatory. This would then requt­
re; thermat ; evaporation. The drawback of this method, a 
considerable dependence on expensive, imported :f'uel, might 
partially or wholly offset any other advantage of the pro- f 

ces&. The limitation imposed by the in itself desirabIe use . 
of water-transfer requires then, that the KOH be transformed 
into KHC03, for which sub stance complete dehydration in 
this way 115 posaible, &8 will be shown below. 

A similar argument holds for the de~ation of 
NaOH and NaHCO made in the described manner trom NaCl as 
raw material. ~ere as well, water-transfer requires that 
carbonation precede dehydration • 

. Thus, both when using anion-",: as weIl as when using 
cation-exchang., the ion-exchange ii~followed by carbonation 
with CO2 - The resulting IHco~:soiution (respectiYe]y, . . 
NaHCO~-solution) is dehydrat!!~i th the &id of norll81 butyl- . 
alcohOl, for example, which in its turn is dried witb a 
saturated NaCl-solution. 

It might seem logical to execute the deb;ydration or 
RHCO,-_wi th KCI (as ultimate dehydrant) I and that or lIa11:0, 
with'NaCl. The dehydrant solution would then serve as 
influent for the first ion-exchange step, thereby ~iB1ting 
the water requirements of the process. This ' a.rrimgelllent is, 



39 

however, not possible. It wil I be discussed in the set-up 
of the complete flo~~heet. At this stage it suffices to 
state that the volume of wash water follow'ing ·t ·he loading 
step is such, that the dissolution of KCI (respectively NaCI) 
in it yields all the iDn-exchange influent required. No KCI 
(respectively, NaCI as raw ' material) is avaîlable ,' for the 
purpose of water transfer. 

" The final step of this; simple flowsheet is then 
the washing of · the solid KHC03 (resp'ectively N~C03)' and 
the drying in a furnace at a low temperature. This last 
operation is eventually combined with low-temperature calci­
nation to the carbonates • . 

At this stage,one extraoperation over those, 
strictly required for the production, suggests itself. The 
NaCI-solution from the water transfer is sa~urated with the 
water-transfer agent, such as the normal butyl-alcohol 
mentioned. Economic · operation requires that this agent be 
recovered. Recovery~ is in principle possible by several ways, 
one of which would be the .separationby distillation, or by . 
extraction followed by distillation from the extractant • . 

The experiments described in the next chapters 
will cause unavoidable additions to this simple flowsheet. 
Comparison with the complete flowsheet discloses this. 
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'3. ION EXCHANGE EXPBRDmNTs. 

3.1.. Introduction. 
~~~ 

.:;:.:.. :. .• 
As ·stàte.d earlier review of the literature showed 

that the feasibi1ity ·of anion-exchangers was considered 
much higher than that qf cation-exchangers for the eaustific&­
tion? of alkali-meta1 chlorides. 

It was therefore decided to startwith anion exchang­
ing resins, main1y, in view of the higher concentration of 
alkali meta1 hydroxi4es theoretical1y expectab1e. The main 
disadvantage of these resins~ name1y the presence of chloride 
in the hydroxide, was evident from the beginning. Hopes were 
cherished that this cou1d be 1imited to industrial1y accept­
abie proportion~ by proper choice of the conditions, such as 
f10w-rat·es, the ratio of column height to diameter, and 
others, or e1se by subsequent treatment. 

3.2. Anion Exchange. · 

3.2.1 • Choice of the Resin. 

There are commercial1y avai1ab1e two kinds of anion­
exchanging resins~ both based on the po1ystyrene-diviny1- . 
benzene skeleton, the weakly basic and th~ strong1y basic 
exchangers. The former posse~amine groups attached to the 
skeleton. Their activity is dependenton the pH of the solu-
tion; in alkaline media the equilibrium . 

R-NH2 + H20 ~ R-NH3 + OH' 

is shifted towards the 1eft, with a resu1ting decrease in 
exchange capacity. As the process under consideraticn entai1s 
operation on the alkaline side of .the pH scale, the weak1y . 
basic exchangers show 1itt1e promise of app1ication. 
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The strongly basicexchangers .have a quarternary 
ammonium gröup·, as a result of the increased dissociation 
of which, their activity is not impaired even at high pH­
values. These resins were therefore chosen for the present 
aim. They are mainly of two types, depending on the nature 
of the groups attached to the nitrogen. "Type 1" has 4 
alkyl groups, usually methyl, one of which serves for at­
taóhment to a benzene ring of the skeleton (this group is 
therefore rather a methylene group).In "type 2" one alkyl 
group is replaced by a hydroxyl-alkyl group, such as 
CH2CH20H, attached to the nitrogen atom. The choice between 
the two types was made on the basis of their equilibrium 
exchange constants for the particular reaction considered. 

This equilibrium .constant .k is definedas follows: 
For sn ion-exchange reaction of the general type 
R-A + B , b R-B + A (where R is the resin skeleton, 
and A and B the exchangeable ions), k is defined according 
to 

k = (A)S(B)~(B)S(A)R' 
where the sub scripts S and R refer to the solution and the 
resin-phase, respectively, and the brackets denote actiyi­
ti"es. As a rule, the activity-coefficients, especially in 
the resin-phase, are unknown, and concentrations are used 
ins~ead. The value of kaf ter this replaceme~t i~ then 
still constant "within engineering accuracy" ~108), that is, 
within some percent. For the particular reaction under 
cQnsideration, we have 

k = (OH')R(Cl')S/(OH')S(CI')R. 

For type 1, k = 0.09 ~t (Cl')S = 0.77J. 

For type 2, k = 0.65 [at (CI')S = 0.56](1 09). 

Assume that {CI')S/(OH')S= a, a constant value. 

Then for type 1, k = a (OH')~(CI')R = 0.09, 

and for type 2, k = 0.65. It follows then, that a type-2 
resin will be more selective towards hydroxide ions (in the 
presenc-e of chloride ions) than a type-1 resin. As the 
process under consideration re~uires that the reaction rep-
resented by both arrows of R-CI + OH' __ b R-OH + Cl' be 

(108) 

(1 09) 

G.E. Boyd, J.Schubert & A.W. Adamson, J.Am.Chem.Soc. 
22 (1947) 2818-29; N.K. Hiester & R.C. Phillips, Chem. 
Engng 61 (1954) No. 10, 162 
S. Pet;;son, Ann.N.Y. Acad. Sci. 21 (1953) 144-58. 
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executable .with similar ease-l the exch'ange should possess as 
little select1vity of one ion over the other as poss.ible. 
Thu,s, aresin with an equilibrium constant near to 1.0 
should betreferred: over -one with a constant further removed 
(lower or higher). Limi ted by commercial availabili ty, aresin 
of type 2 (k = 0.65) was ' therefore preferreà here. 

There is little fundament al difference between resins 
of diff~re~t producers claimed to possess the same reactive 
group ~10) (this reference, for example, gives "equivalence 
tables"). Due to its availability on short notice, a resin of 
the Dow Chemical Company,jMidland, Michigan, U.S.A., to wit 

,"Dowex 2", was taken f.or the experiments • 

!meng resins pf the same type, ditferences in the so­
called "degree of cross-linking" have been introduced. Thi$ 
"degree" is 'represented by the percentage of , divinyl-benzene 
in the original mixture. This percentage is a measur~ of the 
degree of cross-linking between the monodimensional chains 
of polystyrene, interlocked subsequently into a three-dimen­
sional skeleton with the aid of the divinylbenzene. Commer­
cially, degrees of cross-linking from 2 to l~, increasing 
in 2.f, at a. time, are available. The higher this degree', the 
smaller the solubility of the resin and its swelling in 
water, arid the lower the 'diffusion of ions into ' it. As "B.' 
cross-linking" is an average, usual value, which has been 
used in industrial applications, a resin of this "degree" 
was therefore chosen for the experimentso 

To summarize : The experiments on anion-exchange we re 
executed with Dowex-2, B.' cross-linking. 

The Mode of Operation. 

There are two modes of operation with ipn exchangers, 
both of which have found industrial appl ication. The simples~ 
is the batch methodo A certain quantity of resin and solution 
are mixed for some time, and then separated. , This method is, 

(.,~o) JoCalmon, in JoCalmon and ToR.EoKressman, Ion Exchangers 
in Organic and Biochemistry (New Yor~j 1957) 3 po 126-7 



useful for the determination of equilibirium data. In the sec­
ond method, resin is confined in a column, through which 
solutions are percolatedo This permits, at well-chosen contact 
times, to obtain higher conversion than in the first case due 
to the constantly fresh solution contacting the resin .. It .~ s 
the method usually employed in the laboratory and on an indus­
trial scale, except in those cases where the solution would 
clog the resin because of suspended solids 0 In such a case., 
the first method is used, but the res~n is then contacted . 
successively with fresh batches of solution, to increase the 
convers ion ("resin in pulp method"), by which the column 
method is approached. Both methods were used in the present 
work, the first for equilibriumu. measurements and for contac­
ting resin with slurries of Ca{OH)2' the second (more frequent­
ly ) for all other experiments. 

Preparation of the Resin for the Experiments. 

Preparation of the resin for the experiments includes 
two operations,the so-called swelling and conditioning. The 
first saturates the commercial product with water. This is 
carried out not in the ultimate column in which it is intenà­
ed to execute the ion-exchange, as the .pressure formed by 
this swelling would shatter this column. Soaking, during about 
one hour, took place in a beaker, af ter which the resin was 
transferred to the water-filled column. The "conditioning" -
operation includes cycling the resin between two states. For 
anion-exchangers, these are the chloride and hydroxide state. 
This treatment removes foreign bodies, such as traces of 
metals and ynpotymerized materials left over from the resin 
production ~111J 0 The cycling was ·carried out with approxim­
ately t N HC1- and KOH- solutions. An approximate tenfold 
excess (in terms of meq) was taken of each chemical. Between 
these conversionsof the exchanger, it was washed with distill­
ed water until the effluent was free of chloride or hydroxideo 

C11 ~ ) J. Calmon and T.RoEoKressman, Ion Exchangers in Organic 
and Biochemistry (New York, 1957) p. 112 



3.2.4 • . Capacity o~ the Resin. 

. The capacity o~ the resin was given by tbe 
. producer as 1.9 meq/g o~ the "commercial product" ~ 112). 
The exact water-contents o~ the resin (determined, say~ 
according to some standard procedure) corresponding to 

r the given capacity, were not given. Since the moisture 
might vary as the result of conditions o~ storage, a new 
determ}natlon was required. The method o~ Fisher and 
Kunin ~113) ~or determination o~ the total capacity was 
~ollowed. o~ the resin in the chloride ~orm, a part was 
dried at 1100 to determine the water-contents (see, how­
ever, paragraph 3.2.5.), while another part was treated 
with a considerable excess o~ sodium sulphate, and 
chloride determined volumetrically in the e~~luent (see 
~ig. 3.1.). Exactly 10.000 g o~ the commercial resin as 
received (i.e., .in the chloride ~orm) (re~erred to ~rther 
on as "A") were treated with 1 liter of 1 molar hydro­
chloric acid, to complete the conversion, and then washed 
until neutral to methyl orange with ethyl alcohol; this, 
to prevent hydrolysis. o~ this resin ("B"), 5.5754 g 
were dried at 1100 until constant weight. The weight 
decreased by 1.5410 g. Rence, "B" contained 
(1 - 1.5410/5.5754) 10~ = 72.3~ of ·oven-dry material 
("C"). The remaining 206815 g o~ "Bil were treated with 
1 liter 4% Na~04. 100.00.mI e~~luent required 6~83 ml 
0.1044 N AgN03• Rence, the resin contained 
6.83 x 0.1044 x (1000/100) / (2.6815 x 0.7235)= 3068 meq/g 
o~ oven-dry resine From 10.000 g "A", 5.5754 + 206815 = 
= 8.2569 g "B" were obtained, which equals 802569 x 0.7235 = 
= 5.9739 goven-dry material; the capacity o~ the resin was 

3.68 x 5.9739 / 10.000 = 2.2 meq/g 
o~ the commercial product. This is about 1 % higher than 
the value given by the producer. 

( 11 2) Fluka Société Anonyme - Produits Chimiques, Buchs, 
Suisse: Dowex - Echangeurs dflons, p. 11 
(undated). 

(113) S. Fischer and R. Kunin, Anal. Chem. gz (1955) 
1191-4. 
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Water Contents of the Resin. 

The water contents of the resin determine partly 
the holdup of the column, i.e. that part of the solution 
immobilized in and around the resin partieles • . The limits 
of these water-contents are not definable exactly. There 
exists a gradual transition between external (i.e., inter­
stitial)water and that in the pores ot the resin, end between 
that in the pores and the water of hydratio~ of the ions, 
both of those attached to the skeleton as weIl as of those 
which are exchangeable. Although this s1;ate prevents an 
exact determination ~'f "water contents" ~ 114), because the 
last traces of H20 would Ie ave the resin at a temperature 
above that at which the resin would start to decompose, 
the determination of the "liquid holdup" is necessar,y from 
the point of practical applicationo Determination of this 
"liquid holdup" in the commercial resin was attempted by 
several methodso The results were as follows:-

METHOD 

Vacuum suction at room tempera­
ture 

o Drying at 110 , at atmospheric 
pressure 

Displacement of a KCI-solution 
with water~ until practically 
Cl' = 0 in effluent 

WATER 
in and between the swollen 
resin particles in the 
column, expressed as 
g H20/100 g commercial 

resine 

50 

83 

From resin capacities, in column 
and dr,y (as given by the producer) 62 

In view of the wide divergence of the results it was 
decided that for the purpose of the flowsheet a value 
determi ned subsequently by dispacanent of ene ocWtim l:u arotrer 

(114) EoH.Becker-Boost 3 Chem.-Ingo-Techno gz (1955) 
579-96 
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would be used. This value represents that "practical holdup" 
with whiçh the flowsheet is concerned. 

Preliminary Experiments with a Short Column (13 cm) 

Preliminary experimehts were executed in a short 
glass column of 27 mm inner diameter. The r~sin (50 g of the 
commercial product) rested on a sintered glass disc, below 
which a stopcock regulated the flow rates. The height of the 
resin column was 13 cm only (note 8). Loading and regeneration 
were carried out in downflowo 

With this column, the resin was loaded with KCI 
solutions of different doncentration (from 0.6 to 3 molar, 
approximately) at a constant feed rate (in terms of meg/min) 
and with a KCI solution of constant concentration (1.3 M), at 
varying feed rates (from 1 to 14 m~min). With a second, 
equal, resin column, regeneration with Ca(OH)2 was effected. 
A saturated Ca(0~)2 solution was used~ at varying feed rates 
(from 10 to 83 ml/min). In an effort to decrease the amount 
of water requireds a slurry of Ca(OH)2 (about 100 gil) was 
passed through the resin, as weIl as a clear mixture of CaCl2 
and Ca(OH)2 in ratio's of up to 1:1. 

Analysis of the outcome of these experiments in­
dicated that the small column height very probably influenced 
the results. Formation of channels in the resin could account 
for the irregularities observed. Moreover, the feedrates 
were much lower than those practised industrially. At a 
cross-section area of about 5.7 cm2, the ·highest feed rate, 
83 ml/min would yield a linear velocity (calculated on the 
empty column) of about 14~ c~min. Industrial practice uti­
lises values up to ten times as high. The low feed rates 
might also have contributed to irregularities of the results, 
due to the resultant lower transvers al movement in the 
interstitial liquid, and the possibility of lesser chances 
of contact. 

All these considerations invalidate considerably the 
results of these preliminary experiments. They would not have 

Nota 8: This height results in a bulk density of 
50 / (:Jt"x 2072 x 13)t = 0.67 glml. 



been mentioned here at all, we re it not for three important 
results, of which at least the first two could not have been 
influ.enced adverse1y by eventual channeling and reduced trans­
versa~ · ' mi~:-

2) 

'-. _".J. ..; 

That regeneration with an amount of Ca(OH) equimolar 
with the amount of KOH produced in the loa&ing step~ 

' removes a number of meq Cl' from the resin at least 
equal to that, loaded on the resin during the first 
step. The importance of this will be detailed below, 
when considering a cyclic balance. 

That although regeneration with a lime-slurry is perhaps 
possible, clogging of the resin would require another 
mode of operation than the downflow practised. Possibil-

~ 1t1es are either "resin-in-pulp", or upflow of the slur­
ry thrqugh a fluidized resin bed. Both methods require 
considerable complication of equipment over simple per­
colation of clear solution. 

That mixtures of C'aC12 and Ca( OH)2 j even in .the equiva­
lents4 ratio of 1_:1.9, do not remove the required number 
of meq Clv from the resine Apparently the driving force 
for the regeneration j which is represented by the diffe­
rence in the concentration of (Cl v) between the regene­
rant solution and the resin, is lowered too much by the 
CaCl2 present, even in the low concentration taken. Any 

. decrease in the water requirements when using a clear 
Ca(OH)2 solution (as in contradistinction to slurries) 
would nave to be found by other methods j such as the 
increase of t"he solubili ty of Ca( OH) 2 by the addi tion 
of chemicaIs. 

Experim~nts with a Column 80 cm High. 

3.2.701 •• Introduction. 

A giass column of 1.20 m height and 27 mm inner dia­
meter was filled witb 275 g Dowex-2 anion-exchanger. The 
resin occupied 80 cm of the height j this varying some l~ 
with the state of the resin (chloride or hydroxide) ana the 
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position in the cycle with relation to backwash and down~low . . (Note 9). The resin rested on 2 cm o~ glass wool, supported by a per~orated glass disco 

The required ~low rates ' were obtained with the aid o~ a hydrostatic head o~ 2-2i m ~or the process solutions; the rates were regulated by clamps on tp~ tUbing, and measu­red with the aid o~ measuring cylinde~s and a stop-watch. 
Th~feed-rates were expressed as volumetric throughp~t, m~min, diTided by the cross-section o~ the empty column, cm • The obtained ml/min/ cm2 equalIed cm/min, an average linear velo-. city in the empty columno Experiments with coloured solutions peorcolating through the column ind;i.cated that roughly 6~ o~ the column cross-section were occupied by the resine The true average linear velocities were there~ore approximately three times as high as the ~eed-rates, as de~ined aboveo 

Process solutions were prepared by dissolving KCI (" analytical reagent" quali ty, further on denoted "AoR.") in 
distille~~~tero Clv was determined according to the method o~ Mohrt~l~) a~ter assuring a pH of 6-7 required ~or this determinationo The pH-adjustment was obtained by adding to the sample one drop o~ methyl-red indicator, a small excess o~ nitric acid and (chemically pure) calcium carbonate until gas-evolution had stoppedo The calcium hydroxide solution was prepared by mixing distilled water with an excess o~ Ca(OH)~oRo Saturation (or nearly so) was arrived at only a~ter protracted mixing, which was e~~ected mechanically in a rubber-lined vessel o~ 25 I capacity for at lea~ one houro ~ter settling, the clear solution was siphoned o~~ and filtered through sin­tered glasso Air was admitte~ through tubes with soda-asbest, to prevent entry o~ carbon dioxide 0 Determination o~ the OH v-contents was carried out volumetrically with standardized hydrochloric acid, with omethyl-red as indicatoro At a later 

Note 9: The resu~ ting bulk densi ty is 0060 ± 0006 g/ml. 
(115) ° AoIoVoge]:., A Textbook o~ Quantitative Analysis 

(t,ondon,- 1:955) p0250 
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stage, the determinations of OH' and Cl' were combined by 
replacing the HCI by standarized 1/10 N sulphuric acid, and 
determining in the same - now neutral - sample Cl', as set 
·out above. 

302.7.2. Preliminary Loading Experimentso 

The loading experiments were executed in a column 
regenerated with KOR until no Clo was discernible in the 
effluent, af ter which the column was washed with water until 
fr·ee of OH'. With a solution of 100.8 g KCl./l, the inf'luence 
of the feed rate was tested at two different values. Effluent 
solutions we re divided into fractions &.d analysedo Results 
were as follows (TabIe 3.10' fig. 3.20):-

Exp. 

No. 

I 

2A2 

2A5 

Feed 

rate 

ml/mirlcm2 

II 

Table 3010 

Loading at Two Feed - Rates. 

Meq in the different fractions 

o - 200 200-475 475-700 700- 950 o -950 rol mI mI mI rol 
KOH KCI KOH KCI KOH KCI KOH . KCI KOH KCI KOH+KCI 

111 IV V VI VII VIII IX X XI XII XIII 

10.8 0 183 0.3 243 24.2 107 208 544 233 777 
4.3 0 210 1.5 187 76.5 93 221494299 793 

The difference between the two totals of meq 
obtained from the column amounts to some ~~ The results 
show the following tendencies:- At the higher feed rate~ the 
production of KOR is smaller than at the lower; 2A2 yielded 
(column XI) 544 meq$ and 2A5 only 494 meq. The more diluted 
KOH-solution is,as a result $ contami nat ed to a greater degree 
by KCI. 

The s econd tendency noted is for the KCI-contents t e 
star t r i sing earliero I n ool umn VII I 2A2 yielded 24.2 meg KeI " 
while 2A5 yielded 76.5 maq . 
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FIGURE 3.2. 
LOADING AT TWO FEED RATES 
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Contamination of the KOH-solution by KCI should be 
as low as possible. . The tendencies noted above then indicate 
that a rather low feed rate may possibly be required. The 
influence of this on the total time of a cycle would be small, 
in view of the difference of the volumes of loading agent 
(KCI) and of regenerant (Ca(OH)2)' as a result of the diffe­
ren ce in the respective solubili ties-. 

With a view to the ultimate flowsheet, where the 
loading would be followed by washing with water, two preli­
minary experiments were done in which the point of replacing 
influent KCI (100.8 gil) by water, was variedo 

The results of these experiments were as per 
table 3~2~ (fig. 3.3.)0 

Table 3.2. 

Loading with Two Amounts of KCI - Solutiono 

KCl-solution Water Meq in the different 
fractions 

Expo 
ml 

Feed 
ml 

Feed o - 275 rol 275-697 rol 

No o rate rate 
ml/min/cm 

2 
mI/min/cm 2 KOH KCI KOH 

I 11 III 

2B1 642 6505 

2B2 550 61.8 

IV 

568 
550 

V 

52.4 

55.2 

VI VII VlIr 

1203 0 352 

1.5 200 383 

Meq in the different fractions 

697-890 mI 890-1100 mI 1100-1280 ml o - 1280 mI 

KOR KeI KOH KCI KOH 

X XI XII XIII XIV 

98.5 144 43.0 135 7.8 

92.6 142 18 . 5 54 

KCI KOH KCI 

xv XVI XVII 

10 514 ' 348 

496 232 

KOH+KCl 

XVIII 

862 

728 

KCI 

IX 

58.5 

3402 

Meq KCI 
in 

influent 

XIX 

868 

743 
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FIGURE 3.3. 
LOADING WITH TWO AMOUNTS OF Ket 
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The small difference between the total meq 
KOH + KCI in the effluent (column XVIII) and that, in the 
influent (column XIX) indicates that the wash water removed 
practically all the electrolytes from the resine The tendency 
is then noted for increased CI'-contents in the effluent when 
replacing KCI at a later .point by watero In other words: The 
additional amounts of chloride tend not to appear as a diluted 
solution in a drawn-out ef~luent, but rather in the form of an 
increase in the effluent concentrationo The difference in the 
amounts of KCI introduced is reflected to a small degree only 
in the amount of KOH prOduced. This is borne out by comparison 
of the KOH-contents o~ the individual fractions, and even more 
so by the total KOH-production ( column XVI). The amount of 
KOH produced is some 5/6 of the total column capacity, which 
equals 275 g x 2.2 meq/g = 605 meq. 

3.2.703. Preliminary Regeneration Experimentso 

The amount of Ca(OH)2 for regeneration ~xperiments 
was expressed in "equivalent quantities" Q. The concept of Q 
follows from consideration of the full cycle of operationso 
During the loading stage, a part of the KCI introduced is 
converted to KOH, as the CI'-ions are bound to the resine 
Subsequent regeneration should remove from the resin all amount 
of Cl' equal to the amount bound during loading. This is a 
prerequisite for a cyclic balance, by which is meant a state 
wherein the working capacity of the resin keeps constant from 
cycle to cycleo The amount of regenerant available f or this 
operation is limited, as follows from the preliminary flow­
sheet (chapter 2)0 There, we saw that the carbon dioxide and 
calcium hydroxide stem from lime-stone, and are hence avail­
able in approximately equimolar quantitieso The production or 
the lime-kiln will be limited~ if p05sible~ to such an emount 
of CO2 as is required for the carbonation~ this amcunt is ,at 
first approximation, equimolar with the amount of KOH !'ormedo 
Exceptions to this approximation would result from eithe~ dis­
card of part of the KOH-production, or from the need for a 
considerable exceS5 of CO2 during carbonation, which excess 
would not be recoverablec In general, however, the amount of 
Ca(OH)2 would be roughly equimolar with that of KOH in t he 
ion- exchange effluent, or doubly that amount :in ter-ms of cqui­
valents 0 This double amount of Ca( OH) 2 has been termed Iltwo 
equivalent quantities", or 2 Q. 
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Two_regeneration experiments were carried out, with the aim of ascertaining whether 2 Q of Ca(OH)2 ~ould suffice for the required regeneration. In experiment' i 2C1, the resin prior to the regeneration had been converted wholly to resin-chloride with the aid of a tenfold excess of dilute hydrochloric acid, and contained 605 meq Cl'. Of the Ca( OH) 2-solution, containing 34.0 meq,/l, i Q thus equalled ,; ' .( 605/34.0 = 17.8 liter. In experiment 2C2, the r~sin prior to re.generation had served for loading (exp. 2B~), during which it had produced (tabIe 3.2., column XVI) 5~4 meq KOH. Since before 2E1, the resin had beenwholly in R-OH state, its CI'­contents af ter 2Bt were 5~4 meq. , l Q,where the regenerant contained 42.1 meq,/l, was thus 5i4/42 .. l~ 2.2 liter. The exper­imental results of the regeneration were as per table 3.3. (fig. 3.4.) . 

Table 3.3. 

Regeneration with ,2 Q of Regenerant at '!'wo reed-i.ates. 

Exp~ 
No o 

I 

2Cl 

2C2 

Regenerant 
feed-rate 
ml/mm/cm2 

11 

'20.7 

40.1 

Volume of 
regenerant' 

liter 

III 

26.0 

22.7 

No. of Q 
regenerant 

passed 

IV 

Meq CP 
in 

effluent 

V 

598 

397 

" 

Meq Cl' in effluent 
extrapolated 

to 2.00 Q 

VI 

406 

In experiment 2Ci the total number of meq Cl' removed af ter only 1046 Q totalled nearly 9~ of the resin capacityo In view of the cons1derations about cyclic balance, this may be considered satisfactoryo Experiment 2C2 was exe­cuted at a considerably increased feed-rate. Also, the driv­ing force in this experiment, as given by the difference in OH'-concentration between the resin phase and the regenerant phase,was smallèr than i1l2C1 i due to the initially present OH' in the resine It'seems ; however, that the influence of the feed-rate increase is much greater than that of the relative small decrease of the driving-force. Then the decrease in meq Cl ' liberated from the resin (tabIe 303., column V and VI) from nearly 9~ to less than 7~ ' of those initially .present 
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would have considerable influence on the final results. In view 
of the low solubility of the regenerant, a major part of the 
time of the cycle would 'be taken up by the regeneration. Any 
need for a low feed-rate during that period would imply a lower 
production per unit time or an increased investment in resin 
and vessels for attainment of a given production. If a way 
we re found to increase the concentration of the Ca(OH)2 in the 
regenerant solution, the re.sul ting increaseddri ving force'J 
as represented by the difference in the OH'-concentration 
between the resin and the regenerant solution, might partially 
or wholly counteract the effect of increased feed-rates (equal 
to shorter residence times). 

3.2.7.4. Loading on a Column of Increased Diameter (46 mm). 

The influence of the column diameter was investi­
gated preliminarily by conducting a loading and washing exper­
iment in a column of 46 mm inner diameter. To obtain a column 
of equal height as in former experiments, 800 g resin (weighed 
as shipped) were taken, and af ter swelling and conditioning 
converted to re sin-hydroxide and washed. 

With the final flowsheet in mind, the loading 
effluent was divided into four fractions~ The first, contain­
ing the initially present interstitial 1water, and a small part 
of the KOH (as a dilute solution), was considered as primary 
discard. The second fraction, containing the major part of the 
KOH produced; contaminated with some KCI., formed the process 
solution. The thira fraction, containing the major part of the 
unconverted KCI along with a part of KOH, formed the recycle 
solution, while the last fraction, a 'dilute KOH-KCl-solution, 
was considered as ultimate discard. This experiment on the 
broader column (2Dt) was compared with expo 2Bi, carried out 
in the narrower column. The results we re as per table 3.4. 
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Table 304 • 

. -Loading on Two .Columns _ of Different Diameter 

KCI- solution Water 
Ex!>. · Resin Vol. Conc. Feed-rate vol. Feed-rate 
No~ . g mI gjl ml/min/cm2 mI ml/min/cm2 

I 11 Hl IV V VI VII 

2B1 275 642 100.8 65.5 568 

. 2D1 800 2700 100.8 -81 .3 · · 1700 

Ratio 2.9 

Process solution Recycle solution 

vol. KOH KCI vol o KOH KCI 
meq % of meq % 0:-

resin 
ml 

res~n 

capacity meq capacit, meq 

XI XII XIII XIV XV XVI XVII XVIII 

Pririlary Discard 

vol. KOH KCI 

mI meq meq 

VIII IX X 

200 2.3 0 

700 12.8 0 

305. 

Ultimate discard 

vol. KOH KCI 

mI meq meq 

XIX XX XXI 

. 420 304 50.2 

1315 919 52.2 

3.1 3 1 

22.5 480 200 33 

67.5 1485 584 33.2 

315 180 708 10 

1170 900 36 148 

3 3.1 2.9 1 3.7 

The results obtained indicate, that in spite of the 
difference in feed-rates, the yields show a considerable degree 
of similarity. This holds especia11y for the two process­
solutions (columns XI-XIV), where the percentages of resin 
capacities utilised (i.e., meq KOH in process sOlution/total 
resin capacity, in meq) we re very nearly the same (column XIII), 
and where the amounts of both KOH (column XII) and KCI (column 
XIV) appeared in the ,same proportion (300), which was, further­
more, very near to the ratio of resin weight in the two columns 
(column 11). 
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I~ the method o~ operation, as described here, 
were adèpted ~or the ~inal flowsheet, "process development" 
would probahly require the influence of the diameter to be 
investigat'ed on a more comprehensi ve scale. The resul ts of 
table 3.4. indicated, on the other hand, that little wou la 
be gained at that stage o~ experimentation from the use of 
the broader column whi1.e the expense of chemica:la incurred 
(and to some degree o~ time as weIl) would be considerably 
greater than in the case of the narrower column. The work 
was there~ore c?ntinued with the narrower column exclusively. 

3.2.7.5. Successive Cycles - Cyclic Balanceo 

Experiments were .carried out in the form of seve­
~al successive cycles,' to approach the operation of a contirru­
oualy ' working installationo 

The ~irst point requiring investigation was 
whether cyclic balance could be es tablished , while limiting 
the quanti ty o~ regenerant t o 2 Q o. The amount of KOH deter­
mining Q can be calculated in two ways , dependi ng on the divi­
aion· o~ the loading e~fluent into f ract i onso This effluent 
contains namely both formed KOH a s weIl as unconverted KCI . 
The bre.akthrough of Kel occur s af ter the appearance of KOH. 
The greater the volume o~ effluent which is relegated to 
fUrther processing, the greater its KCl- contents will beo 
This Kel will appear uncha~ged in the subsequent ' KHCO -
solution. Now it is shqw.n \116) that if water is with~rawn 
f'rom sn aqueous miJl;ture óf' KCl and KHCO J no KCI will precip­
itate (in a solution saturated to KHCO ~ unless its mol~ 
exceeds 75.1. On the other hand, mothe~ liquor will adhere 
to the KHCO~-precipitate, and the higher its KC1-contents, 
the more wdhing o~ crystals will be requiredo 

Two possible ways of division of the e~fluent can ' 
no. be considered: According to the first, only that fraction 
containing little Irel (the limit being set arbftrarily at about 
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15 mol~) would be considered for the process solution~ the 
rem,ainder, o.f the KOH, heavily contaminated by KC1, being recy­
cled through the ion-exchangero The process solution would 
then be relatively pure, but contain only a part of the KOH ~ 
whereby Qwould be limitedo According to the second way, the 
whole effluent (except for some minor discards at its begin­
ningand end) containing all the KOH produced would be further 
processed, thereby increasing the available Qo On the other ' 
ha.D.d'~ this solu tion would be contaminated wi th all the uncon­
verted KCI. As long ,as the KCl mol..J}b did' not ex'ceed 7501 , 
precipitation of pure KHCO would be possibleo The nearer 
this percentage approached3that limit, the smaller the amount 
of KHC0

3 
precipitable-per-passo 

A set of three experiments was carried out to as­
certain whether the limit cf KCI-contamination of 15 mol-% 
was tenableo As the first cycle was done on resin hydroxide 
completely in the R-OH state, its loading results should be 
viewed with reserve. The two other loading experiments were 
carried out on aresin regenerated with the proper amount of 
Ca(OH)20 The eperimental results were as per table 3050(figo 
3050) 

The results show a steady deteriorationo At a 
KC1-mo:I$b approximately constant and not over 1504 (column XIV), 
the meq KOH formed (column XI) decrease from 455 (in 3B1) to 
302 (in 3B2) to 195 (3B3), while that part of the KOH, in the 
recycle solution (column XV), increas~ As aresult, Q dec­
reasessteadily, with it the amount of regenerant (column XXI), 
and thus the degree of regeneration, as represented by the 
amount of Cl' removed from the resin (column XXIII), from 374 
to 291 meq. Such a course of events would terminate at a neg­
ligible, if not actually zero , production of KOH , in the 
process solutiono 

It was therefore decided to cónsign all the effluent, 
including those fractions heavily contaminated by KeI, to the 
process solution. A set of six experiments was carried out, 
with results as per table 3.6. Experiment 3C1 was done on a 
resin completely in the hydroxide state. 



Tab Ie 3.5. 

Cyclic experiments (with recycle of the KCI-rich loadlng 
effluent) 

JrCI-solu tion Water 

Experiment KOI-conc. No. of Feed-rate vol. Feed-rate 

Number 

I 

3B1 
3B2 
3B3 

gIl 

11 

Primary Discard 

Vol.. KOH KCI 

ml meq meq 

VII VIII IX 

meq Cl' 
introd. 

111 

617 
606 

ml/mifl/ cm2 

IV 

20.9 
19.0 

mI 

V 

586 
598 

ml/min/cID2 

VI 

22.6 
37.0 

Process solut'ion Recycl~ solution 

Vol. KOH KC I Vol __ KOH KCI 
meq % ' 

total 
ml meq mols mI meq meq 

X XI XII ' XIII XIV XV XVI 

150 5.0 0 500 
150 3.0 0.3 375 
125 4.5 0.2 275 

455 63.4 12.3 
302 53.4 15.1 
195 35.5 15.4 

150 39.5 64.2 
275 107 187 
500 198 321 

Ultimate Discard 

Vol. 

mI 

XVII 

240 
245 
115 

KOH KCI 

meq meq 

XVIII XIX 

6.1 5.6 
2.3 9.5 
6.3 10.3 

Ca(OH)2 - 80lution 

vol. No.of meq 

mI 

XX 

21500 
14300K 
10740 

introduced 

XXI 

910 
603 
391 

Feed-rate 

ml/min/c~ 

XXII 

RegeIieratj,;~{: ' 
Effluent; No. 
of meq Cl' 
removed from 

resin 

XXIII 

374-
361 
291 

. 

* As a result of an experimental error, the volume of Ca(OH)2 
utilized in experiment 3B2 was 17800 ml instead of 14300 avail­
aèle from the loading stage. The calculations were based on 
the correct amóunt of Ca(OH)2' but the picutre of the next cycle~ 
3B3J is too optimistic~ 

',' 
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Table 3.6 

Successive cycles (witJ.:iout recycle of the KCI-rich solution) 
, 

Experimen+ KCI - solution Water 

Conc. -110.- of-meq Peed-rate -Vol. Feed-rate 

s/l introduc~d mI/min/cm 2 mI mI/min/cm 2 

I _ . II III IV . V VI 

3C1 99 .. 9 .' -' 

3C2 99.9 637 21.1 6-Q4 20.0 
3C.3 99.9 598 19.8 592 17.4 
3D1 99.9- 555 15.4 595 - 11 .1 
3D2 ' 99.9 61t> 20.2 601 19.7 
3D3 99.9 627 25.0 -600 24.0 

Primary Discard Process solution Ultimate Discard 

Vol KOR KCI Vol. KOR K l i Vol. KOR KCI meq % tot al 
mI meq meq ml meq mols mI meq meq 

VII VIII IX X XI XII XIII XIV XV XVI 

150 2.0 0 750 464 213 31.6 140 6.8 11 .1 
150 506 0.3 700 385 277 41.8 230 1704 8.2 
150 6.5 006 750 443 251 36.3 140 6.2 2.2 
250 5.0 1.0 550 357 174- 32.7 235 5.1 5.9 
150 '3.-0 005 650 365 258 4L4 250 10.3 17.5 
150 305 009 750 410 297 4200 145 12.1 4.1 

Ca( OH)2 - solutièn Regeneration"',Effluent 

Vol. No. of meq Feed-rate No. of meq C'19 

ml introduced ml/min/cm2 removed from resin 

XVII XVIII XIX XX 

23600 928 20.1 399 
19600 770 21.4 390 
19400 884 18.0 402 
15700 715 17.9 359 
15470 730 16.4 387 
17660 820 17.0 388 
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The results show the following. The maximum mol~ of 
KCI in the process-solution (column XIII) does not exceed 42.0. 
This Jmplies that theoretically 

, n100-42.0) - 42.0 (iOO-75.i )/75.1]/58.0 = 78f"of. the KHC03 

s~~~eqU;ntiy pre;ent (a~~umihg h cómpleteciohversion ofKQH to . 
KHC03) could be precipitatea without contaniination by KCI~ ' Md 
that 2J4, would be recyclede For KCI ' IÎlol~ of, aboût 33 ,.the~e val­
u,es , would become approximately 8~ (precipi tated) and 1 ~ (recy-
"e~e'd). ' . " , 

, Tbe production of KOH (column XI) - excepting cycle 3C1 -
varied between 443 and 357 meq (average 392 meq). Tbe re~eneration ' 
removed (column XX) from 359 to 402 meq (average 387 meq) of Cl'. 
A ce.rtain variation around average values is thus noted, the pro­
bable reason for which will be discussed below. In view of the 
ve~ small deviation between the averages of meq KOH produced and 
meq CI' , removed, a cyclic balance seems to have been attained. 
Tbis then means th at regeneration with 2 Q of Ca(OH)2, the excess 
put at our disposal by the prelimina~ flowsheet, suffices for 
the purpose set. At the level of operation as attained in the 
experiments 3C2-3D3, between 60-7~ of the resin capacity is uti­
lised. Of the round 600 meq KCI introduced, roughly 2/3 (400 meq) 
are converted into KOH. Tbe influent KCI normality in these exp~- . 
~ being i.34, that of KOH in the process solution is about 
0.59. Tbe decrease of concentration is due to two factors. First­
ly, dilu,tion takes place by initially present interstitial water, 
of which part only is removed before KOH appears in the effluent. 
Secondly, the conversion of KCI to KOH is less than complete. 
Both factors are evident from table 3.70' (fig. 3.6.) where cycle 
3D1 has been taken as example. 

Tbe effect of interstitial water is seen from the third 
column, giving the total normality of the effluent. Tbe maximum 
value of this total was 1.31 N, that is still somewhat lower 
than the influent normality. Tbis value was reached af ter. 650 ml 
of effluent. In all previous fractions, interstitial water caused 
a lower total normality (the lower total normality in the subse­
quent , fractions was due to the was hing water replacing the KCI­
sOlutlon) • 



Tab Ie 3.7. 

~eriment 3D1; influent Kel-normality 1.34 
Normality in the several fractions. 

IroH 

o 
0.06 
0.56 

( 0.86 
0.99 
0.94 
0.81 
0.72 
0.64 
0.61 
0.59 
0.55 
0.36 
0.05 
o 

KeI 

o 
0.01 
0.08 
0.10 
0.12 
0.22 
0.38 
·0.52 
0.64 
0.69 
0.72 
0.73 
0.59 
0.06 
o 

KOH + KeI 

o 
0.07 
0.64 
0.96 
1.11 
1 .16 
1.19 
1.24 
1.28 
1.30 
1.31 
1.28 
0.95 
0 .• 11 
o 

65 

The effect of the less-than-complete convers ion is 
seen from the appearance of KCI in the very first fractions. 
Af ter passage of only 200 ml KCl-normality reached the notice­
able value of 0.01 N (007 gil). This volume - 200 rol - corres­
ponds closely with the vo~ume of the interstitial voids, as 
calculated from the formula: \' , 

~ voids = (1-apparent density/true density) 100 

where the apparent de~sitl = 275/456 = 0.60 and the true den­
- sity very near to 100~117). The appearance of KCI af ter passage 

( 117) Galculated with the aid of G.D.Manalo, RoTurse & 
W.Rieman, Anal o Chim. Acta 21 (1959) 383-91$ ànd under 
the assumption of near-equfVälence between Dowex-1 and 
Dowex-2 o 
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of this volume indicates the breakthrough which takes place, 
due to the less-than-complete conversion. The variationar~nd 
'&.~rage · values' '" , as noted in table 3.6 • ., can be ascrib.ed 1-, 
to the following causes: On attempting to draw up a balanee 
of materials over a cycle of operations, a ' certain lack of 
balancing will be noted. As in the long run there occurs 
neither accumulation of material in the resin, nor its deple­
tion therefrom, and as the stoichiomet~ ~f ion - exchange 
has been -established beyond doubt, t 'he reasons for la~k of 
balanee ,could be due either to inexactness of analysesor .to 
inequálity in the state of the resinor the free electroly­
tes contained therein at comparabie points öf successive 
cycles. 

Let us t 'ake cycle 3E2 and attempt to draw up a bale&­
~ce 'of materials (tabie 3~8.) 

I .. 1 ] ( r;rable 3.8. 

Experiment 3E2 - A Balance of Materials '(in meq). 

Phase 

Loading + 
was hing 

Regeneration 

Introduced Obtained Difference 

anions cations anions cations anions cations 

573 Cl' 573 r 377 OH' 
189 Cl' 

566 546 K- t .2~ 
(+ trac-es 
of Ca··) 

+ washing 727 OH' 727 Ca·· 271 OH' 
383 Cl' 

Tot a 1 1300 1300 

654 657 eau 

1220 1203 

10.~ 

6",,4~ 

The table shows, that both the latter reasons given 
above for lack of balance, play a role. The presence of tra­
ces of Ca·· was noted in the loading effluent. This would 
account for the difference in the amount of cations (573 -
546) in that part of the cycle. These Ca-' -ions could have 
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origihàted only inthe previous regeneration j which was fol­
lowedfby' a' r-insing with water, and terminated at a low i but 
not r~ro~' ele'ctrolyte concentration. A complete rinsing of 
all ':f.r'eèelectrolytes from the resin would require very con­
sidere.ble volume's' of water" 'as the driving force. for the 
removal of·these electrolytes~ formed by the difference in 
th"e:t~ :..èoncentration in the re'sin and in the. wash~water, is 
diredtly proportionál to the electrolyte-concentration in 
the resiil.; 'On the· other hand$ '8: . subsequent treatment of the 
resfn "by á.npther ' electrolyt'e .scilution (as in the lo"ading of ' 
3E2; ' which followed the regenerà.tion of 3E1)~; adds . a second 
driving force to the first, namely the difference in .concen­
tration of . that second electrolyte between the solution and ' 
the resine Bo~h driving forces work in th~ _ same direction o 

Th1s then accounts for the presen~e of Ca Oá in . the loading 
effluent. 

_ The "regeneration + washing" - phase of 3E2 shows a 
very,~~asonable balanee betwe~n cations and anions in the 
effluent. The difference i s smaller than 0.5 % j and falls 
within "the accuracy of the. analyses. The difference between 
influènt and effluent streams iS j however.ll considerable j 
and is due to an accumulation of part of the electrolyte 
introduced in the resine This is supported by the ?xcess of 
meq Clu + 'OH ' in the loading effluent of the next experiment i 

3E3~ immediately following upon the regeneration and rinsing 
of 3E2o In 3E3 p 601 maq of KCI we re introduced j while 685 meq 
Cl' + OH' were Qbtained in the effluent p giving Sn exceS3 o~ 
84 meqj very nearly equal to 

727 - 654 = 73 meq in 3E2o 

From such a transfer of part of the electrolyte from 
one cycle (or its part) to another g results the deviation 
around ave rage values noted aboveo If this methad of operation 
would be recommended for the final flowsheet j then decrease 
of this "transfer" would be mandatory, as it results in both 
contaminat~on.ll and lessening of the yield from the raw mater­
ialso 



Table 3.9. 

Loading Experiments at Different KCI .. Concentrations 

Experi- KCI - solution Water Process solution Discards 

ment meq cone. feed-rate Vol. feed-rate Vol. KOH KCI % of Vol. KOH KÇl 
number in gil ml/min/cm2 . mI ml/min/cm2 mI , meq .total mols mI meq meq 

I 11 III IV V VI VII VIII IX " X XI XII - ~---- -
-- - - - - - -- . ~ 

3C1 3[ 649 99.9 22.0 603 23.8 750 464 ~1.6 290 8.8 11.1 
3C2 636 99.9 21.1 604 20.0 700 385 44.5 380 23.0 8.5 
3C3 599 99.9 19.8 . 592 17.4 750 443 36.3 290 12.7 2.8 
3D1 525 99.9 15.4 595 11.1 550 357 32.7 485 10.1 6.9 
3D2 616 99.9 20.2 601 19.7 650 365 41.4 400 13.3 18.0 
3D3 627 99.9 25.0 600 24.0 750 410 42.0 295 15.6 5.0 
3E1 641 100.6 9.0 600 6.2 600 397 34.9 445 21.7 29.5 
3E2 573 100.6 6.9 600 8.8 500 364 31 .0 525 13.1 26.2 
3E:3 601 100.6 9.3 600 6.5 550 386 36.8 500 32·~8 42.5 
3F1 3[ 592 185.7 13.6 600 16.6 450 439 26.0 395 13.7 35.0 
3F2 647 · 185.7 15.4 600 15.3 475 262 61.8 380 4.5 15.5 
3F3 657 185.7 16.1 601 15.1 450 253 64.9 395 3.0 85.6 
3G1 3[ 547 48.5 15.3 600 36.5 1050 459 10.3 . 400 8.2 6.9 
3G2 520 48.5 25.1 600 18.6 1100 379 28.0 350 3.3 4.9 
3G3 537 48.5 19.6 600 19.6 1050 373 · .'30.8 550 6.1 8.8 
3H1 573 273.0 8.5 ' 600 9.6 550 478 48.0 217 3.1 0.3 
3H2 588 273.0 8.1 600 11 :6 475 450 ' 47.6 290 5.6 3.6 
3H3 588 273.0 9.8 650 6.3 500 533 31.3 315 11 .0 7.5 

~ 
- ._-- \D 

3[ Preeeded by a KOH-regeneration 
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, 
3.2.7.6. Loading with Different KCI-co~centration~ 

The concentration of the KCI in the loading solution 
is of considerable influence , on the process as a whoIe, as it 
is one of the important factors which determine the :concen­
tration of KOR, and therefore of KHC03 , which determines in 
its turn thè amount of water to be transferred during the 
dehydration. 

Experiments were carried out wi th KCI-'solutions of 
48.5 'g/1,99.9-100.6 g/l, .185.7 g/l and 273 'f!ll. 

The experimental results were as per table '3.9. 
(see page 69). 

The influence ofthe KCI-concentration can be 
visualized by comparing it with that of the KOR in the 
process solution. In accordance ~ith previous experience 
the process solution includes the total effluent, except for 
some minor discards of low electrolyte contentso A factor f 
is defined, where f = influent KCI-normalitYfeffluent KOH­
normality. It is a measure for the conversion-per-pass of 
KCI; the lower fis, the more favourablé the conversion will 
beo ' 

In view of the variation around average values, 
noted earlier, each series (3D, 3E etc.) was averaged. The 
magnitude of f is then as follows: (tables 3.10. and 3.11., 
and fig. 3.7.):-

The Ratio of Influent and Effluent Normalities 

Exp. series 

I 

3G (e~cl.3G1) 
3C (excl. 3C1 ) 
3D 
3F (exc1.3F1) 

Table 3.10. 

N1 =average 
influent 
KCI-norm. 

11 

0.65 
1.34 
1.34 
2.49 

Average KCI 
feed-rate 

mI/min/cm 2 

111 

22.3 
20.5 
20.2 
15.7 

N2=average 
effluent 
KOR-norm. 

IV 

0.35 
0~57 ) 
0.60 ) 
0.47 

f=N1/N2 

V 

1.86 

2.29 

5.30 

Table 3.10. contains the results at about 20 ml/min/cm2, 
3.1t. those at about 8-9 ml/min/cm2. 



Exp. 

3E 
3H 

series 

I 

.. 

Table }.11 .. 

N1=average 
influent ' 
KeI-norm. 

11 

1.35 
3.68 

Average KCI 
feed-rate 

ml/min/cm2 

111 

Nf=average . 
e fluent 
KOH-norm. 

IV 

71 

f=N1/N2 

V 

1.93 
3.e4 

Fig. 3 ... 7. represents graphically the results of 
tables 3.10. and 3.11. 

·At very low influent KCI-normalities, the conversion 
will be considerable J and f will approach 1 c At very low 
feed-rates, f will approach 1 irrespective of the influent 
KCl-normality. 

The figure illustrates the fact that at the same 
influent KCl-normality an increased feed-rate results in a 
àecreased KOR-concentration (in the process-solution), while 
at constant feed-ratedecreased influent KCl-normality 
decreases f, that is, increases the percentage of conversion. 

This second effect, which is less marked at lower 
feed-rates, is due to two re'asons:-

1) That at a constant feed-rate (in volume units) a more 
concentrated influent presents relatively less chances 
for contact and exchange than a more diluted one. 

2) That en increase in influent concentration means a 
decrease in influent volume. The interstitial volume of 
water stays constant; this results in an increased 
dilution of the KOR formed. 

,1 

Both reasons tend to increase f at ,increasing inflûent con­
centrat;ion. · This resul ts iri. , increased .contamination èy :KCI, 
as is reflected in column ·IX ·of table 3~9. ' Regarding the " 
discards~ their total electrolyte .. contents ,is too small to 
assign any significance to eventual changes of composition. 
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. FIGURE 3.Z 
JHE MUTUAL INFLUENCE OF FEED-RATES 

ÀND CONCENTRATIONS ' AT LOADING 

o~--~--~~--~~-----
o 2 3 4 

---- INFLUENT NORMAUTY N, 
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3.2.7.7. Loading with KCI at Different Feed-rates 

The results of series 3C, 3D and 3E in tables 3.10. 
and 3.11. and in fig. }.7. serve to indicate the influence 
of the feed-rate. A decrease of the feed-rate of 1.34- N -KCI 
from 20.3 to 8.4 ml/mi~cm2 results in an increase of the 
average KOH-normality from 0.58 to 0.70. This is due to the 
increased exchange at the langer residence times. This 
langer residence time would result in a smaller production 
per time unit, and the evaluation of an economie optimum 
would be required, if this methad of operation were adopteà 
for the final flowsheet. 

3.2.7.8. The Equilibrium Curve for the Regeneration 

An indication of the behaviour of the resin during 
regeneration with Ca(OH)2 can be obtained from the equilibrium 
curve between the,resin and regenerant solutions ;of different 
Cl' to OH' ratio's. Ta annul any influence of the volume on 
the equilibrium, solutions of Ca(OH)2 andCaC12 of very nearly 
equal strength were prepared, and mixed in preaetermined 
volume-ratio's. The number of meq in this (mixed) solution 
was equal to that in the resin, equilibrated with this solution. 
Equilibration was attained by ·occasio.nal shaking during several 
hours in a thermostatic bath, kept at 19.7 - 20.20

• 

The res-in (Dowex-2, 8%) 'was prepared for the equilib­
ration by cycling it several times between R-OH and R-Cl, and 
converting it finally intn R-Cl, with a large excess o~ 
2Y HCl, washing and drying foroseveral hours at 110-11 Sa. 

The Ca(OH)2-solution contained 46.2 meq/l, the CaC12-
solution 46.5 meq/l. The experiments and their results were 
as per table 3.12. 

The data of the equilibrium are given in columns 
XII and XXII of the tabIe. They have been represented in 
figure 3.8. 
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Table 3.12. 
Data of the Equilibriuml. Curve for the Regeneration. :j::! 

Resin CaC12 Ca( OH)2 
Acid 

AgN°3 
OH' Cl' Cl' + OH' 

Exp. weight . Temp. Sample mI meq/l meq/l meq,lin 
soln. soln. · 

No. 
(dry) mI mI oe - mI req.for solp. in in solution 

me: neutr. mI soln. soln. 
I II III IV V VI VII VIII IX X XI 

HCl 
0.1007N 

0.0996N 
Ui 631.4 2.00 48000 1908 10.00 2061 2603 48.3 

10.00 2022 22.0 
4A2 627.0 6.00 44-000 20 00 10.00 2.30 23.1 47.5 

10 000 2.45 24.4 
4A3 631.4 15000 35.00 19.8 10000 1.84 18.5 48.4 

10000 3.01 2909 
4A4 62803 22~50 27.50 1907 10000 1033 1304 48.0 

10.,00 3.48 34.6 
629.2 

. ; 
1908 0.98 48.7 4A5 30 000 20 000 10 000 9.9 

10.00 3090 38.8 
4A6 627.1 37050 12050 1908 10 000 0059 509 49.5 

10 000 4038 4306 
41\.7 629.4 40000 10000 . ·1907 10.00 0050 5.0 49.8 

10.00 4050 4408 
H2S04 
001004N 

0.1000N 
4A8 626.7 0.00 50~00 20 00 10 000 2.88 1.88 2809 1808 47.7 
4A9 627.8 45.00 5.00 20.2 10.00 0 020 4050 2.0 45.0 47.0 
41\.10 630.6 33.00 17.00 1909 10.00 0 .. 80' 3087 800 38.7 46.7 



(OH' ) 
x=(OH'+Cl') 
in solution 

ult. 

XII 

0.545 

0·487 

Od93 

0.279 

.0.203 

0.12Ö 

0'.100 

0.606 
0.043 
0.171 

Cl'+OH' 
meq ult. 

in 
soln. 

XIII 

2.41 

2.38 

2.42 

2.40 

2.43 

2.47 

2.49 

2.39 
2.35 
2.34 

Cl'meq Cl'm~q 
init. ult.in 

in solu-
soln. ti on 

XIV XV 

0.093 1 .100 

0.279 1.220 

0.698 1.495 

1.046 1 .230 

1 .395 1.940 

1.745 2.180 

1.860 2.240 

0.0 0.940 
. e.085 . 2.250 

1.534 1.940 

Cl'meq 
passed 
fr om 
resin to 
soln. 
XVI 

1.01 

0.94 

0.80 

o.~ 8 

.0.55 

0.44 

0.38 

0.940 
0~165 
0.406 

Cl'meq OH'meq 
left init. 
in in 

resin soln. 

XVII XVIII 

1.31 2.22 

1.36 2~03 

1 .52 1.62 

2.13 1.27 

1.76 0.92 

1086 0.58 

1.93 '0.46 

1.36 2.35 
2.~ 3 0.24 
1.89 0.79 

OH'meq 
ult. 
in 

soln. 

XIX 

1.32 

1.16 

0.93 

0.67 

0.50 

0.30 

0.25 

1.45 
0.10 
0 .. 40 

OH'meq 
passed . 
fr om 
soln.to 
resin 

XX 
_. 

0.90 

0.87 

0.69 

0.60 

0.42 

0.28 

0.21 

0.90 
0.14 
0.39 

OH'+Cl' 
meq 

ult.in 
resin 

XXI 
--- -

2.21 

2.23 

2.21 

2.73 

2.18 

2.14 

2.14 

2.26 
2.27 
2.28 

OH' 
!=OH'+Cl' 

in 
resin 
ult. 

XXII 
-

0.408 

0.389 

0.313 

0.220 

0.193 

0.131 

0.098 

0.398 
0.062 
0.171 

-...J 
V1 
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FIGURE 3.8. 
EQUILIBRIUM BETWEEN DOWEX -2-CHLORIDE AND 
AQUEOUS Ca(OH~+CaCl2 MIXTURES 
TEMPERATURE 19.7°- 20.2°,; TOTAL CONCENTRATION 
IN THE SOLUTION 46.2-46.5 meq/l 

VALUES IN BRACKETS DEt'l0TE CONCENT,RATIONS ' 

SUBSCRIPTS : R: RESIN 
S :SQLUTION 

l,Or------------------------.. 

1 
(OH'>S 

_y. • (OH'~ +(CI' )R 
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The _ data show "adsorbtion azeotropy"-;-: that is, a 
reversal o~ the selectivity at x = y = 0.171. On the whoie, 
the deviation ~rom the 450 - line is rather smalle Ttles_e 
results are qualitatively in agreement with those o~ ~ 118), 
where the s~me resin .was equilibrated with mixtures o~ 
NaGl + NaOR -at a total copcentration o~ 100 meq/l. There, 
the curve cut the 450 - line at x = y = 0.25. 

Waterman and Weber faund (119) that distribution 
curves o~ten occur in the shape öf hyperbolaso The occurrence 
of this form was -verified in the -present -pasg t From known 
forms of distributioncurves (such as in ~11 ') it was clear, 
that two hyperbolas would be required here, one below and one 
above the point of "azeotropy" 0 Ttle tWQ hyperbolas might 
agree with the following formulas ~ 119a ):_ -

Below the point of azeotropy x(d-x) 
Y = x + . .,-----

a1+b1x 

Above the point y = x + 
(d-x) (1-x) 

where x = y = d is the point of azeotropyo 

From the experimental x- and y-values, and with the 
technique o~ the "least sum o~ squares", lines ~orming part 
of two hyperbolas were drawn in the figureo 

From the sum total of the experimental fpoints in 
fig. 308. the impression was gained, that the point 

(x=0.606; y=00398) 

deviated ~rom the general trend; this was probably due to 
inaccurate experimental re-sults, and the point was not taken 
into consideration when calculating the hyperbolao It was 

(118) R.M. Wheaton & WoG. Bauman, Ind. Eng. Ghem. ~ (1951) 
1090. 

(119) Hol. Waterman, Analo Chim. Acta 18 (1958) 498; Hol. 
Waterman & AoB.R. Weber, J. Inst:-Petr. ~ (1957) 315 

(119a)H.I.Waterman, G.Boelhouwer & DoTh.A. Huibers, Process 
Characterisation (Amsterdam 1960) po 114. 



78 

also found necessary to introduce a small correcti~n in the 
experimental y-value of the point, (x;0.100j y=0.098), and to 
equate its x- ~ aril..y-values. ; ," " " , , 

. ; . . . 

The degree of agreement between the hyperbolas and ' 
the experimental points~ay 'b,e consi~ered 'satisfactory. 

3.2~7.9. Regeneration at Elevated 'Temperatures 

The solubility of Ca(OH) in water decreases with 
incréasing: temperature, althoughthe changes aresmaIl. 
Regeneration at a temperature ,different ' from' 'that of the 
surroundings might have, however, ' other conse.quences, as 
follows. On decreasing the temperature, th~ èqUilibfium\ 
constant of the ion-exchange (note 9) would decrease 120;, 
the viscosi ty of the ,solutions Would increase ,and the 
diffusion coefficients for both film- and particle -
diffusion would decrease, all of which would tend to slow 
the exchartge. An tncrease of temperature" which would have 
the opposite effects, ' might therefore be beneficial. Such 
an increase would be, however, limited, due to the limited 
stability of the resin-hydroxide, to about 400 (121). 

One set of three cycles (series 3E) was carried out 
at increased temperature. The regenerant was heated by 
passing through a glass coil in a thermostatic bath. The 
column was fitted with thermometers at both inlet and outlet, 
and isolated externally with asbestos cord. The difference 
between top and bottom of the column amounted to 30 • The 
temperature stayed constant during the regeneration within 
0.50 • The given values form averages between top and bottom. 
The loading and was hing phase were carried out a~ ambient 
temperature. 

(120) J.A.Kitchener, Ion Exchange Resins (London 1957)p.41 
(121) F.K. Lindsay & J.S. d'Amico, Ind. Eng.Chem.~ (1951)1086 

Note 9: The average equilibrium constant, calculated fr om tabIe ' 
3.12., was - found as k' = '(OH')R(Cl')s!(ci')R(OH')S=O.84, 
the individual deviations from this value, however, 
might make the replacement of activities by concen­
trations somewhat doubtful (this, in contradièt.ion 
to (108~. 



The experimental results were as follows (tabIe 
3.13) .: - -
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-------------------------------------------------
Tabla 3.13 

Regeneration at Elevat~J Temperatures 

Exp. Temperature of Feed-rate No. of meq Cl' 
No. regenerat i on,oC ml/miNcm2 removéd frorn . .. 

resin 

I II UI IV 

3C1 19.0 20.1 399 
3C2 19.4 21.4 390 
3C3 18.2 18.0 402 
3D1 16.3 17.9 359 
3D2 18.1 16.4 387 
3D3 16.0 17.0 388 
3E1 35.B 16.6 392 
3E2 35.8 1-6.4 383 
3E3 35.8 Not carried to complet ion 

3( 

3G1 11.6 20.8 388 
3G2 14.4- 23.3 368 
3G3 12.0 23.0 356 

* Explained below 

The results indicate that increas.e of the tempera­
ture from 120 to 360 does not improve the regeneration. 
The number of rneq Cl' removed from the resin (.column IV) 
stayed on the same level, except for the variation around 
average values noted earl ier. Due to oversaturation of the 
Ca(OH)2 - solution by the heating, precipitation of the 
excess occurred on conta~t of thjs rolution with the resine 
Thegrowing precipitate hindered the completion of cycl.e 
3E3 due to untolerably low flow-rates. . 

3.2.7.10. Regeneration with a Chloride-containing Solution 

Execution of the ion-exchange as described above 
would require very considerable arnounts of water, because of 
the low solubility of the regenerant Ca(OH)2. We saw that 
regeneration with 2 Q sufficed for our purpose. At a 
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Ca(OH12-s01ubility of 1.65 gil (122), the regener~t requires 
per equivalent of KHC03 (= 100 g) 74.1/1.65 = 45 I o-f water;' 
or 450 m3/t KHCO~, if we assume carbonation and dehydration 
efficiencies of lOq%. As this amount of water would exclude 
the use of distilled water for the process, the influence of 
the impurities in tap water was investigated. Of these 
impurities, the influence of Cl' would probably be the most 
serious, &re to its lowering -the driving-force for the . 
regeneration. An indicationto this effect had, .in fact, ' been 
obtained earlier in the preliminary experiments with the short 
columns (par'. 3.2.6.). 

Local (Haifa, lsraeJ;) tap water analyses yielded ' 
average Cl '- contents of 350 'Ppm, that is about 10 meq,ll. 
Aregenerant solution contairiing that amount of Cl', added 
as KCI, was prepared, and one .. set of experiments was carried 
out to ascertain the feasibility of such a regeneration 
(series 3F). Experimental res~lts were as follows (tabIe 3.14):-

Expo 

No o 

I 

3F1 

3F2 

3F3 

Table 3.14. 

Regenera_tion wi th éhlori9.e - Containing Regenerant. 

Feed-rate 
ml/min/cm2 

. . 

II 

22.6 

21.8 

20.6 

Chloride 

meq,/l 

III 

contents 

p'pm 

IV 

344 
344 

344 

( OH' )/( Cl ' ) 

meq,/meq 

V 

Meq Cl' 
removed 
from the 
resin 

VI 

213 

190 

234 

Throughout these experiments, 2 Q of regenerant were 
used. The results indicate clearly that the" amol,lnt o"f Cl' 
removed trom the re'sin (column VI) is èmly about half of that 
when regenerating with a chloride-free solution • . The presence . 

(122) C.s. Hodgman, Handbook of Chemistry and Physics 
(Cleveland 1955) p. 1596. 
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of Cl', even in the small concentratión ~ndicated, lowers the 
driving .force ~o suchan ext~nt that complete~e~~ of , 
regeneration is not attained, and that the capacity of the 
resin is utilised to the extent of about ' 3~ only, instead 
of 6~ (or higher). 

If no way were ~ound to lowerthe water requirements 
of the process, and if a purity as high as indicated (with 
weIl below 350 ppm Cl') -were mandatory, the problem of the 
technical possibility of execution, both in Israel and 
abroad, would arise. -

3.2.7.11. Regeneration in the Presence of Solid Ca(OH)2. 

-Of, those methods which IIilght result in economy 
of water uuring the regeneration, th~ use of a slurry of 
Ca(OH)2 is one of the most evident. 

--
Preliminary experiments wi th a short column-

(paro 3.2.6.) had indicated that the transport of suéh a 
slurry in downflow through the resin would result in 
clogging. To test the possibility of such a mode of 
operation, regenerations were carried out batch-wise, 
by stirring --a mixture of resin and regenerant and wi th­
drawing samples for analysis of Cl' af ter settling. 
The experiments were done in measuring cylinders, under 
intensive mechanical stirring. ' 

The fresh resin (Dowex-2, 8)b) was cycled several 
times -between R-OH and R-Cl, and finally converted to 
resin-chloridewith a large excess of HCI, washed and 
dried at 1100 • 

The time required for attainment of equilibrium, _ 
was determined as follows: Of the resin, 23.1214 g (85.1 meq) 
were mixed with 1.885 liter Ca(OH)2-Solution (45.2 meg/l) 
containing 85.2 meq. Several grams of solid Ca(OH)2 we re 
added. Experimental results were as follows (tabIe 3.15) :-

" 
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Tab1e 

Regeneration in the Presenc'e of Solid Ca( OHh -

Determination of Equi1ibration Time. 

Time :sinee 
start 

I 

15 minutes 
30 minutes 
45 minutes 
67 hours 

'Vo1ume of 
sample. m1 

11 

10.00 
10.00 
10.00 
10.00 

Volume of AgN0J-so1ution 
( N = 0.0996 

111 

2.15 . 
2.20 
2.20 
2.20 

Meq Cl '/1 

IV 

21.4 
21.9 
21.9 
21.9 

Af ter 30 minutes equilibrium had been attained. In tota1~ 
21.9 x .1.885 =' 41.3 meq Cl' were removed from the resin, 
yie1ding as equilibrium constant 

~H1 _ (C1')r • (C1')s _ 85.1 - 41.3 • ~ - 2 19 
~ - {OH') r ~ (OH') s - 41 .3 • 4502 - • 

(4502 is the unchanged concentration of Ca(OH)2). 

This constant differs 1itt1e from that given in(123) 
;for a near1y identical resin (6~ instead of 8~ crosslinking) , 
to wit: 1.95. 

As the inf1uence of solid Ca(OH)2 wou1d be greater 
if the number of meq OH' initia11y in the solution wou1d be 
smaller than that of meq Cl' in the re sin, the fo11owing 
experiments were done. Two equa1 amounts of resin (as R-C1) 
were mixed each with equal volumes of regenerant solution, to 
one of which excess of solid Ca(OH)2 was added. The resu1ts 
we re as fo11ows:-

(123) W.C. Bauman & R. McKe11ar, US Pat. 2614099 
(14.10,.1952) • 



Table -J.16. 
. -

Rege~~ratio~ i~ ~~senqe of Solid Ca(OH)2. 
;' 

Exp~ 
-. 
·i:Resin Ca( OH) ~~oln. EXGess 

' -' ~ight .. No. mg meq vol., Dil 

I 11 111 IV 

482 10007.7 22.0 300 

483 10006.2 .22.0 300 

meq Ca(OH)2 

V VI 

13.9 . none 

13.9 present 

Time of-
equilib. 
minutes 

VII 

120 

120 

83 

Meq Cl' 
removed 
from 

resin · 

VIII 

These results show that the amount of chloride removed 
from the resin in presence of solid Ca(OH)2 is greater than the 
amount, removed in absence of that solid. The increase is 
(13.9-10.7)!10.7N 30% 0 For the purpose of con8ervation of wate~ 
this value is quite low, although(it)is considerably higher 
than the "improvements" given in 74, which proposed an ana-
logous 'method of operation. . 

3.207.120 One-Time Regeneration with Phenolic Ca(OH)2-solutionso 

We saw that in attempting to decrease the water requi­
rements of the t>rocess, re-use of the regénerant solutions 
(containing Cl') did not have the desired resulto Increase of 

. the regenerant temperature had little influence on the outcome. 
Addition of excess Ca(OH)2 decreased the water requirements but 
to a certain extent, while requiring operation with a slurry. 
The advantages of the simple percolation of clear solutions 
being evident, a way was sought to increase the solubility of 
Ca(OH)2 by the addition of chemicaIs. 

It is, for example, known, that NH4CI(124) and KCI(1 25) 
increase the solubility of Ca(OHh in water, although they, on 
account of their CI'- contents, would be unsuitable in this 

(74) N.W.Rosenberg & W.E.Katz, us Pat. 2884310 (28.4.1959) 
(124)A.A.Noyes & E.Si" Chapin, Z.physik •. Chem.28 (1899) 518-22. 
{125)G.L.Cabot, J.Soc. Chem. Ind. ~ (1897) 417-19. 
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particular case, the required Cl'-concentrations exceeding 
the available OH' -concentrations several times. Better in 
this respect would be substances not co~ta~ing Cl'-ions~ 
known exampl~s of'· which are · .saccharose \1-26) and glycerol (127) • 

. These substanees suffer, however, from the serious drawback, 
that their recovery from aqueous solutions would be probably 
very costly,. . 

It has been known for over three quarters of a 
. century that phenol, C6H50H, increases . the solubili ty of 
Ca( OH) 2 in water. In fact, its use for this purpose was 
proposed in 1887 (128)and later fO~9the caustification of 
Na~04 with Ca(OH)2' arid in 1910 \ 1 ) forthe analysis of 
Ca·· in dolomites. Examination of phenol for our purpose 
indicated that it might have at least two desirabIe characte­
ristics. Firstly, the increase of solubility of Ca(OH)2 is 
considerab~e. The system Ca(OH)2-C6H50H-H20 at 250 has been 
described t 130). It teaches us that iri the presence of solid 
Ca(OH)2 the maximum Ca(OH)2-normality in a solution of 
9.9 wt~ phenol is 1.28. In the presence of Ca(C6H50)2.3H20, 
and in a solution of 40.7 wt~ phenol, the normality of 
Ca(OH)2 is raised to 2026. By way of comparison it may be ­
remarked, that in pure water of 250 the normality of Ca(OH)2 
is 0.043. 

As a second desirabIe characteristic, it seemed that 
phenol would be recoverable tb a considerable de-gree by 
extraction, a method which requires relatively low amounts of 
energy. This éxpectation was based on the fact that streams 
of industrial origin, intended for discard, had been subjected 
successfully to dephenolation by extraction for many years~ 
leaving no more than a few ppm phenol in the discardo 

Preliminary one-time regenerations with a phenolic 
Ca(OH)2-s01ution were carried-out, to test the suitability of 
this solution for our purpose. The solution was prepared by 

(126) F.K.Cameron & H.E.Patten, J.Phys. Chem. 12 (1911) 67-72 
(127) WoHerz & M. Knoch, Z.anorg. Chem o 46 (1905) 193-6. 
(128) WoW.Staveley, Brit.Pato 17657 (1887); J. Soc. Chemo Ind. 

1 (1888) 807-15 . 
(129) L.Lindet & V.Brasart~ Anal~ Chim. Analyto Applo 12 

( 191 0) 293-5. 
(130) G.JoVan Meurs, Zo physiko Chemo.21 (191 .6) 3130 
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first saturating water :with phenol, by cooling a clear, sat\!­
vatèd~,. hot (470) solution to room temperature, and drawing 
off 'the clear aqueous layer. The phenol used was chemically 
pure, contirming (according to its producer) to purity stand­
ara ~DAB 6" of the Germen Pharmacopoeia. Pbenol was dete~mined 
analytically by ~hé "mèthod T' o~ 'Xoppesch~~'f t1 3' t~vaèéording to 
which it was precipitated as tribromophenol with excess bro­
mine ,(from excess KBr + a known amount of standardized KBr03-
solution, in presence of HCl) end the excess Br2 determined ::~, 
iodometrtcaily with excess KI and a standardized "Na2S203 -
sol1,ltion. 

The phenol-water mixture contained 75.9 g pheno~l. 
This was then saturated with Ca(OH)2 ("chemically pure" qua­
lity) by prolonged stirring. The clear filtratecontained 
863 meq OH/I = 32 .. 0 g Ca(OH)21l ( ,OH' expressed as Ca(OH)2), 
that is about 19.4 times the solubility in pure water. 

Wi~h this phenolic Ca(OH)2-Solution, two batch reg~­
ner:'ations of R-Cl were undertaken. The experimental resul ts 
were the following (tabIe 3.17.) :-

TabIe ' 3.17. 

Batch Regeneration with Phenoltc Ca(OH)2-8olution. 

Exp~ Resin Re'generant Soln. Duration Resultant Soln. 
of 

No. g meq meq mg stirring meq meq mg 
OH phenol minutes OR' Cl' C6Hr:;OH 

I 11 111 IV V VI VII VII IX 

4B5 10.0013 22.0 22.0 

4B6 ' 20.0065 44.0 44.0 

1935 

3870 

35 7.6 17.4 453 

60 12.0 38.2 918 

It is remarkablè that in both experiménts the total. 
amount of inorganic enions in the resultant solution (columns 
VII and VIII) exceedêd the amount introduced (column IV), in 
4B5 by 25.0 - 22.0 = 3.0 meq, and in 4B6 by double that amount, 
50.2 - 44.0 = 6.2 meq. The excess in both cases was 0.3 meq/g 

(131) W.Koppeschaar, Z. anale èhe~. 12 (1876) 233, in F.P. 
Treadwell &: W.T.Hall, Analytical Chemistry (New York 
1951) vol. 11 p.633. 
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resin, arid resulted from chemical binding of C6H501-anions, 
as will be established finally at a later stage of the expe­
rimentation (see par. 3.2.8.).During these experiments 

, 0.3/2.20= 13.6~ of the resin exchange capacity was taken up 
by C6H 50' - ardons. This accoun ted for 0.:3 x 94'" 28 mg phenol./ g 
re·sin. !'he tota]; amount of phEmol taken up by the resin was 
(in 4B5) (1935-453)/10.001Y.148 mg/g., and (in 4B6) 
(3870-918)/20.0065,also 148 mg/g, of which 28 mg/g were thus 
exchanged, and 120 mg/g adsorbed, probably as undisso~iated 
molecules. This combined chemical binding and physical ad­
sorbtion of phenol(on ~owex-2 resin chloride has also been 
noticed elsewhere 132 ) .. On the other hand, a somewhat dif-f. -· 
terent resin (Amberlite lRA-400, containin, -CH2N(CH3)3 groups 
instead of -CH2N(CH3)2CH2CH20H) was said~133) to aosorb phenol 
only physically, wh en in the chloride state. This re sult is 
somewhat doubtfUl, in view of the slight difference between 
the two types of resin. 

The efficiency of the regenerant solution was measured, 
as formerly, by the amount of chloride, removed from the resine 
These amounts were 17.4 meq/25.5 mI regenerant respectively 
38.2 meq/51.0 mI (column VIII, table 3.170). For the analo­
gous removal of 400 meq Cl' from the resin (as in par.3.2.7.~, 
table 3.6 .. ) 400 x 25.5/17.4 = 586 ml respectively 
400 x 51.0/38.2 = 535 mI regenerant would be required. In 
comparison with a former regenerant consumption of 16-20 I 
(tabIe 3.6.) a water saving of 95~ or over would thus be 
effected. Regenerant efficiency, defined as meq Cl' removed 
per meq OH' introduced, would be 79" or higher J as c.ompared 
with 4~58~ (tabIe 3.6., columns XVIII and XX). 

Furthermore, it 1-s beyond doubt that regeneration in 
a column (with this phenolic Ca(OH)2-solution) would improve 
the regeneration still furth~r, as compared with that of 
the bat~h experiments, due to the constantly fresh solution 
contacting the resin in the former case. 

R.E.Anderson, & R.D. Hansen., Ind. Eng. Chem. 47 
(1955) 71-5. 
A.Eaves & W.A.Munday, J. Appl. Chem. ~ (1959) 
14~52. 
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'To ~omplete the picture 'o~ these batch experiments, 
the resin as obtained ~rom the regeneration or 4B6 was loaded 
with 1.32 N KeI, ~ter having been washed on a ~ilter with wa­
ter at room temperature(until the e~~luent showed no phenol) 
and dried by vacuum (at room temperature) and by gentIe press­
ing between leaves o~ ~ilter pap~ro Experimental results o~ 
the loading were as ~ollows (tabIe 3.18~) :- . 

Table 3.18. 

Batch - Loading ~ter Regeneration with Phenolic Ca(OH)2- ' 
Sol u t ion 0 

Expo Resin Loading Duration Resultant Solution 
m eq meq meq solno o~' meq meq mg 

No o ° Hi C6H50 Cli meq KCI stirring$ OH; Cl i C6H50H 
minutes 

I I I . III IV V VI VII VIII IX 

4B6 3 20~ 600 5080 41+00 45 605 3402 285 
(loadin g) 

Prom column VIII ó~ table 301701 and ~rom the calculated 
phenol-contents o~ the resino 
By di~~érenceo 

The loading e~~iciencYI expressed as meq KOH ~ormed 
per meq KeI introduced j was rather low$ o~ the order o~ 15% 0 
The major part o~ the KeI introduced remained unconvertedo As 
the resultant solution contained (columns VII + VIII) 40 07 meq 
OH' + Cl9 1 it shoul~ contain about 41+00 - 4007 = 303 meq o~ 
phenol = 310 mg o The phenol contents o~ this solution j 285 mg$ 
come very near to this valueo 

These preliminary experiments lead to the ~ollowing 
conclusions: Regeneration with a phenolic Ca(OH)2-Solution 
saves ver.y considerable amounts o~ water l at least 95% o~ 
that used ~ormerlyo The e~~iciemcy o~ the regerierant is inOPea­
sed . ' about 107 times l implying that 2/~o7~1 02 Q would su~fic~. 
The phenol adsorbed ,physically and present ~ter the water wash 
ts not removed in the subsequent loading. The reduced production 
ofl KOH is due probably to C6H50i - ions on the resin, and per­
haps also to adsorbed C6H50H - molecules; o~ the C6H50' - ions l 
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a part only is removed in the loading. The reduced production 
will be discussed in greater detail wh en considering cyclic 
experiments; it is of considerable importance in connection 
with the utilisation of the resine 

3.2.7.13. Regeneration with Phenolic Ca(OH)2-So1utions - cyclic 
experiments. 

Cyclic experiments were carried out in the same column 
(of about 80 cm height) as before. The resin was converted to 
R-OH with the aid of diluted KOH and washed with water prior 
to the experiments. 

A phenolic Ca(OH)2-solution containing 3106 g Ca(OH)2 

per liter ' (0.853 N) and 74 .. 6g C6H50H/I (0.794 N) 
was used. Experimentál results were as in table 3019. 

The amount of regenerant solution was kept constant 
in these experiments, irrespective of the p~oduction of KOH~ 

The exact amount of phenol, sorbed by the resin be­
fore experiment 4E1,was not known. In view of the previous 
regeneration with KOH, any phenol present would be physically 
adsorbed only. This is indicated by the absence of phenol 
from the loading effluent of 4E1 (column X). During these 
first cycles the amounts of phenol "led in" and "obtained" 
approached each other gradually. In

o
4E1, th~ odifference bet­

ween these two amounts was 

1190 - (770 + 139) = 281 meq, 

the 139 meq appearing in th~ loading effluent of the next cyc­
Ie, 4E2; in 4E2, this difference was 

1190 - (654 + 233) = 303 meq; 

and in 4E3; 

1190 - (985 + 169) = 36 meq only. 

For 4-F1, no phenol balance could be drawn up, as the resul ts 
of thenext cycle, 4F2, proved to be unreliable, due to faulty 
an~~yses; for this reason, 4F2 was not included in the tabIe. 



89 

Table 3.19. 

Regeneration with Phenolie Ca(OH)2-So1ution ~ Suecessive Cy~ 
Exp KCI - solution Water Process solution . Conc. No o of' f'eed-rate vol feed-rate vol KOH KCI C6H50H 
No o 

meq 
ml/min/em2 gil introd. m1 ml/min/cm2 mI meq meq meq( 1 ) 

I II 111 IV · V VI VII vm n X 
4E1 10006 563 18.5 600 1406 750 470 103 0 
4E2 100.6 573 19.5 600 26.8 750 180 405 139 
4E3 100.6 607 21.4 600 2208 800 210 423 233 .. 
4F1 185.7 637 22 00 600 2102 645 173 428 169 

Disea~ds(2"1 Regenerant solution Re~eneration effluentlJ} KOH KeI OH C6H50H f'eed-rate Cl OH C6H50H meq meq me.q m~q ml./min/cm2 meq meq meq( 1) 
XI XII XIII XIV XV XVI XVII XVIII 
201 0.2 1280 1190 20.3 398 868 770 
305 1.5 1280 1190 18.7 254 967 654 
3.7 1.2 1280 1190 1705 224 1045 985 
607 0 1280 1190 16.6 197 1057 '1021 

(1) As formerly, acidimetrie milliequivalents: 1 meq = 94 mgD 
(2) Any phenol-contents included in the "processsolution" 

(COlumn X). 

(3) Including rinse-water. 



This trend of ädsorbtion end desorbtion of phenol 
is also reflected in the mass-balance of Cl' and OH' for the 
individual cycles-<o See table 3.20. :-

Table 3.20 

Regeneration with Phenolic Ca(OH)2 - Solution (Mass Balance) 

Exp. Loading + Was hing Regeneration + Washing 
KCI C1'+OH' C6H

S
OH Ca{OH~ C6H

5
OH Cl'+OH' C6H50H No. 

meg in meg out meq out meq in meq in meq out meq out 

I II III IV V VI VII VIII 

4E~ 563 575 0 ~. 28r 1 '.90 ·~266 770 

4E2 573 590 )39 1280 1"190 .1.22~ 654 

4E3 607 638 233 :1280 .1190 ·1269 985 

4F~ 637 608 169 .1280 J .190 1254- 1.021 

On comparison of columns II and lIl, end V end VII, 
small differences will be noted. These are attributed to the 
transfer of electrolytes from one phase to the next, as was 
set out in par. 3.2.7.5. (tabIe 3.8., and further). The 
differences between columns VI and VIII + IV (this last, of 
the next cycle) are of an altogether different order of 
magnitude, and could not serve for compensation of the small 
differences in the Cl' + OH' balence. 

Thus, although absolute proof is lacking, there are 
strong indications that phenol is adsorbed and desorbed 
physically only in these cycles, and that any chemically 
bound phenol - as phenolate ion - is not removed. There are 
two further indications in the same direction :-

1) The small production of KOH (column VIII in table 3.19). 
The first cycle, 4E~, was preceded by KOH-regeneration, 
and should therefore not be taken into consideration. 
The other cycles show~ however, a production roughly 
half of that in table 3.6.$ column XI. It is suspected 
th at on continuation the production of KOH would become 
even lower. This is also indicated by the second point. 



2) The equilibrium constant for the exchange 'of chlorid~ by phepolate ions on nowex-2t 134), K =' ~ (C6H50 t R) (Cl tS) I 
(C6H50tS) ,(CltR), which was' found to possess the val~e of 8.7.. ' ·From .. the high v8.lue i t follows that any phenolate ions, once"tlc,aughttl by' t'he ' resin, would be removed but with difficult.y by chloride ions~ This holds at ' least qualitatively in spite of the presenee :(:jf 'a 'third spe~ies of ions on the, resin - ' the hydroxide ions" A' final 
indieation of the,correctness of this descräption will be given in. par . . 3.2.8. 

f· • 

This smal 1 production of KOH results in small load~ ing efficiencies, i.e. a high ratio between incoming KCI­normality arid outgoing KOH-normality, and therefore in , ' considerable contaminat~on of the proces,s solution, up to , 
7~% in 4F~ •. This válue is very near to the limit of relative KCl-concentration, 75~~%, and would theref9re allow but a very ' small precipitation-per-pass of subsequently formed KHC0

3
• 

3.2.8. The Drawbacks of Operation by Anion-exchange; 
Discussion of the Possible Uses of Cation-exehange 

If the experiments with anion-exchange are regarded from the point of view of the economic and technical feasib~­lity" of, the process, the following ' stands ,out :- Beeause of the ease of operation with clear solutions, we would prèfer their use over that of slurrieso Purely aqueous Ca(OH)2-solutions, in an amount equimola~ to the amount of the KOR formed (that is, 2 Q) suffice to execute the regeneration, i.e. tO'remove an amount of Cl· from the resin equal to that loaded in the first stageo This mode of operation suffers from a considerabIe expendi ture of water, of the order of 450 ,m3/t KHC03 or 800 m3/t KOH, which ~ater,should more over be of low chloride-contents, weIl below 350 ppm. These demands are so stringent that an economie realization of the present process in this way would be impossible. 

By the use of phenolic Ca(OH)2 as regenerant the water requirements of the process were lowered by more than 
9~ of their former value, at the same time even increasing the regeneration efficiency. The loading efficiency was, however, seriously impaired, by the exchange of phenolate ions for chloride ions on the resino 

(i34) So Peterson"Anno N.Y o Acad o Sci. 21. (1953) l44-58 
• 
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We should therefore look for another method of . 
operation which would retain the advantages of phenol 
without suffering f~om its drawbacks .. Now, as C6H50'­
~ions cause the decrease of .KOH-fQrmation. the use of a 
~ion.-exchanger would circumvent this difficul ty. 

, The réactions whieh would take place in case of . 
the use of a eation-e.xehenger . would be the following :-

Loading: Cat -R + KCl --.......... . K-R . + .;caC12 
Regeneration-: K-R + iCa(OH)2 ~ Cat-R + KO~ 

Tbe product, KOH, would be formed in the stage where 
Ca( OH) 2 was introduc,ed. It i'S precisely this raet wMch 
has been the cause of disapproval of cation-exehange for 
the desired conversion, due to the low solubi3ity of 
Ca(OH) (0.045 N) a very dilute KOH-solution .. 
(0.045~ = 2.5 gil., o'r less, beeause of incomplet~ convers ion 
or dilution) would be formed (see for example ~59)), which 
process would be devoid of any industrial intèrest. 

This serious limitation can now be overcome with 
the aid of the former innovation, namely the use of phenol. 
Solutio~s of up to 2.26 N in Ca(OH)2 can be prepared in this 
manner ~~30), ~d eorres~onding çonsiderable KOH-concentra­
tions might be expected ~Note 10). On the other hand, 
cation-exchange ought to be exempt from the difficulties 
caused by phenolate anions, while retaining the advantages 
of the use o~ phenol addition. 

Over and above this, cation exchange might be 
expected to produce a purer product than anion exchange, 
and this for the very same reason as that whieh disqualified 
its use until now. In ~ion exchange, KOH was formed 
according to 

KC1· + R-OH ----~ ... - KOH + R-Cl 

that is, in the stage where KCl was introduced, withthe 

(59) Dow Chemical Co., Brit .. Pat.6623~4(5~12.1.951) page 1, 
line's 46 &c . 

(1.30) G.J. van Meurs, Z.physik.Chem 21 (1916) 3t3 
Note 10: In the ensuing experiments, no such high Ca(OH)2 
concentrations were used, because of the observed viscosity 
of the solutionso Tbe Ca(OH)2-normality used was 0.68 -0078 0 
No higher-temperature experiments, such as might lower the 
viscosity of the regenerant,were carried out. 
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unavoidable contamination of KOH by KC!. In mion exchange, 
in contrast, due to invers ion of the order of the reactions, 
no contamination of the KOR by chloride would be expected, 
as the rel~vant r~action is then 

K-R + ~a( OR) 2 > 

'!'he importance ' of this advantage '- could. hardly be overestimated 2 

not the least from the point of view of the commercial value 
of the productc Some Ca(OH)2 (and eventually, C6R50R j if used) 
might accompany the KOR producedj their removal $ however, might 
be expected to pr~ceed easily (Note 10a)o 

The use of cation-exchangers would also have the . 
contributorY advantage, that these resins would be more stabIe 
than anion-exchangers, éhemically as weIl as thermally 
(Nota 10b ) , and this , due t o the chemical nature of the / 
reactive groupso Also, the priceof cation exchangers would 
be about half that of anion exchangers on a weight basis, and 
even 1esB on an equivalent basiso 

All these arguments made the usa of cation exchangers 
for the present purpose a promising propositiono Experiments 
had to be carried out to verify these expectationso 

Cation Exchange 

Introduction 

Experiments utilisingcation-exchange were carried 
out to investigate the feasibility .of this method for our 
purpose o Based on the arguments given at the end of the last 
paragraph (302o8 o) s cation-exchange was expected to give bet ter 
results than anion~exchange ~ consumption of smáll amounts of 
water and delivery of a KOR-solution free of chloridei . at 
reasona~le loading and regeneration efficiencieso 
------~--------------------------------------------
Note tOa: It is not clear whether pure KOR could not be produced 
by the present method, if concentration of the aqueous solution 
were carried out thermally and not by water-transfero In this 
case it is possible,that removal of the phenol(eogoby extraction) 
would leave a solutiqn from which pure KOR were obtainable o 
Note 10b: The cation-exchanging resins based on a sulfonated 
Polys(t~~e - divinylbe~zene skelet are stabie until about 
1200 f34a) 

o 

t .134a) 1" oC oNachod & J oSchubert,Ian Exchange Technology 
.(New York '1 956) po 24-5 
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As an industrial realization of this process might 
be envisaged ~n Sdom (Sodom), because of theproximity of the 
KCI plant, and as NaCI costs there little beyond manipulatinR 
expenses, the experiments with KCI were followed by compara-­
Uve ones with NaCl. Using a considerable excess for the 
luc.ding step, the. suitabili ty of NaCI as raw material for 
production of 'NaOH (and subsequently NaHC03 and Na2C03) 
in this way was investigated. 

An exploratory research of the influence of the 
following more important variables was conducted: the 
concentration or the influent KCI·; its amount relative to 
the total resin capacity; the direction of loading, downflow 
or upflow; and the feed-rate of the KCI-solution. As regards 
the regenerant phenolic Ca(OH)2-solution, variations in ~t8 
feed-rate, amount and direction of flow were considered. 

Choice of the Resin 

There are commercially available mainly two kinds 
of cation-exchangers based on the poly-(styrene-divinylbenzene) 
."skeleton", depending on the chemical nature of the functional 
group attached. They are the sulfonic and carboxylic acid 
group resins. We preferred the former over{the)latter, as 
sulfonic acids 'are more highly dissociated ~1: 35 • 

Because of its availabi;I:ity at short notice, the 
analytical grade of Amberlite IR-120, a product of the 
Rohm & Haas Company, U.S.A., was taken for the present work. 
In accord with industrial practice, a product of ~~ cross­
linking" was used • . The difference between "analytical" end 
"standard" grades of Amberlite Resins is, that the former 
have undergone several complete depletion ·and regeneration 
'cycles in order to remove traces of fin9~ ~d of inter­
mediates left over from the product ion U.36 ) .. This treatment 

. would .have little influ~nce on the results, and was therefore 
not considered to disqualify this grade for the experiments. 

To summarize : The experiments with cation­
exchange we re carried out on Amberlite IR-~20) ~ cross­
linked, analytical grade. 

(~35) R. Klmin, Ion Exchange Resins (New York 1958) p.35 
(~36) The British Drug Houses, Laboratory ChemicaIs' 

Catalogue (Poole, ~958) p.330 
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Analysis of' the Cations' 

The use of' a cati9n-e~changing resin necessitated 
an analysis of' the partaking cations.This can b~ seen f'rom 
the equations representing this method : 

Loading " KCI + ·~a.1-R 
"2 , 

Regenerat,.on .: K-R + .;ca(OH) 2 (C6H
5
0H)+-C&i _oR + KOH( C6H

5
{)H) 

In principle., per reaction only one anion took part, in the 
loading Cl' and in. the regeneration OH' (the presence of 
phenol or its ions did not change the picture, as set out 
below). Analysis f'or anions only would not give therefore 
an indication of the progress of' each conversion. 

Analysis of' Ca·· was ef'fected by titration with a 
standard solution of' dis odium ethylene di amine tetraacetate 
(EDTA, "versenate") in a bUff'ered f40H-NH4Cl medium, with 
Eriochrome Black as indicat9!' 1-37 • . The use of' this indicator 
and buf'fer, as recommended ~~37) for mixtures of' Ca··+Mg··, 
lnstead of' Murexide + 1% KOH, as recommended there for 
~olutions containing Ca·· only, resulted f'rom the observation 
113ö ) that the ~hange of' colour in the formèr case was easier 
to observe than in the latter, and that the analysis gave 
therefore higher reproducibility. 

Potassium was determined indirectly, in two .ways :­

. 1) By deducting the value of' (Ca··) from that of' the total 
anions, (Cl')+(OH') 

2) By deducting (Ca··) from the total cation concentration, 
determined by conversion of' all cations to H· with the 
aid of a hydrogen-resin af ter n~utralisation of the 
initially present OH'. 

The second way served only for conf'irmation of the 
results obtained in the first. 

(137) Kuang Lu Cheng, T. Kurtz &: R.H. Bray, Anal.Chem. 24 
, . (~952) 1640-1 

(138) Israel Mining Industries, Analytical Laboratory, 
Unpublished results 



, , In some çycles .K· .as ~etermined also, directly as 
the 'tetraphenyl boron salt ('\.'38a).' Phenol was i'run(i to 
increas'e the results by at lD~st 2Jtrelativ~ly (138b)~ 
This dix:.e.çt ~etermina.tion served for confi:nnation onl-y of the 
indirect"" first mention,ed, metPod. 

. " ,' In dr.awi~ up the balance of cations and anions, 
phenol did ~ot int erf ere as it was expressed as undissociated 
C6HSOH. Any' (C6H50)2Ca present., for exa,mple, would on 
analysis for cations reveal all' ~ts Ca··" due to ionic disso-
ciati,qn according to ' , 

the Ca·· was then expressed as Ca(OH) • The same held for 
any C6H50K present. Phenol, on the other hand, was determined 
as set out above, in stronglY ,acid medium, where the reaction 

proceeded to the ,right; anY phenolate anions were reported 
as undisso~iated C6H50H only. 

Preliminary Experiment with a Short Column (29 cm) 

A glass column "of 27 mm inner diameter was filred 
with 150 g Amberlite IR-i20. The resin rested on a disc of 
sintered glass, and occupied' approximately 29 cm of the 
heigh t (Noten,). 

A stopcock under the disc controlled the flow; 
downflow only was practiced. 

The capacity of the resin was calculated as follows: 
The oven-dry {s,o called "p-ee-flowing") resin contained 
approximately 4 . 25 meqjg '! '39)0 At an average moisture 

Ó38a) 'K. Sporek & A.F. Williams ~ The Analyst 80 ( 1955)347-54 
(:t3&) Israel Mining Industries , Analytical Laboratory , 

Unpublished results 
( j 39) T.R.E. Kressman, in CoCalmon & ToR.Eo Kressman~ 

Ion Exchangers in Organic and Biochemlstry (N~Jl York 
1957) pa 116 

Note 11: This height resulted in a bulk density of 
, ' ,/( 2 

-:~501 29xJï x 2.7 }l: = 0.90 ymL 
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contents of 4fifo as it was when packed (determined foreach 
lot separately by the producer), the commercial resin (as 
long as it came from closed, original,· containers) contained 
4.25(1-0.46) = 2.3 meq/g. 

The total column capacity was thus 150 x 2.3 = 
345 meq. 

The resin was conditioned by cycling it once only 
in the K· - H· - cycle, with the aid of 2.7 eq KCl and sub­
sequently 3.0 eq Hel. Af ter thorough washing to a weakly 
acid effluent, convers ion to calcium-resin was effected by 
passing slow17 a phenolic Ca(OH22-so1ution ~ontaining 
0.853 eq OH'/l and 74.6 g C6H50~10 The conversion was 
noted through the heat evolveaj the "heat-front" moved 
progressively through the column. When it had reached the 
bottom, the pH of the effluent was 10. Another 100 ml re­
generant we re th en passedo In all, 600 ml regenerant were 
usedo The resin was then washed until a neutral, odourless 
effluent was obtained. 

This resin was then loaded with 350 meq KCl at a 
low feed-rate, when 245 meq Cao. (as CaC12) were removed 
from it. On regeneration with 683 meq of the aforementioned 
Ca(OH)2-solution, cqntaining 636 meq phenol, a solution of 
the followin~ composition was obtained : 2·21 meq KOH 
(as 1605 gil), 353 meq Ca(OH)2 (as 17 gil) and 543 meq C6H50H 
(as 68 gil). No chloride could be detected in this solution o 
No attempt was made to analyse all discards, or to establish 
a balance of materials 0 

This preliminary example showed th at it was in 
principle possible to obtain a phenolic KOH-solution in this 
way, which solution would be quite free of chloride, and 
contain nearly all the phenol introducedo Little interference 
from phenolate ions wa~ hence to be expected. This expectation 
was confirmed in the subsequent experiments. 

3.3.5. Experiments with a Column 95 cm high 

3.305.1. Setup of the Column 

A longer column was set up for the execution of 
cyclic experiments involving the introduction of several 
variableso The .same glass column as used in the anion-exchange 
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experiments was taken here. lts inner diameter was 27 mmo 
450 g Amberlite IR-120 were placed in this column af ter 
swelling in water.. The resin rested on a perforated glass 
disc covered with a layer of 2 cm glass waal, and occupied 
some 95 cm of the he~ght, this varying ~ 1q% dependin~ on 
the state of the resin and its position in the cycle ~note 
The total capacity of the column was 2.3 x 450 = 1035 meq. 

When passing soluticrns upwards through this column, 
satisfactory flow-rates could be achieved only af ter a filter 
had been placed above the resin to prevent its removal. This 
was achieved by placing a perforated porcelain filter disc, 
hand-ground to the proper diameter, between two rubber rings 
just above the resin top. These rings were made from rubber 
stoppers with large diameter borings. 

The necessary flow rates were obtained by plaJing 
the reagent vessels on a platform 2t m above the resin top. 
Vessels and stopcocks were all-glass $ while the stoppers and 
tubing consisted of rubber. 

The feed-rates were defined as in the anion-exchange 
experiments, that is, as the ratio of the volumetric flow, 
~min, and the cross-section area of the emptY'column, cm2• 

The resin was conditioned by converting it from 
hydrogen-resin to potassium resin (with the aid of 
2200 meq KCI) and afterwards to calcium resin (with 
2130 meq Ca(OH)2 in phenolic solution). Af ter thorough and 
prolonged washing and backwashing, experiments introducing 
several variables we re carried out. 

3.3.5.2. Loading in Down- and Upflow 

At the start of each cycle, the interstitial space 
in the column is filled with water from the previous washing. 
The KCI-solutions u8~d for t~e loading have sp~cific gravities 
above that of water ~note 13). If loading with a specificall~ 
heavier solution takes place from above (that is, in downflow), 
mixing due to this difference in specific gravities · probably 
occurs, witnresulting decrease of the degree of separation 
between formed CaCl2 and unchanged KCI, ana/or decrease of 

Note 12 ·: ,~~his height yielded a bulk density of 0.83 ~ 0.08 g/ml 

Note 15' ~ Specific gravities for KCI-solutions: 100 g/l 
-- 1.06 g/ml; 300 gil - - 1.17 g/ml. 
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on~". or more of the concentrations. If this mixing occurs to 
any "marked degree, then loading with the KCI-solution fr om 
below would les~en the undesirable effects" mentioned. 

The following experimental results were considered 
(tabIe 3.2.1.):-

Table 3.21. 

Loading Experiments by Cation Exchange 

KCI - solution No.of meq K· meq K· 
in loading loaded Exp. Conc. Feed- Direc- No.of + washing on the No. 

ril rate tion effluent resin meq 
mI/min of flow introd. (calculated) 
/cm2 

I II III IV V VI VII 

7A1 100.6 36.0 down 1038 358 680 
7A2 100.6 16.6 " 1038 323 715 
7A3 97.5 18.1 " 1026 303 723 
7M- 97.5 23.9 " 1019 449 570 
7A5 97.5 2406 " 1960 1063 897 
7A7 97.5 19.9 " 2026 1180 846 
7A8 296.5 4.7 " 2068 1279 789 
7A9 :296.5 3.0 " 4156 3162 994 
7 A 1 0, 293. a- 1 2 • 2 up 3938 3126 812 
7A11293.8 43.8 " 4048 3438 610 
7A12 293.8 5.2 11 3938 2983 955 

Since each loading experiment was followed by a regeneration, 
into which several variables we re introduced as weIl, the 
variation around average values which was noted for the 
anion-exchange experiments would be even more marked in the 
present case. 

As a criterion for the desired conversion, the 
amount of meq K· loaded on the resin was taken. This amount 
was calculated (in table 3021., column VII) from the differ­
ence of the number of meq K· in the influent solution 
(column V) and that in the loading + washing effluents 
(column vr)o The average of these amounts loaded on the 
resin was, for downflow (experiments 7A1-9) 777 meq, and 
for upflow (expe~iments 7A10-12) 792 meq. 
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Thus, although variation in the results was noted, 
the impression was gained that no important advantages should 
be expected from upflow as "compared with downflow. As the 
latter mode of operation (downflow) could be carried out more 
simply than the former, it was applied in the flowsheet 

3.3.5.3. Loading with KCI at Different Concentrations 

Experiments were carried out at two levels of 
KCI-concentration : 97.5 - 100.6 gil and 293.8 - 296.5 gil. 

Table 3.21. gives the results pertaining to these 
experiments. Part of the experiments at the higher concen­
tration we re executed at a lower reed-rate", so that the 
number of meq en tering the column per time " up.i t would be of " 
the same order of magnitude as tl1at nuinber for the more 
diluted solutions. 

The results of experiment 7A1, which was preceded 
by a total regeneration were not taken into consideration in 
this connection. The experimental results then indicate that 
at the higher concentration the tendency is noted for a more 
complete replacement of Ca··by K· during the loading. It 
will be shown below that this tendency was partly due to the 
influence of the feed-rate. Still, át about 100 gil, 
(experiments 7A2-7)on the average 750 "meq of K· were loaded 
on the resin, while at 300 gil (experiments 7A8-12) on the 
average 832 meq were loaded. These results would indicate 
higher concentration to be the more favourable way of operation. 

From the point of view of the flowsheet, the more 
concentrated influent KCI-solution is advantageous for the 
ultimate separation between unchanged KeI and produced CaCI2• 
This separation is required for economic operation aimed at 
recycli~g tbe unused KeI. The ternary system KCI-CaCI2-H20 
at 250 ~140) shows that up to 44.7 g CaCI~100 g solution, a 
solution saturated with respect to KCI will be in equilibrium 
with solid pure KCI only. This solution will then contain 
3.0 g KCI knd 52.3 g H20 per 100 g solution, or, at a specific 

(140) W.B. Lee & A.C.Egerton, J.Chem.Soc. ill (1923) 706-16; 
A.Seidell, S"ölubil'it'fés of Inorganic and Metalorganic 
Compounds (New York, 1940) vol. I p. 287 
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gravityof 1.485,662 g CaCl~l and 47 g KCI/l. As long as 
thè KCl-CaC12-solution contains less than 662 g CaClzll 
(at 250 ), water removal will result in precipitation of pure 
KCI only. As it will be desirabIe to have to remove as little 
water (per ton of KCl) as possible, operation with a KCI­
solution as concentrated as the other factors would allow 
will thus be advantageous. 

3.3.5.4. Loading with KCI in Different Amounts 

In general, the amount of KCI used wil 1 have 
influence on the degree to which the resin is loaded. The 
ratio between the number of meg loading agent and the total 
resin capacity, eJPre~sed in meg, has been termed 
"symmetry ratio" ~141), or rs. The experimental results of 
table 3.21. illustrate the influence of three symmetry ratio's; 
rs = 1,1019-1038 meg (7A2 . - 4); rs = 2, ':1%0 - 2068 meg 
(7A5 - 8); and rs = 4, "3238 - 4156 meg (7A9 - 12). The 
capacity of the resin egualled 1035 meg. At rs = 1 
(approximately), on the average 669 meg were loaded on the 
resine When doubling rs' the amount Ioaded increased sharply 
to an average of 844 meg. At the highest level tried, where 
rs = 4, approximately the same amount (843 meg on the average) 
was loaded on the resine 

These results show that whe~loading at r = 2, 
the degree of saturation of the resin was 844/1035 ~ (say) 8~%, 
as opposed to 669/1035 = less than 6~ at rs = 1. At rs = 4, 
t .he degree of saturation was not increased over that, attained 
atrs = 2. This was confirmed in the subseguent loading with 
NaCl, at rs = 10 (par.3.3.5.9o), although the number of 
experiments with NaCl was limited. 

The use of a greater excess KCI would result in a 
greater recycle of KCI from the ion exchange effluent to the 
influent solution. An economie optimum should have to be 
found from several sets of conditions. This optimum probably 
lies between rs = 1 and rs = 2. 

3.3.5.5. Loading at Different Feed-rates 

The feed-rate of the KCI solution was expected to 
have a very considerable influence on the amount of KCI loaded 
on the resine 

(141) For example, ·R. Kunin & R.E.Barry, Ind.Eng.Chem. 41 
(1.949) 1270 
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The experiment al results, as given in table 3.21., 
indicated this influence on the exchange. For the more 
concentrated KCl-solutions, an increase in the ~eed-rate 
resulted in a decrease in the amount o~ K· loaded . at an 
approximately constant rs .(7A9 - 12). Thus, at a ' ~eed-rate 
o~ 3.0 m~mi~cm2 994 meQ we re loaded (7A9)j at 5.2 - 955 
(7A12)j at 12.2 - 812 (7A10)j and at 43.8 only 610 (7A11). 

The experiments ~or which rsN 2 included two 
concentrations, and the data ~or each concentration were 
insu~~icient to draw conclusions as to the influence o~ the 
~eed-rate. 

The experimental results indicated that the time 
0+ residence o~ the KCl-solution in the exchanger was o~ 

major in~luenceo The lower the ~eed-rate, the longer the 
residence time (the product o~ these two equalIed the column 
height), and the greater the number of meq loaded on the 
resine At relatively low feed-rates (up to 12.2 ml/mi~cm2, 
expo 7A9-11), this relation was a straight line, indicating 
the direct proportionality of the two factors (residence tim~ 
and amount loaded). This is in agreement with the generally 
accepted notion, that di~~sion and not the chemical reaction 
controls cation-exchange for strongly dissociated exchangers. 

3.3.5.6. The Amount o~ Regenerant Ca(OH)2 

The regeneration ~orms that phase o~ the cycle in 
which the product, the KOH-solution, is made. The ~irst 
consideration governing the amount o~ regenerant Ca(OH)2-
solution is therefore its influence on the amount, and on 
the concentration, o~ the formed KOH. 

Two experiments (7A1-2) were undertaken with 
2040 meq Ca(OHh tin phenolic solution), that is at r s N2. 
Their results, together with subsequent experiments, were 
collected in table 3.22. 
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Experi-
ment 

Number 

I 

7A1 

7A2 

7A3 

7A4 

7A5 

7A7 

7A8 

7A9 
7A10 

7A11 

7A12 

Table 3.22, 

Regeneration Experiments with a Cation Exchanger 
Phenolic Ca(OH)2 ... solution Process 

Direct- Ca· • C6H50H Meq g C
6

H
5

OH Feed- Meq Meq 
ion norma-- Ca· • rate ., K· of flow lity gil intred. introd. bl!-1m:iJri/ ciD' 

Ca·· 

II III IV V VI VII VIII IX 

down 0.680 70.3 2040 211 24.0 588 1234 
It It It 2040 211 ~ 9.5 602 1159 . ,. 

It It It 1020 105 12.0 454 323 
11 11 It 1156 119 6.8 492 369 
11 11 It 1326 137 11.0 702 318 

up 0.783 73.0 1292 121 4.4 758 232 

" " " 1265 114 4.4 698 210 
It It 11 1276 119 4.2 885 82 
It It It 1292 120 29.3 619 316 

" " " 1253 117 9.4 640 315 

" It " 1331 124 3.2 827 153 

solution Discards 

g Vol. KOH Meq Meq 

C6H5OH ml o gil K· Ca· • 

X XI XII XIII XIV 

192 2750 12.1 36 141 

178 2750 12.3 32 243 

74 1300 19.6 110 150 
88 1500 18.4 27 243 

104 1600 24.6 155 177 
89 1380 30.8 0 336 

79 1370 28.5 0 374 
88 1364 36.4 30 284 
86 1345 25.8 44 268 

86 1340 26.8 0 297 

89 1450 32.0 0 344 
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The composition of the .several fractions in the regeneration 
effluent (exclusive of the subsequent washing) of experiment 
7A2 was as per table 3.23. andfig. 3.9. 

Table 3.23. 

Experiment 7A2 - Composition of the Regeneration Effluent 

Total vol. -Vol. of Average Normalities Phenol 
collected fraction OH' 'Ca •• K· concenti"àdlion 

ml mI gfl , 

1 II III IV V VI 

200 200 0.020 0.005 0.015 0.5 
400 200 0.310 0.110 0.200 27.0 
600 200 0.585 0.230 0.355 56.0 
800 200 0.650 0.258 0.392 62.5 

1000 200 0.682 0.280 0.402 65.7 
1200 200 0.685 0.295 0.390 66.5 
1400 200 0.673 0.353 0.320 67.0 
1600 . 200 0,,660 0.-440 0.220 67.5 
1800 200 0.655 0.515 0.140 67.7 
2000 200 0.655 0.550 0.105 68.3 
2200 200 0.655 0.573 0.082 68.7 
2400 200 0.655 0.588 0.067 69.0 
2600 200 0.655 0.600 0.055 69.5 
2800 200 0.655 0.607 0.048 70.2 
3000 200 0.655 0.613 0.042 70.5 

At an influent Ca(OH)2-normality of 0.680, the 
total amount of regenerant corr,esponded wi th 3 x 680 = 2040 meq. 
Table 3.23. and fig. 3.9. point to the fact, that for the 
KOH-production it would be of little value to continue the 
regeneration af ter about half that amount of Ca(OH)2 had 
passed, as the Ca··-normali~ (between 1400 and 1800 mI 
"total collected volume", column IV in table 3.23.) was 
rising rapidly to its influent level$ showing that the 
KOH-solution formed af ter this point would be dilute; the 
further the regeneration were carried, the more dilute the 
overall KOH - solution would beo Such a dilution would 
require either considerable recycle or increased demands on 
the subsequent dehydration settiono 
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To approach the conditions of a regeneration carried 
out with areasonabIe amount of regenerant, the fUrther experi­
ments (7A3 - 12) were done (see table 3.22., column V) with 
1150 - 1330 meq (in one cycle, with 1020 me9). This amount was 
of the order of 2 Q; the production of KOH ~1 Q) is given in 
column VIII of table 3.22. 

3.3.5.7. Regeneration in Down- and Upflow 

The production of a KOH-solution, as concentrated and 
as free as possible from contaminants, requires theoretically 
an ideal plug flow of the regenerant through the column. The 
direct ion of the regeneration might be of influence on the flow 
pattern in the column. To test for this, experiments utilising 
both flow-directions were compared for their KOH-concentrations. 
First, the density of the phenolic Ca( OH) 2-s01ution was deter:--­
in:inea wi th an areometer. At 23.00 i t equalled 1.040 ± 0.005 g/ml. 
The deviation from the density of the interstitial w~ter was 
thus a few percent only. Experimental results were collected 
in table 3.22., column XII. Inspection of the KOH-concentrations 
points towards a trend of higher values in downflow than in up­
flow at comparable feed-rates. The difference in concentrations 
is greater than could be explained by the difference in influent 
regenerant normalities. 

If the efficiency of the regeneration, expressed as 
"meq KOH in process solution" / "meq Ca(OH)2 in influent" were 
considered, then for 7A9 it would be 885/1276 = 69.~, whereas 
for 7A5 it would amount to 70z/1326 = 52.~ only. 

Under the conditions of the experimentation, regenera­
tion in upflow seems to be preferabIe over the downflow operation. 
In the practical realization of the process this requirement adds 
to the necessary piping, and complicates the automatic control 
instrumentation, both however probably to a smal 1 degree only. 

3.3.5.8. Regeneration at Different Feed-Rates 

As the mass-transfer occuring during ion-exchange 
phenomena is diffUsion-controlled, the flow-pattern of the 
solutions in the column will have a marked influence on the 
results of the regeneration. This pattern is determined by 
the feed-rate of the solutions. 
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It is probable that an optimal feed-rate will exist, 
at which the concentration of the KOH-solution will be maximal. 
This can be seen in the following way. AD increase in the feed­
rate C8Uses on the one hand increased mixing in the flow, due to 
the irregularly shaped interstitial channels, as a result of 
which the diffUsion is increased, and thereby the diffUsion­
controlled mass-transfer. On the other hand, increased feed­
rates of equal volumes of solutions result . in decreased residence 
times, with less chances of contact between the ions in solution 
and the exchange-sites in the resine These two C8Use-s have 
therefore opposi te eff,ects, the one favouring exchange and the 
other hindering it. Therefore, sn optimal feed-rate will prob­
ably exist. 

From the results of experiments 7A7-12 (tabIe 3.22., 
column XII), the impression was gained, that such an optimal , 
feed-rate was encountered in experiment 7A9. There, a maximum 
in the KOH-concentration was found. Both at lower and higher 
feed-rates, the KOH-concentrations found weresmaller. It is 
very weIl possible, that further development of this process 
will require a more comprehensive eyaluation of the degree, by 
which variations around average values influence the individu al 
results. Here it will be seen, that repetition at equal feed­
rates (experiments 7A7, 7A8) under otherwise very near. condi­
tions results in small differences only. This suffices for the 
present purpose. 

It may happen that one of the two opposing factors is 
of such a magnitude as to overshadów- completely the other. In 
this case a relationship without 'extremes may be found. For 
the loading experiments (par 3.305.50) it was found that the 
degree of loading was directly proportional to the residence 
time. In view of the fact, that(the hydrated radius of K· is 
approximately half that of Ca·· 142), its rate of diffUsion 
would be greater under otherwise equal circumstances; it is 
possible then that the rate of diffUsion of K· under the 
experimental circumstances was so great as to make the degree 
of loading dependent on the residence time onlyo 

Lo Wiklander, KgloLantbruks ' Högskol Ann. t4 (1946) 1-171; 
R. Kunin, Ion Exchange Resins (New York ' 1958) p027; 
rKo = 503 i, rCaoo = 9.6 i 
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3.3.5.9. , Loading ~th NaCI (instead o~ KCI) 

The present method o~ preparation o~ KHC03 and K2C03 from KCI could be extended in p~inciple to the analogous 
sodium-compounds as weIl. In view, however, o~ the very 
considerable di~~erence , in prices between K2C03 and Na2C03( 1431, 
it is uncertain whether the method, even if it were prove a 
economie for the ~ormer, ,\ould prove to 'be so ~or the l 'atter 
as weIl. On the basis of experimental results, this was 
calculated (see chapter 6) at a later stage. , 

The conversion o~ N~CI to NaOH (in phenolfc solution) 
' was carried out experimentally. In view of the ~act that NaCI 
can be had in Sdom ~or the çost of handling only, a very 
considerable excess was taken in the loading experiments, 
rs "'1 O. Also, in setting up the ~lowsheet, no treatment of 
the e~~luent NaCl-CaCI2-solution for the recovery of NaCI was 
contemplated; this is detailed in chapter 5. 

Using the same column (27mm x 95cm) as in ' the former 
experiments, two ~ll cycles with a 5.470 N NaCI-solution 
(320.0 gil) were carried out, af ter the resin had been regene~ '­
ratOO. with 1560 meq o~ Ca( OH) 2 and washed thoroughly to a 
neutral effluent. The experiment al results were collected in 
table 3.24. 

These results indicate clearly that a NaOH-solution 
could be produced in this way. lts concentration (tabIe 3.24., 
column XIII) was comparabIe with that of KOH i.P ~ormer experi­

,ments (tabIe 3.22., column XII); 23 g NaO~1 = 0.575 N, which 
would equa! 32.2 g KO~I. The amount of NaOH made (tabIe 3.24., 
column IX) is o~ the same order as the amount o~ KOH 
(tabIe 3.22., column VIII, expo 7A7-9), and confirms the 
conclusions of par. 3.3.5.4., where it was found that loading 
at rs 5 4 would add little to the amount of alkali hydroxide 
produced sub se quently • 

(143) Quarterly Report on Current Prices, Chem. Eng. News 2§ 
(1960) No. 26; 64" 65 : K2C03 200 $/t" Na2C03 34 $/t; 
on a weight basis the price ratio is thus 5.9, 
on an equivalent basis 8.2. 
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Table 3.24. 

'Conversion o~ NaCI to NaOH by Cation Exchange 

-
Experiment 

number 

1 

7C1 

7C2 

NaCI 

Feed-rate 

ml/min/ cID2 

11 

17.2 

3.5 

- solution 

No .. of meq 

introd. 

111 

10940 

'9970 

Phenolic 

Direction 

o~ ~low 

IV 

up 

up 

Ca(OH)2-solution 

C •• a · CGH50H 

normality yl 
V VI 

0.703 61 .. 2 

0.703 61.2 

Phenolic Ca(OH)2-
t solution Process solution 

Meq Ca· = 

introd. 

VII 

114-0 

1355 

Feed-rate2 
mI/min/cm 

VIII 

12.2 

7.8 

Na· Ca .. 
meq meq 

IX X 

738 184-

816 . 92 

C6H
5

OH 

g 

XI 

79 

91 

Vol. NaOH 

mI gil 

XII XIII 

1400 21.1 

1600 23.0 

The amounts of Ca(OH)2 and phenol found in the 
NaOH-solution (tabIe 3.24., columns X and XI) ar~ very 
similar to those of the KOH-solution (tabIe 3.22., columns 
IX and X, expo 7A7-9). 

The decrease in regenerant feed-rate from 7C1 t{) 7C2 
increased the concentration of NaOH made (column XIII), while 
the increase in the amount .of regenerant increases theamount 
of NaOH (column IX). Even the higher amount of regenerant 
was still lower than 2 Q (1 Q = 816 meq in expo 7C2). 

3.3.5.10. The Balance of Materials 

On makingup the balance of materiaIs, the agreement 
found per cycle was 9~ or better in practically all the cases. 
Possible reasons for deviation from ruIl agreement include:-
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a) inaccuracies of the analyses; 

b) differences in the resin state at comparabIe positions in 
the cycle, due to the ·variables introduced in the several 
cycles; 

c) differences in the electrolyte- or phenol-contents in the 
: resin at comparable positions in' the cyclej as regards 

these, huge amounts of water would be required to remove 
the last small amounts · from the resin, as was set out at 
the end of par. 3.2.7.5. 

Experiment 7A3 may serve as a reyresentative example 
(tabIe 3.25.) :-

Table 3.25 

Experiment 7A3 - A Balanee of Materials 

Loading 

Meq Cl' 

Meq Ca·· 

g C6H
S

OH 

+ washing 

Regeneration + washing 

Meq Ke 

Meq -OH' 

Meq Ca·· 

g C6H
S

OH 

Introduced 

1026 

1026 

o 
o 

o 
1020 

1020 

10st 

Obtained 

303 

1052 

749 

o 

564 
1037 

473 

102';' 

Remained 
in resin 

723 

Values in parentheses refer ·to materials other than 
exchangeable cations. 

Left 
resin 

-

(26) 

749 

Table 3.25. illustrates the points made above. The 
loading effluent discloses an "excess" of 26 meq Cl' over the 
influent, and the regeneration effluent - a similar "excess" · 
of 17 meq OH'. As these two amounts cannot be ascribed to 
the former cycles, they should be attributed to inaccuracies 
of the analyses • . 
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The difference between the amount exchanged in the 
loading and regeneration phases illustrates point (b) above, 
which referred to differences in the composition of the resin 
at comparable points in the cycle. The difference in phenol 
contents in the- influent and the effluent illustrates point 
(c) made above. The phenol which remained in the resin (3 g) 
was found in the first fraction of the loading effluent of the 
next cycle. In subsequent experiments, removal of the phenol 
from the resin af ter the regeneration was improved by executing 
the washing partly in up- and partly in downflow. As aresuIt 
of this, no phenol could be detected in the loading effluent 
(KCI-CaCI2-solution) of the subsequent experiments. 

3.4. Conclusions from the Cation- Exchange Experiments(144) 

The summary of the experiments with anion-exchange 
(par. 3.2.8.) alBo contained a short exposition of the advan~ 
,tage'S to be expected from the change-over to cation-exchange 
while adhering to the use of phenol. 

The cation-exchange experiments (section 3.3.) showed 
that these expectations were fulfilled. No chloride could be 
deteeted in the KOH-solution. This is a very considerable 
advantage, since it makes any steps for separation of the 
ultimate KHC03 from KCI superfluous, and yields directly a 
pure product. The KOH-solution did eontain, as was expeeted, 
some Ca(OH)2 and C6H50H. As will be shown in the next chapter, 
separation between toese materials was achievable by simple 
means. No interference from phenol was feIt. Af ter an 
initial saturation, the resin did not take up more phenol, 
and the amount in the influent equalled that in the effluent. 
Nor did phenolate anions influenee the eapacity of the resin 
adversely, this also being in aecord with expeetations. 

The other substantial advantages of cation-exchange 
resins, enumerated at the end of par. 3.2.8., to wit the 
increased stability and the reduced priee, could thus be 
exploited fully. 

This wil be detailed in ehapter 5, when the final 
flowsheet is set up. 

(144) The present application of phenol has been published :­
D. Araten 
Phenol as Aid in the Carbonation of Alkali Metal 
6hlorides with Aqueous Calcium Hydroxide and Carbon 
Dioxide, Chem. & Indo 1960 1301; D.Araten & O.Sehaechter, 
Bull.Res. Couneil Israel ~ (1960) 238-9 
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4 TEE RECOVEay OF FHENOL 

4.1 • Tntroduction; the Mode of Operation 

The cation-exchange experiments yielded a phenolic 
KOH-solution, containing some Ca(OH)2. 

In the preliminary description ofthe process it 
was set out that in order to a~ply water-transfer as the 
dehydration method, prior carbonation with C02 to KHC03 would 
be mandatory. The process also required carbonation for 
decomposition of any phenolates present to KHC0

3 
and phenol. 

The basis for the latter was the difference between the 
dissociation constants for carbonic acid and phenol.tNote 14) 

Carbonation should therefore precede any other step 
of phenol recovery. As a second s~ep, KHC03 might be used 
to salt phenol out. No literature data were found about the 
system phenol-water-C02 (or carbonates). 

Distillation of phenol from the aqueous solution 
,oul~ not be favourable as the azeotrope water-phenol contains 
~145) 90.8 wt~ of water. Absorption of phenol on ion-exchange 
resins would demand relati vely great resin volumes because of 
the high phenol concentr~t~9~. This method has been used for 
dilute phenol solutions ~14b). Desorbtion with alcohol, as 
described in this reference, would entail an additional 
separatio~. ~esorbtion with water has been qlaimed to be 
possible ~147). 

Extraction of phenol with a suitable ~olvent might 
lead to the desired separation. Several solvents were examined 
and the "limiting conditions" for both concentrated and dilute 
phenol-solutions determined. The solvents examined include 
benzene and xylene, the petroleum ethers 60-900 and 140-1800 , 

carbon tetra chloride, normal butyl acetate and normal butyl 
alcohol. · . 

Note 14: CO2 as H2C03, p~ = 604; C6H50H, pK = 9.9(reference 144a) 
(144a) List of Tables Serving Laboratories~ Royal Netherlands' 

Chemical Society (Amsterdam 1951) pp. 142, 145 
M. Lecat, Tables Azéotropiques (Brux.elles 1949)p. 220 
R.E.Anderson & R.D.Hansen, Ind.Eng .Chem. ~ (1955) 71 
Dow Chemical Co., Brit. Pat. 731335 (8.6.1955) 



Recovery of "the phenol from the solvent might be effected by one of the following methods: 

a) Extraction with water at room temperature. 

b) Extraction with water at a temperature above the 
critical mixing point (66°C) of water and phenol, say at 800 • 

e) Extraction with an aqueous saturated solution of 
Ca(OH)2· 

d) Distillation of the solvent, in the case of high 
phenol-concentration an~or a low latent heat of 
vaporization. In this case, the presence or ab­
sence of azeotropes would have to be investigated. 

4.2. Analyses 

The analysis prefe,red for phenol was the 
bromatometrical method ~131}, as .. et out in par. 3.2.7.12. In the presence, however, of considerable amounts of bromine-consuming materiaIs, as were used in the subsequent extraction experiments (xylene, for example), this method of analysis yielded unreliable results. There are two reasons for this :-

1) Deduction of blanc-values would result in the 
substraction of two large quantities to find their 
small difference, whieh procedure is not exact. 

2) The blanc itself might depend on the duration of the experiment, the intensity of the light and other, 
unknown, factors. " 

Many methods for the analysis of phenol are known. It is evident, however, that for each solvent used subsequently, such a method would have to be standardized, which procedure would require a considerable amount of work. Moreover, the major part of this work would be fruitless, as of all solvents 

(131) W. Koppeschaar, Z.anal.Chem. 12 (1876) 233, in 
F.P. Treadwell & W.T. Hall, Analytical Chemistry 
(New York 1951) "vol. IIp. 633 

/ 
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tried only one or two w9uld be chosen for the flowsheet. A 
proposal was then made ~note 15) to evaporate the solvent in 
question by infra-red heating af ter binding any phenol pr~sent 
as potassium phertolate. 

Experiments were carried out to test the suitability 
of this methode The amounts of phenol involved were determine­
ted ' either bromatometrically prior to addition of the solvent, 
or else by formation of the solutions from analytically pure 
phenol (E. Merck A.G., Darmstadt, Germany). The purity of this 
material was not eheekedj its water contents (when taken from 
the elosed, original vessel) was 1 .5%. 

To the phenol-containing solution, several grams of 
solid KOH (in excess) were added; then some water, when the 
solution was set to evaporate under infra-red heating. As 
low results (vide infra) were obtained, eombined with a 
noticeable phenol-smell during heating, the water was replaeed 
by 9~ ethyl alcohol. Results of the experiments were as per 
table 4.1 .. 

Table 4.1 • 

Bromatometrical Analysis of Phenol in the Presence of 
Solvents 

Phenol- mg 
Exp. Solvent KOH-solvent Control of r~otind -No. added intro-

amount duced introdueed 
8N1 normal bu tyl water 5086 Bromatometri- 4.67 

acetate cal analysis 
in presenee ,. 
E)ifj"solvent 

8N2 xylene water 214 Brom.anal.in 190 
presence of 
solv.with de-
duetion of "blane" 

8N3 xylene ethanol 9B'fo 214 Idem 212 

8N4 normal butyl ethanol 9&10 100 Synthesis from 92 
alcohol phenol A.R. 

8N5 normal butyl ethanol 9&% 5 Dilution of 9.8 
alcohol soln. of 8N4 

Reina~ks 

Phenol-
smell 
noticed 
during 
evapor-- ~ ~ 

ation 

No smell 
notice-
able 

H. 
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The results show that this method of analysis 
s~ffices for the present aim, namely, to distinguish between 
the suitability of the various solvents ana ' to choose one for 
this process. In cas~ the results of extract ion of phenol for 
two or more solvents would be similar, a refinement of the 
procedure or changeover to some other method of analysis would 
be required. 

, ' 

Experiments and Results 

Carbonationwith CO2 

To simplify the initial approach, a solution similar 
to that of the ion-exchange effluent, containing, however, 
no Ca(OH)2, was prepared. It contained 28 .. 0 g KOHjI (0.500 N) 
and 66.2 g C6H50HjI. Of this solution, 200 mI we re placed in 
a separato~ funnel, a thermometer was placed in the solution 
and a rapid C02-stream led in. The temperature of the solution, 
initially 23.50 , rose slowly, reaching 26.50 af ter 20 minutes, 
when turbidity appeared. ,Af ter 44 minutes the temperature 
reached 270 , when the phenol-droplets started to coalesce. 
Gas 'was then led on the solution for another16 minutes, when 
the funnel was closed and the phenol left to separate. 

Af ter 2 hours theseparated phenol was drawn of~. 
The aqueous solution was treated in a centrifuge, when small 
additional amounts of phenol were isolated. In all, about 
2 g of 'raw phenol were thus isolated. 

The aqueous solution was then placed in a bath of 
ice water, when its temperature dropped af ter 20 minutes to 20 

CO2 was led in to ensure saturation. Af ter 60 minutes the gas 
. flow was stopped, the funnel closed and left for two . additional 

hours in the ice-water bath. About one gram of raw phenol was 
thus isolated. 

The aqueous phase contained 58.6 g phenol/l, and was 
0.492 N to K· as KOH. 

There were thus removed (66.2-58.6 )/5 A> 1 .5 g C6H50H. 
An independent determination of the composition of the raw 
phenol disclosed that it contained some 75 wt~ C6H50H, or 
some 2 g in all. 

:Note 15: By Dr. A. Alon, Israel Mining Indu'stries, Haifa. 



116 

The solubili ty of C6H50H in a KHC03-so1ution at 00
, 

under PCO = 1 ata, 58.6 gil, is . somewhat lower than its 
SOlUbilit§ in pure water at that temperature, 63 g/1(148). 
A small salting-out effect of KHC03 (at 0°) is thuis notieed. 

Salting Out with KHC03 

The flowsheet presents one electrolyte only which 
could be used for salting phenol out. This is KHC03, present 
in the aqueous solution. The carbonation-results at 00 

indicated -some salting-out effect. This had to be verified 
at room temperature, and for several KHC03-concentrations. 

Aqueous solutions containing a known amount of 
KHC03 were saturated with phenol by adding solid C6H50H 
(chemically pure), introducing CO2 and mixing strong~y until 
a dispersion of the phenolic phase in the aqueous phase was 
reached. This took about 45 minutes • . Af ter about 1t hour 
the phenolic phase had settled, when in the aqueous phase 
K· as KOH and phenol were determined analytically. The 
.temperature varied from 21.0-22.00 • 

Results were as per table 4.2. 

Table 4.2. 

Salting Out of Phenol by KHCO - ''2j 

Exp. K as KHC0
3 C6H50H R k e m a r 5 No. 

gil I normality gil 

0 ° 78 Reference (148) (at 23.9?) 

8A1 49.2 0.49 61 .1 Aqueous phase from exp.in 
par 4.3.1. (interpolation) 

8B1 89.8 0.90 51.8 

8B2 133.6 1.34 43.5 

8B3 176.4 1.76 39.0 

294 2.94 0 Reference (148a); note 15a 

(148) A.N.Campbell & A.J.R.Campbell, J.Am.Chem.Soc.22(1937)2481-8 
(148a)A.Seidell, Solubilities of Inorganic and Metal Organic 

Compounds (New-York 1940)Vol.I,p.726 
Note 15a: Compare with the solubility of NaHC03,125.7 g/1=1.5N(148b) 
(148b)A.Seidell,Solub.of Inorganic & Metal Organic Compounds 

(New-York 1940) Vol. IJ p.1196 



117 

The results show tha~ KHC0 3 has a marked salting-9ut influence on phenol in water. ' The final phenol-concentration was, however, still too high to limit phenol separation to ,this methode 

The removal of phenol by salting out has the advantage of requiring little energy. This is even of greater importance if the subsequent demand for separation (between phenol and extractant) by distillation, is recalled; this is detailed in par . 40}.5. Salting out, implies, on the other hand, the re­cycle of a part of the product KHC03' and thus an increase in the throughput of the solution, and therefore in the vess~ls and the piping, of the subsequent operations. 

Extraction 

The KHC03-so1ution af ter salting out still contained some 39 g C6H50H/l. An attempt was made to re cover this phenol by extraction into an organic phase. Assuming counter-current extraction, the distribution-coë~ients of phenol between aqueous phenol solutions and the extractant were determined under "limiting conditions lt
• 

Phenol solutions in aqueous KHC03 were prepared. The C6H50H-concentrations were ,65 gil (as obtained from the ion exchan~e section),1.9 gil and 95 mg/l. This latter value ' (I'» 100 mg/I.) wasarbi trarily considered as the maximum toler­abIe in the extraction effluent. For the extraction stage, the ratio of volumes of solvent to water was 1/100 or 1/50; for the back extraction it was 100 or 50 (note 16). 

The phenol-rich extractant, as obtained in the Itextraction stage", was stripped with water or an aqueous Ca(OH)2-so1ution to re cover the phenol. The extractant was considered to circulate between the Itextraction" and , "backextraction". 

Note 16: Where high extracted concentrationswere encountered, concentrations in the aqueous media were determined 
anew af ter equilibration. 
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The distribution coëfficients K for the two 
processea were defined ~n the following manner: 

For the extraction 

For the backextraction 

K = e 

~= 

g C6H50H/l aqueous solution 

g C6H50H/l water (or aq. soln.) 

g C6H50H/l extractant 

The product r = K x ~ then yields the C6H
5
0H-concentration 

in the aqueous st~ipper, divided by that in the original 
KHC03-s~lution. · The value of r should at least be equal to 10 

The experiments were executed in stoppered separat­
ory funnels. The volumes introduced were read off in 
measuring cylinders. Samples for analysis were withdrawn in 
pipettes. Analyses were carried out bromatometrically, with 
or without preliminary evaporation of the solvent, as set out 
below. 

The experimental results were as in table 4.3. (page 120)0 

Table ~.3o demonstrates that for CC14 K decreases 
with the concentration. The required ~ was improb:bly high, 
for whieh reason this solvent was not investigated any further. 
The same holds for the two petroleum ethers. Benzene, in 
contrast, although ahowing a K decreasing with the concentra­
tion, yielded at the arbitrarify fixed lower boundary of 
100 mg/l areasonabIe value for Kb. 

Xylene showed the remarkable property of having 
a K of approxi~ately tQe same value at both high and low 
congentrations ~note 17). If no intermediate minima in Ke 
would occur, the line in the graph "aqueous phenol concentration" 

Note 17: This might be caused by a constancy of composition of 
the extracted species over the range of concentrations 
investigated, in which case the distribution law pre­
diets a distribution coefficient independent of the 
concentration (149a) 

(149a) GoH. Morrison & H. Freiser, Solvent Extraction in 
Analytical Chemistry (New-York 1957) po 8. 
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versus "solvent phenol concentration" would be (approximately) 
a straight one. In general, such a form of distribution curve 
is preferabIe over a curved line rising steeply at higher 
aqueous phenol concentrations, since such a latter .curve 
usually has a flat part at lower aqueous phenol ~oncentrations, 
implying a considerable number of theoretical transfer stages 
for a gi ven operating line. '. 

n-Butyl acetate (further noted "r$uOAc") wa\, taken 
for these experiments, as it has been used t149b, 150Jin the 
so-called "Phenosolvan-Verfahren" for dephenolisation. The 
Ke-values obtained are strikin~ly high, especially at the 
lower concentration (expt 0 8H6).. .As the equi·librium was 
approached by phenol transfer from the aqueous solution to 
the organic phase and not vice versa, the high value (K = 48) 
was regard~d a~ not too optimistic. For an electrolyte~free 
solution, ~150) gives the curve of Ke versus the concentration 
of phenol in the aqueous solution from 1 mg/l (where K = 23) 
to 3000 mg/l (where K = 28), with an intermediate maxi~m of 
Ke = 57 at 28 mg/l. eThe resultant distribution curve, as 
logarithm of the aqueous phenol concentration versus th~ 
logarithm of the solvent phenol concentration, is approximately 
a straight line with a slope of about 450

• 

In analogy with (150) it was assumed here, that no 
intermediate minima in the K -values between those of table 
4.3., experiments .. 8C6 and 8Hg, occurred. It follows then that 
any back-extractiQn for which the lowest distribution co­
efficient were 0.13 wo~ld yield a sufficiently concentrated 
phenol-solution. '. 

On the other hand, such a concentrated phenol 
solution in nBuOAc as obtained, might,in the absence of a 
suitable backextractant, even be amenable to separation by 
distillation. 

n-Butyl alcohol (further noted "nBuOH") was inyest­
igated here as it had been proposed for "water-transfer" ~ 97b), 

(149b) R. Jauernik, Erdoel u. Kohle 12 (1960) 252-7 
(150) A. Dierichs & L. Jaehn, Chem. Techn. (Berlin) 12 

(1958) 408-12 
(97b) A. Baniel, J. Applo Chem. ~ (1958) 611-6;2 (1959) 

521-5 



Table 4-.3. 
Extraction of Phenol from a KHCO~-Solution with Various Solvents 

Exp. C6H~OH concentration Dis'tribution 
Extractant Tempera- in extrac- in water 

co~f.ficient " ' No. tant g/l ture . , °C g/l K e 

,BC1 20.B 11B 64.5 1.B 
' BE2 21.1 1.B 1.9 0.95 

CC14 

8H3 21.5 0.019 0.095 0.20 
Petroleum-ether 60-900 (1) 8C4 20.0 6.8 65.0 0.10 
Petroleum-ether 140-1800 (2)BC5 20.4 12.9 65.0 0.20 
Benzene (3) BC2 20.B 376 59.8 6.3 

, 8E1 21 .0 5.9 1 • 9 3.1 
, BH1 21.0 0.092 0.095 0.97 

Xylene (4) BC3 220B 203 63.7 3.2 
8H9 0.933 0.25 3.7 

n-Butyl acetate Be6 19.5 500 65.0 7.7 
BH6 17.0 1.34 0.02B 48 

n-Butyl alcohol (5) BC7 20.0 503 65.0 7.B 
BH7 21 .0 1 0 B1 0.1 29 1 4 

___________ ..J..l8i1:lJH8u.----&.:.21J....o.,..u...B 6.70 0 .16B~0 

Minimal required 
distribution 

coefficient ,for 
backextraction 

Kh 

5.0 
10.0 
5.0 

1.03 
0.31 
0.27 
0.13 

0.13 

.... 
'" o 

(1) The so-called SBP (Special Boiling Point fraction) 60-900. 
(2) The so-called White Spirits 140-180°. 
(3) Tte system C6H6-C6H50H-H20 was described (149), in the absence, however,of salts,except for 

some fragmentory data on KCI, CaCl2 and K2S04 at low concentrations. 
(4) Conforming ~ccording to the producer, to the German Pharmacopoeiajconsisting probably of a 

mixture of the three isomers. 
(5) The fraction 116-11Bo/760 mm of the technical product. 

(149) V. Rothmund & N.T.M. Wilsmore, Z.physik.Chem. 40 (1902) 623 
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which operation' forma part of' , the present process. In exp'eri­
ment 8H8, (tabIe' 4~3.), the equilibriUm 'Was ' approached ' from a 
direction contra~ to that of expt. '8H7, namely from a phenol­
butanol mixture and an aqueous solution of KHCO onlv. The 
differences in Ke-values between 8H7 and 8H8 ma; be due to the 
equilibrium not having been reached in the latter experiment. 

Assuming no minima in K -values between the two 
concentrations, backextracti~n with Kb ~ 0.13 would yield a 
sufficiently concentrated phenol solution. 

The similarity in the results between nBuOAc and 
nBuOH is remarkable. 

Backextraction 

Backextraction of the phenol was attempted only from 
those solvents for which (tabIe 4.3.) the required Kb ~ 1. 
These solvents were benzene, xylene and hBuOAc. Backextraction 
from nBuOH was not attempted, for reasons to be discussed below 
(section 4.4.). 

Experimental results were as per table 4.4. The 
Kb-values found differ from those of table 4.3., because of the 
different composition of the aqueous phase. The r-values in 
table 4.4. were found by multiplying the Kb's by the proper 
Ke's fr om table 4.3. 

, . . Tàble '4~ 4. dembnstrates that backextraction of 
phenol from benzene with water (8F1) would result in a too 
low concentration Cr = 11.~); the improvement due to the 
alkalinity of a Ca(OH)2-solution (8J3) was smaller than 
expected Cr = 1(%), and still insufficient. Ca(OH)2-slur~ 
(8J2) improved the backextraction considerably, witli the 
resulting r >1; it is evident that working with a slurry 
would require more experimenting to establish'details of the 
mode of operation, especially to prevent settling of and 
clogging by the slur~. 

The 'backextraction from xylene with water was 
attempted at three temperatureso In view of the critical 
solution temperature of water and phenol (660 ), extract ion 
above this temperature might result in a higher phenol­
concentration than at room-temperatureo To minimise solvent 
losses at elevated temperatures$ extraction was carried out 
in aseparatory funnel closed with an Allihn condenser. 

, I 



Table 4.4:. . .... 
Backextraction of Phenol from Various Solvents wfth Water and Water-Ca(OH)~-Mixtures 

' 1'\) 
I\) 

C6H50H concentration Distribution 

Solvent Extractant Exp. trempera- coefficient r = ~ x Ke No. ture nn sol- . in ' èxtrac-
°C vent . , tant 

~ gil gil 

Benzene Water 8F1 21 .1 332 40 0.12 0.116 
Water 8G1 21 .5 13.3 6.1 0.46 

Ca(OH)2-s01ution, 1.6 gil 8.11 20.0 13.3 10.0 0.75 
Ca(OH)2-s01ution, 1.6 gil 8.13 21.3 332 58.3 0.18 0.17 
Ca(OH)2-s1urry, 30 gil 8.12 21 .0 13.3 16.3 1.2 1 .16 

Xylene Water 8K3 20.0 214 42.5 0.20 
Water 8K1 68.0 214 51 .2 0.239 0.76 
Water 8K2 78.5 214 50.3 0.235 

nBuOAc Water 8L2 17.0 0.586 (too low to be 0 
determined) 

Water 8L3 80.0 0.586 0.268 0.46 
Water 8K4 80.0 457 33.7 0.074 0.57 

Ca(OH)2-so1ution, 1.6 gil 814- 18.5 0.586 0.07 0.1 
I 

Ca(OH)2-s01ution 1.6 gil 8K5 20.0 457 24.7 0.05 0.38 
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The tunnel, placed in a thermostatic ba~h was shaken without disconnecting the condenser. Sampling was e~~ectédwith heated Erlenmeyer bottIes to collect the separate phases, and With heated :pipettes to drawo~~ samples. The results (8K3, 8K1 and 8K2) indicated a negligible i~luence o~ the temperature, with a resultant maximum value o~ r = 7~. This value was rather low. 

Because o~ the experimental di~~iculties attendant. on the lower' boiling point o~ benzene (800 ) as compared with the xylenes <"138-1430), no high-temperature extraction ~rom benzene was attempted. 

When extracting ~rom nBuOAc with water, the i~luence o~ increase o~ the temperature was marked (8L2 and 8L3). Still, the obtained r (5~) was too low to be o~ useo The results o~ backextracting with Ca(OH)2 (814, 8K5) were a150 too low ~or the present purpose. 

These experiment5 aimed at backextrac~ing the phenol showed that in almost all cases the ultimate phenol solution which would be obtained would be more dilute than the initial one, thus necessitating an extra concentration. Ca(OH)2-slurry might (8J2) ~orm an exception to this statement, but then it would require special measures to prevent settling and clogging. I~ possible, operation with clear solutions only ~ould be pre­
~erred. 

Distillation 

O~ äll solvents tried, only nBuOAc and nBuOH yielded . a concentrated phenol-solution o~ 500 gil, equalling approxi­
mate~ 50 wt~. The ~ormer was distilled to investigate the pos5ibility o~ separation between the phenol and the nBuOAc ~note 17a). 

A description o~ the complete ternary system C6H50H-nBuOAc-H20 was not located. Neither was re~erence to the binary system C6H
50H-nBuOAc ~ound. Azeotropic data ~or 

Note 17a: The ~ollowing·patents, describing this possibility, 
came to the attention o~ the author a~ter completion 
o~ the work: W.Gey & R. Goerz, East German Pats. 
12726 (11.2.1957) and 16266 (28.1.1959) 
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H20-C6ff50H and HZO-nBuOAc are known {151, 152). A solution 
of the following composition was prepared for the distillation 
(tabIe 4.5.) 

Table 4.5. 

Composition of the Solution for Distillation 

Component Concentration 

gIl solu tion g,!kg solution 

nBuOAc 

Phenol 

H
2
0 

Specific gravity at 180 
: 0.958 

481 (by differ­
ence) 

427 

50 

502 

446 

About 30 ml of this solution were subjected to 
distillation in a column filled with Raschig-rings and having 
6 theoretical plates. A reflux-ratio of about 1 was employed. 
The first fraction came over at a head temperature of 91-940 0 
Separation of the distillate into two layers indicated that 
this fraction consisted of the hetero~eneous aze9tro.pe 
H20-nBuOAc, b.p. 9002, 28.7 wt~ H20 ~data from ~152}). The 
volume of this fraction was 1.5 mI. The second fraction 
passed at a head-temperature of 119-1260

, measuring 13.2 ~. 
This fraction consisted mainly of nBuOAc, b.p. 124.0 ~153). 
lts composition was a'S' g1\renJ inJ tabl,é . 4~6· . 

Table 4.6. 

The nBuOAc-Rich Fraction of the Distillation 

Concentration 
C 0 m pon ent 

gil solution g/kg solution 

nBuOAc 844.4 (by dif~ ­
ference) 

976 

Phenol 006 0.7 
H20 20 ' 23 

' Specific, gravity at 180 
: 0.865 . 

(151) H20-nBuOAc:M.Lecat,Tables Azéotropiqlles(Bruxelles 1949) 
p.215 (this is a heterogeneous azeotrope) 

(152) H20-C6H50H : idem, idem, p.220 
(153) JoC.Brown, JoChem.Soe. ~ (1903) 987 
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The heating capacity Jf the column employed was insufficient 
to obtain ,further fraction(s). At a pot temperature of 1820 

(i.e., the boiling point of phenol) top temperature did not 
surpass 1300

, with no dïstillate comingover. 

On éooling, the bottom product solidified. As its 
melting point turned out to be 270 , it consisted of phenol, 
contaminated probably by water. 

The distillation yielded thus a fraction containing 
1102 g nBuOAc and only 8 mg phenol (along with 0.26 g water). 
This composition most probably does not reflect an azeotrope 
between phenol and nBuOAc, but rather entrainment of the 
former by the latter, indicating the possibility of separation 
by distillation. 

The use of nBuOH instead of nBuOAc would not intro­
duce any improvements. The high Ke for nBuOH would make 
bac~extraction unfavourable. Separation by distillation 
between C6H50H and ,nBuOH would require far greater amounts 
of energy than in the case of nBuOAc, since firstly nBuOH 
dissolves greater amounts of water than does nBuOAc, and 
secondly such' distillation -would eritail the volatilisat}on 
of the azeotrope H20-nBuOH, containing 42.4 wt~ water ~154). 
As phenol would have to be '-sep-arated from nBuOH, all the 
nBuOH would have to be eva'porated, entailing sizeable heating 

, ' expenses. (Formation of' a zeotropiç mi~re of nBuOH and 
phenol has, however, b,een reported ~ 155) ) • 

On the other hand, aqy phenol not extracted 
previously would end up in the nBuOH used for water transfer. 

4.4. The Method of Phenol Recovery 

The phenolic KOH-solution is subjected to carbona­
tion by gaseous CO2" At PC02 = 1 ata this operation converts 
the phenolic potassium hydroxide to potassium bicarbonate 
and phenol. Under these conditions the solubility of phenol 
is reduced to 61.1 gil. Also, any phenolic calcium hydroxide 
would be converted into calcium carbonate (which would 
precipitate) and phenol. 

(154) J.S.Stockhardt & C.M.Hull,Ind. Eng.Chem. ~ (1931)1438-40 
(155) Mo Lecat, Tables Azéotropiques (Bruxelles 1949) p.113 
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Salting out with KHC03 to. a concentration of 
176.4 gil lowers further the phenol solubility to 39.0 gil. 

nBuOAc extracts the remaining phenol and yields 
a solution of approximately 50 wt~. This solution is 
separated by distillationj no azeotrope between phenol 
and nBuOAc is formed under atmospheric pressure. 
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5 < PLOWSHBl'l' POR THB PROCBSS 

General Introduction 
, " 

The present process for convers ion of KCI into KHC03 and K2C03 (and for the analogous 80dium compounds) can be followed best with the aid of the concise scheme 
(se.e fig. 5.0)0 This scheme contains the proposed division of the process into sections. These sections will be dealt with one by one in the order of their numbers. The detailed treatment (par05.1. and further) follows the same sequence. 

Section 1: A Kel-solution loads a cation-exchanging resin 
which is ip the Ca-state. The reaction is 

KeI + Ca.1-R --~~.. K-R+ ~aC12 "2 

The effluent contains the excess KCI. 

The resin is regenerated with a phenolic 
Ca(OH)2-solution. 

The reaction is 

K-R + ~a(OH)2 (+C6H50H)~Cai-R + KOH (+C6H
50H) 

Section 2: The lime required for the Ca(OH)2 - solution 
originates from a lime kiln. 

Section 3: The KCI - CaCI2- solution is partly dehydrated by 
water-transfer, with the ~id of NaCI as ultimate 
water-acceptor. Part of the KCI precipitates, 
and is recycle<'l:. 

Section 4: The KeI-CaCI2- solution from section 3, now 
saturated to n-butyl alcohol (nBuOH), is subjected 
to distillation in a triple effect evaporator. 
The nBuQH distils off, and is recyclede Also, 
another part of the KCI precipitates, and is 
recycled as we+l. The bottoms, saturated te 
CaCl2 and centaining little KCI, are discarded. 

Section 5: The KOH-C6H50H - solution from section 1 is 
carbonated with gaseous C02. The potassium is 
cenverted into KHC030 Part of the phenol is 
liberated as a separate phase, and is recycledo 
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FIGURE 5.0. ' 
CONVERSION . OF KCt INTO KHCO. OR KzCO. 

(CONCISE SCHEME) 
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Section 6: In the KHC03-C6H,OH- solution obtained, solid 
KHC03 iS , di~solvêd when an additional part of 
the phenol separates, and is recyclede ' 

Sect~on 7: The remainder of the phenol is extracted with 
n-butyl acetate (nBuOAc). 
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Section 8: The C6H50H - nBuOAc - mixture is separated by 
distillation; both chemicals are recyclede 

Section 9: The now phenol-free KHC03- solution i 'swoolly 
dehydrated by water transfer, with NaCl as the 
ultimate water-acceptor. Solid KHC03 precipitates. 

Section 10:The solid KHC03 is dried of adhering liquid by 
low-temperature drying. Eventually, it is ' 
converted in th~ same operation into K2C03. 

Section 11:The NaCI-solutions obtained from the water­
transfer operations (sections 3 and 9) are freed 
of the nBuOH (present to saturation) by 
distillation~ The nBuOH is recycled, and the 
NaCl-solution is discarded. ' 

The present flowsheet has been calculated for the 
production of 50 t KHCOyld (or the equivalent amount of 
K2CO~, 34! tjd). Unless otherwise stated, all quantities 
in tób chapter are Eer day. 

Por conversion of NaCl into NaHC03 or Na2C03' 
rates of production 'equivalent to the former ones have been 
taken, i.e. 42 t , NaHC03 or 26! t Na2C03 per day. 

5.1. Ion Exchange 

5.1.1. Introduction 

For laborato~ experiments, the cross-current 
mode of operation is usually employed. Cross-current means 
that the resin (usually, in a column) is treated successively 
with the different influents, the effluents being collected 
separately (see fig. 5.1.). One or more of these influents 
can be water, and the direction of flow may be either 
downwards (as depicted) or upwards. An advantage of this 
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method lies in the speed, with which results are obtained. 
A disadvantage is that a part of the effluents (and especially 
the washing effluents) is of low concentration. 

Any industrial application would demand that the 
effluents be as concentrated as is compatible with the process, 
because of the costs of concentration (and eventual total 
dehydrati9n). To achieve this, counter current .has been 
proposed ~156). This means a relative movement of the 
solutions and the resin in opposite directions (see fig. 5.2.). 
For actual technical operation, it is not necessary to move 
the resiri through columns, as the same áim canbe achieved' 
by approptiate piping and valving. Although attrition may 
sometimes)require the replacement of 5Q%of the resin per 
year t157 , there are instances where actual movement of the 
resin has ~een)executed, with a claimed low loss through 
attrition l158 • . 

In the present flowsheet, the method by which the 
solutions are routed with the aid of multiple valves, and the 
resin rests immobile in the columns, has been preferred. 

The necessary steps of the operation are the 
following:-

Loading: R-Ca1 + KCI -~,.- R-K + ~aC12; 
2" 

Washing, to remove CaC12 and excess KCI ; . 

Regeneration: R-K + ~a(OH)2-~~- R-Ca! + KOR 

. (in . phenç~i~ cw~ium~; 

Washing, to displace the rest of KOH and to wash the 
resin free of Ca(OH)2 and phenol. 

(156) S. Vajna, West German Patent 1.049.839 (5.2.1959) 
(157) N.K. Hiester, R.K. Cohen & R.C. Philips, Chem.Eng. 

Progr. Symp. Ser~2Q (1954) no 14, 23 
(158) E.A. Swinton & D.E.Weiss, Austral. J. Appl. ScL 1 

( 1 956) no 1, 98 
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5.1.2. Theoretical; equilibrium curves and operating lines 

In analogy to other unit operations involving mass 
transf'er, graphic,al t~eatment of' ion exchange has be~n lH'o­
posed, both according to the "McCabe-Thiele" methog ~15~) 
as weIl as 'according to that of' "Ponchon-Savari t" t 160). 
The f'ormer method was used here. 

Thus, the equilibrium line f'or the system 
Resin-KCI-CaC12 had to be determined, at the concentrations 
prevailing at roading and regeneration. This curve and the 
operating lines, would yield the number of' theoretical 
stages. 

This method of' treatment has the drawback, th at 
its applic~bility is limited to those cases (of' mass trans­
f'er) where actual equilibrium exists. It cannot be applied 
to operations such as washing the resin, where equilibrium 
between the rinsing water and the int'ersti tial electrolyte­
solution never ocours. The washing steps of' the process 
were, theref'ore, treated by assuming (in accordance with the 
concept of' a theoretical stage) ideal ' mixing between the 
wash-water and the intersti tial liquid, and "equilibrium", 
i.e. equality of concentration, bet'ween the "outgoing wash 
water" and the ·outgoing interstitial liquid" obtained f'rom 
each stage. Arter presetting' the upper limit of' electrolyte 
concentration encounterable in the interstitial liquid, and 
the lower limit desirabie, the number of' theoretical stages 
would then f'ollow f'rom .the ratio of' wash-water-volume to 
that of' the interstitial liquide Arbitrarily such volumes 
of' wash water f'or steps (2) and (4) (see par. 5.t.1.) were 
chosen, as were equal with the required volumes 6f' the 
reagent solutions in the steps preceding them ( (1) and 
(3) respectively), so that preparation of' these reagent 
solutions could be limited to dissolving additional amounts 
of' reagents (KCI respectively Ca(OH) ) in the washing 
ef'f'luents. On f'inding a low, accepttble number óf' stages 
f'or each of' these washing steps~ the volumes chosen were 
kept to. 

(159 R. McNeil, E.A. Swinton & D.E. Weiss, J. Metals 7, 
AIME Trans. 203 (1955)-912-21 

(160) P.W. Pf'eiff'er, Chem.Eng.Sci. g (1953) 45-52 
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5.1.3. Determination of the equilibr1um curve 

For the purpose of approximate determination of 
the number of theoretical stages, an equilibrium curve, 
~rmfned at a concentration about half way between that at 
loading (4N KCI) and that at regeneration (0.7 N Ca(OH)2)' 
was used. 

The following aqueous soiutions were prepared 

KCI . 2~32N-

CaCI~ 2.29N" 

Of these solutions, varying relative amounts (at a constant 
total volume containing 23 meq K + Ca) were equilibrated with 
4.3 meq resin, partly as K-R and partly as Cai-R. This was 
done, to approach the equilibrium from both s!des. Equilibra­
tion took place by shaking the samples occasionally in a 
thermostatic bath kept at 20.0 - 20.1o~ for 2~ - 3~ hours. 

The solutioris were analysed for Ca·· with the aid 
of ethyl ene diamine tetra-acetate, disodium salt (EDTA), 
and their K·- contents determined from the balance of 
e.quivalents. This, in its turn, yielded the resin compo.si­
tion. Numerically ,tlie resul ts ware as per table 5.1 .(page 136) 

Exp. 10A2 

7.0 mI 

3.0 mI 

The following example illustrates the calculation:-

CaCl2 

KCI 

2.29N contained 

contained 

16.0 meq Ca'; 

7.0 meq K. 

Af ter the equilibration, the solution contained 14.1 meq Ca, 
and hence (16.0 + 7.0) - 14.1 = 8.9 meq K. The ' resin 
contained initially 0.9998 x 4.25N 4.3 meq K; as the 
solution contained ultimately 8.9 - 7.0 = 1.9 meq K'more than 
initially, the resin contained af ter equilibration 
4.3 - 1.9 = 2.4 meq K, and' thus 1.9 meq Ca. 



135 

The ultimate ~ractional composition in the solution 
was thus 

X= 
(K·') . . 8.9 0.387 and in the resin = --= 

(K·). + 2 (Ca··) 23.0 
(K·) 

2 .. 4 Y= = --- 0.558 
(K· ) + 2 (Ca··) 4.3 

Inspection of table 5.1. reveals that for all values 
determined there was a pre~erence of the potassium for the 
resin phase. At aresin composition of 0.837 (exp. 10A4, 10A5) 
the solution-composition approached and equalled that of the 
resine It was therefore considered probable that the equilib­
r.ium curve would consist of 't~o parts, one for 0.' Y ~ 0.837 and 
one for 0.837~ Y ~ 1.0. Due to lack of data, i t wouldnot be 
possible to trace the second part (for high Y-values); as 
result of the proximity of the "point o~ azeotropy" to 1.0, 
this second part would be verynear to, if not actually 
coincident, with the 450 

- line. 

The points conforming to the experimentally determined 
X and Y-values (table 5.1., columns XV and XVI) we re noted in , 
fig. 5.3. 

In analogy with anion exchangers (par. 3.2.7.8.)~ the 
occurence of a byperboliè ~orm o~ the distfibution curve, as 
~ound ' in many cases by Waterman and Weber 119)~ was considered 
in the present case. , In analogy to ~ig. 3.8., there might 
occur two hyperbolas, having a co~on pçint X=Y=0.8 7 and con­
~orming. to the general formula o~ U 19a) y=x= x 0.8 7 - x 

a + x 
The v~ of a and b were determined as described in par. 
3.2.7.8., and the resultal'lt curve drawn in fig. 5.3. '. 

The agreement betweén the experimental points and 
the curve may be considered satisfactory. 

(119) H.I. Waterman ; Anal. Chim. Acta 18 (1958) 498; 
H.I. Waterman ,& A.B.R. Weber, J.lnst.Petr. ~ (1957) 315 

(119a)H.I. Waterman, C. Boelhouwer & D.Th.A. Huibers 
Process Characterisation (Amsterdam 1960) p. 114. 
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D t e erml.na t· . f th E . 1· è· . C l.on 0 'e" .qUl. · 1. rl.um f Ct··' ·E h urve . or . a l.on xc ange 

Initial Cqmposition Ultimate 
, Composi tion. 

Exp. Resin Resin CaCI2- KC l- of Soln. of Söln. 
No. form weight soln soln meq Ca meqK Total meq Ca 

mg mI mI (analysed) 

I 11 II! IV . . V VI VII VIII IX 

10A1 K-R 999.5 10.0 o 22.9 0 22.9 20.3 

10A2 K-R 999.8 7.0 3.0 16.0 7.0 23.0 14.1 

10A3 K-R 1004 .. 2 5.0 5.0 11.5 11.6 23.1 10.0 

10A4 K-R 1005.8 2.0 8.0 4.6 18.5 23.1 3.9 

10A5 Ca.!.-R1003.5 () 10.0 0 23.2 23.2 3.6 
2 

10A6 Ca1-R 1003.8 0.0 7.0 6.9 16.2 23.1 9.7 
"2 

10A7 Ca1-R1001 .0 5.0 5.0 11.5 11.6 23.1 13.6 
"2 

10A8 Ca1-R 1001.1 8.0 2.0 18.4 4.6 23.0 20.1 
"2 

Ultimate Initial Ultimate Compo- Ultimate Relative 
Composition Composi- sition of Composition 
of Soln .. tion Resin X Y 

m~q K ' . of Resin Solution ~èsin 
( calculated, meq Ca meq K meq Ca meq K (K·l X") 

(K·)+2(Ca··) K· ).+2( Ca • ·1 
X XI XII XIJI XIV XV XVI 

."'-

2.6 cO 4.3 2'.6 1.7 0.114 0.395 

8.9 0 4.3 1.9 2.4 0.387 0.558 

13.1 0 4.3 1.5 2.8 0.568 0.652 
.' 19:2 0 4.3 0.7 3.6 0.831 0.837 

19.6 4.3 0 0.7 3.6 0.845 0 .. 837 

· i}.4 4.3 0 1.5 2.8 0.580 0.652 

9.5 4.3 0 2.2 2.1 0.411 0.488 

2.9 4.3 0 2.6 107 0.126 0.395 
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FIGURE 5.3. 
DETERMINATION OF THE NUMBER OF STAGES 

FOR CATION EXCHANGE 
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5.1.4. 'Choosing the operating lines 

5.1.4.1. The loading step 

As basis for the calculations, the results of 
experiment 7A9 we re taken. These results, taken from 
tables 3.21 and 3.22., are reproduced in table 5.2. 

Table 5~2. 

The iesul ts o'f Experiment 7A9 

LoacUng : In 
(from 3;21) 

Out 

KCl;';'solution , 296.5 gIl 

4156 meq 

3.0 ml/min/cm
2 

.. 
Loaded on the resin 

3162 meq K· 

4156-3162=994 meq K· 

Regeneration: In 
(from 3.22.) 

Out 

Phenolic 

Ca(OH)2-so1ution, in upflow 

00783 N 

1276 meq 

4.2 ml/min/cm
2 

Process Solution 885 meq KO 

Discards 

82 meq Cao. 

1364 mi 

30 meq KO 

284 meq Cao 0 

This experiment was chosen as a basis, because its 
resultshad demonstrated (par. 3.3.5.80) the highest 
KOH-concentration encountered. 

Loading was thus effected with 1045 mI = 4156 meq. 
As the loading effluent contained af ter 800 mi a concentra­
tion of KO over 3N, approaehing steeply that of the influent 
KC;t( 30 98N) I i t follows that af ter such a volume had passed 
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the column, the efficiency of loading rapidly app~!ached zero. 
It may be assumed that practically all exchange of Ca1-R for 
K-R had taken place before tbis volume had passed the2 column. 

On loading with 800 mI, 800 x 300/74.6 = 3217 meg 
KCI were introduced. ' 

In experiment 7A9, 994 meq K were loaded onthe , 
resin. The exact state of the resin before the experiment 
was not known; af ter loading it contained at least 
994/1035 = 96% of its capacity as K-R. The relative compo­

' sitibn of the resin,Y~, was then ' at least 0.96. As loading 
was executed with pure KCl, X = 1.00. Rence point a 
(fig. 5.3.). a 

The resin circulates between the loading and the 
regeneratiODj its final Y- value for one step willof necess­
ity equal its initial Y- value for the ~ext. Rence, the two 

' operating lines (for loa:ding and regerieration) will be en­
closed by two horizontal lines. The form 'of the equilibrium 
curve (see fig. 5.3.) results in a rela:tively high Yd(i.e. 
high fractional K· - ,composition in ,the resin af ter the re­
generation wi th phenolic Ca( OR) '2) if .a high utilizatiori of 
the regenerant (i.e. a high X ) and a still acceptable number 
of stages are reqtiired. , C 

From these considerations, Yb ( = Yd) = 0.30 is 
chosen. As the resin composition changes from 0.30 to 0.96, 
it takes ön 1035 (0.96-0.30) = 683 meq. The excess "introduced" 
over "loaded" then amounts to 3217-683 = 2534 meq. 

Af ter loading, the interstitial liquid had a 
composition equal to th at of the influent. In experiment 7A9, 
Î'.insing freed from the column 1733 meq KCI. Deducting from 
this the amount which was in the tubes under the resin 
(38~ mI = 153 meq), the resin was found to have contained 
(interstitially) 1733-153 = 1580 meq. 

This amount of KCI was freed from the resin during 
the washing. The loading preperly was then effected with 
3217-1580 = 1637 meq KCl, of which 683 ,were loaded on the 
resin, and 1637-683 = 954 meq were passed during the loading 
stage. It is clear that an excess of KCI over the amount, 
loaded on the resin, is required in the influent as a driving 
force, to complete the reaction. The ratio of the two streams, 



140 

"II\eq KCI in; solution", / "meq resin" ,= 1637/1035 = 1.5~~, " thtîs 
give,s the , slopet oe the ~ óperating line. ' 

, . -' 

For point b (the lower end of the operating iine 
for the 10~diI1~)" Yb = O~30 ~as, chos~n.~ ,. f~l~ows : from 
1.582= . (0; 96 _ 1 O'.30j/( j .00 '- Xb),; ' yield~ng . tb ~ = O~58:3'. ' ll'he 
mimber L of stages , 'fó'O ' the 10adin~ " step: is't, thèn'~ found,: to'" be 4. 

5.1.4.2. The regeneration step. 

Ya was chosen 0.30, as set out abo~e. The incoming 
phenolic Ca (OR) 2 - solution was f ,ree of K· , hence X

d 
= O. Yc should equal Y , and X is chosen 0.85 so as to obta~n a not 

too great numb~r of stgges at the ' prièe of an increased 
regenerant untilisationo From the slope of the operating line 
for the regeneration( (0 •. 96 - 0.30)/( 0.85-0)= 0.776, the . 
number of meq 'CàÀOH)2 for the regeneration proper is th en 
0.776 x 1035 = 803. 

Tt was t;l.ssumed that the number of meq "e'a (OR) 2 
left interstitially af ter regeneration was proportional to 
the number of meq Kql .leftinterstitially af ter loading. 

, Rence" this · n,umber of meq~a( OH~,? \was '-1.58~ : x 30. 783/3;977' ~ 310~ 
Th~ totU .. 8J!lount o~ ca(1~~), 21s ,:~en. 803 -+ 319 = 1113 meq=1422 roL 

(say) '9 • . 
The number of stages for the regeneration~ is 

Normality of the phenolic ' KOH - . solution would be , 
638/( 1422-270) :;:: 0.593 N = 33.3 g KOR!l. This concentration 
is somewhat lower toon that, obtained in experiment 7A9 
proper (0.65N "7 , 36.4' g KOR!l). 

The washing steps. 

,-
5.1.5.1. Derivation of the, equation 

Let us use the following ,notation: 

R = concen:tration of the ' KeI ' i~- t-he -resin phase" gIl 

R.= R in the resin stream entering stage no. n- i 
~ 

n = number of theoretical stages 

S = concentration of the KCl in the wash-water phase, gIl 
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S.m = S in the wash water stream e~tering ·the stage m + 1 

k . = . ratio of volume of wash-water or its ensuing solution to 
volume of solution in the resin phase (i.e., the 
interstitial sOlution); k is assumed con~tant. 

Counte~current streams of resin and of wasn-water are assumed. 

Considerations of mass balanee yield 

stage n: R +" kS ' ;" R " C" + kS 
o n-1 1 n 

stages (n-1) + n: R + kS 2 = R2 + kS o n- n 

for 

for 

for stages 1 + 2 + •••• + (n-1) + n: R + kS = R + kS 

Consideration of equilîbrium yield 

f~r stage n: R1 = Sn 

for stage n-1: R2 = S n-1 

f~r stage ' 1: R = S1 ' n ' 
Given are thefollowing 

o 0 n n 

(n + 1) 

(n + 2) 

(2.n) 

R = 300 (concentration of the original KCl=solution)(2n + 1) ' o 
So = 0 (washing is effected with pure ' wat~r) (2n; + 2) 

R = R (arbitrarily fixed) .. (2n + 3) n n 
Insertion of equations (n ~ 1) to (2n + 3) into (1) 

, to. (n) then yields: 

300 + kS 1 = S + kS n- n n 
300 + kS 2 = S 1 + kS n- n- n 
300 + kR = S 2 + kS n n 
300 + 0 = R + kS n n 
As R «300, we may d-educe from equation (n)' 

n 
300 = kSn 

which, inserted in eq. (1) " to (n-1)' gives : 

kS = S n-1 n 
kSn_2 = Sn_1 

kRn = S2 

( 1 :) , 

(2)' 

(n-1 ) , 

(n) , 

(n)" 

(1)" 

(2) " 

(n-1)" 
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or 

These equations yield: 

Comb'ining (n-1) '" with (n)" gives then ' 

k~ = kS = 300 
n n 

300~1/n 
k= (-r-J 

. n 

(1)'" 

(2) '" 

(n-1 )"' 

In its general form, this equation becomes 

k~:rn 
This final, simpIe, equation connectá the initial 

concentration of KCI between the resin-particles, the final 
concentration ' of the same, the number of theoretic81 stages 
and the volume ratios of wash-water and intersti.tial liquide 

For the washing following the regeneration, an , 
entirely analogous equation holds ~ Instead of "JOO", the 
value of "29.0" should be used there, this being the con­
centration of the influent regenerant, expressed ~.s. g Ca(OH)!l. 

5.1 .5.2. Tbe washing step af ter the loading 

It is proposed to take a volume of wash-water equal 
to .that used for the (preceding) loading step, ioe. 
(par. 5.1.4.1.) 800 mlo (for 450 g of resin). Then 
k = 800/395 = 2.03 and S , the concentration of the KCI in 
the effluent wash-water, nfollows fromequation (n)" . 

S = 300/k = 300/2.03 = 148 gil. 
n 

Further: 

For n = 
n = 
n = 

2.03 = (300/R )1/n. 
n 

12, 

11 , 

10, 
The 

J 12 300,R = 2.03 = 4898, R = 
n 11 n 

300/R = 2.03 = 2413, R = 
300/4898 = 0.061 gil 

300/2413 = 0.124 gil 
n 10 n 

300/R = 2.03 = 1189, R = 300/1189 = 0.252 gil n n 
value for 11 stages was chosen arbitrarily. 
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5.1.5.3. The washing step af ter ~he regeneration 

In analogy with the above, a wash-volume of 
1430 mI (for 450 g of resin) was taken • . Then k ~1430/395 = 
3.62 and Sn = 29.0/3.62 = 8.01 gil. 

For R = 29.0/3.625 = 0.047 gil n n = 5 , 
6 

R = 29.0/3.62 = 0.013 gil n n = 6 , 

The phenol-concentrations decreased proportiona~ely, 
from 73.0 gil in the influent to respectively 0.118 gil and 
0.033 gil. 

If the maximum tolerabIe losses of phenol would 
correspond to the (arbitrarily fixed) concentration of 0.1 g 
phenol./l, then 6 stages would be required here. 

5.1.6. _ Summary counter-current ion exchange 

(small scB.le). 

A graphical representation of the quantities in­
volved in the ion-exchange step, based on a total -amount of 
resin as used in experiment 7A9, 450 g = 1035 meq, is given 
in figure 5.4. 

It should be noted that the resin circulates 
through the successive s:teps loading-washing-regeneration­
washing and back to loading. 

The lengths of time involved in the different steps 
were calculated from the feed-rates used in experiment 7A9. 

Loading is effected at 17.1 ml./min, and hence takes 
800/17.1 = 46.8 min. Washing at 30 ml/min, takes 800/30 = 
26.7 min. Regeneration, executed at 23.9 mI/min, takes 
1422/23.9 = 59.5 min. The last washin8~-Step,executed at the 
same feed-rate as the regeneration preceding it, takes there­
fore the same time. As, during the regeneration, the first 
270 mI effluent (cDnsisting of pure water) are returned to 
the wash-water influentstream, which occupies 270/23.9 = 
11~3 min, actual production of phenolic KOH takes only 
59.5 - 11.3 = 48.2 min. 

The tótal ciycle takes 46.8 + 26.7 + 2 x 59.5 = 
192.5 min = 3.21 hours. 
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FIGURE 5.4. 
ION-EXCHANGE FLOW SHEET (COUNTER-CURRENT) 

BASED ON THE LABORATORY-COLUMN OF 450g. 1035 meq OF AMBERLITE fR-120 ; 

UNDIMENSIONED FIGURES REFER TO MILLIEQUIVALENTS. E.g.: 310 Ca" .310meq 

OF CALCIUM . 

THE REQUIRED KOH IS OBTAINED IN A PHENOLIC MEDIUM IN THE REGENERATION 

STEP. 
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Discussion of the water requirements of the 
ion exchange 

14'5 

For reasons of availability or economy, a decrease 
of the water requirements of the ion exchange -sectiori might 
be required. 

·A review of the -flow-stleet (fig. 5.4.) discloses, 
that the water requirements of thiBpart of the process 
consist of two amounts: 

(a) Por the loading 

(b) Por the regeneration 

The amount needed for regeneration could be lowered 
if a moreconcentrated Ca( OH) - solution would be suitable 
for this process. Theoreticafly , a phenolic Ca(OH)2 - solution 

. containing at the !post)83.6 g Ca(OH)2 /1 (and 406.9 g phenol/l) 
could be prepared ~161 • Whether th1s solution would execute 
the regeneration satisfactc:m-.Uy,Ü8 open to question. lts high 
viscosity would probably require special precautions for the 
promotion of the flow. No experiments were taken at this 
concentration. 

Por this reason, decrease of the amount of water 
necessary for the regeneration will not be considered here. 

Any decrease in the volume of wash-water af ter . 
regeneration would require supplementing the difference 
between this volume and that needed for the rege.neration; 
hence, no saving would result. 

The loading stage consumes an amount of waterwhich 
depends on the concentration of the KCI. As 3~06~1 approaches 
saturation (200 _ 300 gil, 300 - 3~8 gil, af ter 1 ) only a 
raise of temperature might permit some saving of water. This 
point was not investigated experimentally. lt thus appears 
that there is only one way of decreasing the water-require­
ments of the process. This can be seen as follows. 

Consider two cases: 
(161) G.J. van Meurs, Z.physik. Chem.21 (1916) 313 
(162) R. Paris & P. Mondain-Monval, Bull.Soc.Chim. (5) 2 

(1938) 1142-7. 
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(a) The wash-water volume succeeding tbe loading has the 
same volume as th~ loading i~luent. Then no KCI 
could be used\ :for water transfer from the ' KHC0'3 -
solution, the dehydration of which- could thén he 
~c.complished by water transf~r to ~aCI or py thermal 

<, -' 'evaporation,. , ,As the ,secqnd"Iiletbod recNi~es , con",:, 
,, -- ' siderable amounts of 'energy, tlle first would ''be 

preferred, resulting in a 105s of the water ,to the 
, ,proçess. 

~ """'" 0 •• 

(b) The 'wash-water volume su'ccèedi~g ,t'be loading is 
smaller than that of the loading irif'luent. The 
KCI could be used for transfer of avclume ,of 
water equal to the difference between the wash~ 
water volume and the loading volume. ' Thi5 'differ-. 
ence would then represent the water savings. 

It need hardly be said that these considerations 
hold only for 'the loading and not for the ,regene­
I["atibn; step. 

The 'possibility of ' lowering the wash-water 
vo1wrie preceding the loading will' be 'co)lsidered, on the 'basis , 
of the derived, equation k = (R~Rn) 1/n. ' 

. . 
Consider such a change , in k that k 2 = k 1/ a (where a> 1 ) • 

Then~ a~ a constant ' number of theoretical stages (02 = n1), 

we find 

where Rn2 ' represen ts ' the final value Rn,' in the secortd case. 

Th en, n ' - Rn2 = Rn1 • a 1 
, '( 11 

Fór , n1 = 11 (as tak~n above) then Rn2 = Rn1 ·á 

which yields (a being > 1) impossib1y high final Rn - values. 

change n: 
On the other hand, consider Rn constant and 

k 2 = ( R~Rn1) 1/n2 

k1 = ( RjRn1) 1/n1 
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from which foll~~s n.1/n2 = log kzllog k1 = 1 - log ~log k1 • 

Consider such a small change that a = 1.5. Tben we find 

n
1
/n2 = 1 - (10g1.5/log 2.03) = 0.43, or (as n1 = 11) n2 = 

approximately 26 stages. 

Por 'increased changes in .. a~ n2 increases much more; for a = 

2 nearly 400 stages are found, while for the limiting case 

(a = 2.03) an infinite number of stages results. 

Although it is obvious that the most economical 
solution of this· problem would require a detailed analysis 
and balancing of investment.s (in · additional stages) versus 
availability and operating costs' of more water, it will be 
assumed for the sake of the prelimina~ cost-price calculating 
based on this flowsheet, that the volume of the wash-water 
succeeding the loading cannot possibly be' decrease'd. 

The amounts in fig. 5.4. will, therefore, be 
adhered t~. 

5.1.8. Ion exchange-industrial scale 

The technical scale of operations as calculated in 
the present flow-sheet is based on laboratory experiments. 
No semi-technical or technical experimentation was done ·on 
the ion-exchange. It goes without saying that this will have 
to be done as the process progresses to technical realization. 

The considerable experience gained with ion-exchange 
operations in particular, andwith liquid - solid contacting 
in general, indicate that no insurmountable difficulties would 
be encountered on the engineering side. rn order. to decide, 
however, whether such relatively expensive experimentation 
should be undertakèn, a calculation as the present one, based 
on laboratory scale exp'eriments, is indispertsable. 

The amount of resin required, follows from that, 
used in the laboratory experiments. There 0.450 kg of resin 
yielded 1152 mI 0.593 N KOR in a cycle of 192.5 minutes. 
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For a daily production of 28. ,t l,{OH we therefore need: 

-28 x 1"06 
x 0.450 x .192,.5-= 

(1 .152 x - O~593 x 56.1) x 60 x 24 
.. . .. ~ 

= 43910 kg, say 44 t of resine The volume of this amount is 
44/0.918 = 47.9 (say 48) m3; 0.918 is the bulk -d,ensity of the 
resin, as obtained in the laboratory experiments (450 g 
occupi~d490 mI). 

The , volumes of the s_olutions involved _ are as 
follows: 

- -
For 1.152 x 33.3 = 38.36 g KOR, 240 g KCI were led in 
(fig. 5.4.) ~no~e 18). A daily production of 28 t KOH will 
then need 28 x 240/38.36 = -175.2- t -KCI!a-. As -a solu-tion of 
300 gil, its' volume wil:}. be 17.5-.2 x 103/300 = 583.9 m3/d, 
weighing 583.9 x 1.174 t16}} = 685.7 t, of which 175.2 t KCI' 
and 510.5 t water. 

Stream (1) : 175.2 t KCI (300 gil), 510.5 t water 
583.9 m3 (all streams are given on a daily basis; their 
numbering corresponds with that used in the general flowsheet). 

The volume of wash-water following on the loading 
is 510.5 m3. -. 

S tream (2) : 51 o. 5 -, t = 51 o. 5 m3 of wa ter. -
This wash-water leaves the resin; éontaining 

1.580 x 74.6/240 = 0.49 g KCI p.er g KCI loaded, i .. e. with 
175.2 x 0.49 = 86.0 t KCI. This -effluent contains 
86.0/(86.0 + 560\5) = 14.4 w~ KCI, thus occupies 3 
596.5/1.094 (1 3J = 545.1 m3 and contains 86.0 x 10 ï545.1 = 
157.8 gil. 3 

Stream (3) : 545.1 m = 596.5 t ; 86.0 t KCI 
(157.8 g,!1),510.5t water. -

The loading effluent contains 954 meq KCI/3217 meq 
KCI introduced, or 954 x 175.4/3217 = 51.6 t KCI. This 
stream also contains 683 meq CaCl2 per 240 g KCI introduced, 
i.e. 0.683 x 55.5 x 175.4/240 = 27.7 t CaCI2. - The total 

Note 18: This amount does not represent the total KCI 
required as raw material. Part of the 240 g is 
not converted, and recovered subsequeptly and 
recyclede 

(163) c.s. Hodgman, H andb bOk of Chemistry and Physics (1957) 
- p. 1896 (extrapolated) 
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we~g~~ ~s thus 5~0.5 t water +.5~.6 t K~l + 2Y.7 t CaC12-5~9 8 t, 
the. 'V0lume ~ {a.t an( asst'.lmed :,specl.fl.c gravl. ty of' i1 .14 à.fterf 1 3 h ~ 64.)) 
589.8/1.14 = 518 m3. 'r·he concentrations are: for . 
KCI 51.6 x 103 :/ 541.8 = 95~2 gil, for CaC12 27.7 x 103/518 = 
53.5 gil. 3 . 

Stream (4) : 518 m =. 589.8 t ; 51.6 t KCI (95.2 gil), 
27.7 t CaC12 (53.5 gil), 510.5 t water. 

Regeneration is executed with a phè'nolic solution 
of Ca(OH)2. 

For 38.36 g KOH, 1.113 x 74.1/2 g Ca(OH)2 were 
needed (fig. 5.4.). Hence we shall require 1.113 x 37.05 x 
28/38.36 = 30.'f t Ca(OH)2. In the same way, ,103.8 x 28/38 .. 36 = 

.75.8 t phenol are needed. The total volume of the regenerant 
will be 1422 x 28/38.36 = 1038 m3• Ata specific gravity of 
1.04 as determined experimentally its weight is 1038 x 1.04 = 
1080 -t, of which 1080-105.9 = (say) 974 t water. Concentra­
' tions are: for' Ca(OH)2 30~ x 103/1038 = 29.0 gil, for phenol 
75.8 x 103/1038 = 73.0 gil,. ' 

Stream (5) : 1038 m3 = 1080 t ; 30.1 t Ca(OH)2 
(29.0 gil), 75.8 t phenol (73.0 gil), 974 t water. 

The amount of slaked lime which has to be added, is 
30.0 x 28/38.36 = 21.9 t Ca(OH)2; the balanee comes from 
washing the resine ' 

Stream (6) : 21.9 t .Ca(OH)2. · . 
This slaked lime requires 21.9 x 56.1/74.1 ~ 

16 .6 t of CaO. 
Stream (7) : 16.6 t CaO 
Slaking of this lime demands 21.9 - 16.6 = 5.3 t water. 
Stream (8) ~ 5.3 t water. 

The major part of the phenol comes from recycle. It 
consists of 74.8 x 28/38.36 = 54.6 t. 

Stream (28) : 54.6 t phenol. 
The balance of the phenol, 75.8 - 54~6 ~ 21.2 t, 

comes with the wash-water following the regeneration. This 
solution also contains the balance of Ca(OH)2'. Le. . 
30.1 - 21.9 = 8.2 t, as weIl as the 974 t water. The total 
weight is 1003 t, occupying (say) 1003 m3 • 

Concentrations are then : Ca(OH)2 8.2~ 103/1003 -= 
= 8.2 gil, phenol 21.2 x 103/1003 = 21.2 gfl. 

Stream (29) : 1003 m3 = 1003 t; Ca(OH)2 8.2 t 
(8.2 gil); phenol ·21.2 t (21.2 gll)_; 974 t water. 

C.S.Hodgman, Handbook of Chemistry and Physics (195i) 
p. 1896 (extrapolated) 

International Critical Tables (New-York and London,1926) 
vol. III po 72. 

, , 
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The amount o~ influent· wash-water is 974 t = 974 m3• 
Stream (30) : 974 t = 974 m3 water. O~ this amount, 

270 x 974/1422 = 185 m3 o~ water are recyclede 
. Strêam (10) ': 185 m3 = 185 t water. 

The amount of additional water which has to be 
supplied is thus 974 - 185 = 789' t. 3 

Stream (31) : 789 t = 789 m water. 

The composition of the process-solution is as 
follows : It 'contains 28 t ·KOH (in phenolic solution), 
0.118 x 37.05 x 28/38.36 = 3.2 t Ca(OH)2' 74.8 x 28/38.36 = 
= 54.6 t phenol and 789 t water. Total weight ~s ~sa~é ) 
875 t. At an assumed speci~ic gravity o~ 1.03 ~no e a 
its volume is 875/1.03 = 850 m3• 

Concentrations are : KOH 28 x 103/850 =' 33.0 'gll 
(rV 0.59 N), Ca(OH)2 3.2 x 103/850 = 3.8 gil, 'phenol 
54.6 x 103/850 = 64.5 gil. 3 

Stream (11) : 850 m = 875 t; KOH 28.0 t (33.0 gil), 
Ca( OH}2 3.2 t (3'.8 gil), 'phenol 54.6 t (64.3 gil), water 
789 t. 

The amount of solid KCI (stream (49) ) will be 
determined· at a lat'er stage (in section 4) when the recycled 
amounts o~ KCI will be calculated. 

5.2. Section 2: Lime Kiln . 

The kiln has to supply (stream (7) ) 16.6 t CaO/d. 
This requires burning o~ theoretically 100.1 x 16.6/56.1 = 
= 29.6 t CaC03, sa~ 30 t CaCO~. 

Stream (9), : 30 t CaC03• 
To account ~or ~ines and losses, the amount quarried 

has to exceed this quantity by about 413 (166). Thus, about 
50 t limestone have to be quarried (daily). 

Note 18a: Approximately that o~ a KOH-solution as present; 
aqueous phenol solutions have a speci~ic gravity 
very near to 1.0 (165). 

(165) F.H. Rhodes & A.L. Markley, J.PhysoChem. ~ (1921) 
527-34. 

(166) Private communication ~rom Dr. N. Ben-Ya'acov, 
Fertilizers and Chemicals Ltd., Hai~a. 



151 

The' kiln supplies 'dilute CO2 (about 25% - note 19), 
which can be' used for, partial carbonation of the phenolic ' 
potassium hydroxide. 

from the 
and trom 

The amount available is composed of two parts: 
dissociation of CaCO~ proper, 44 x 30/100.1 = 13.2 t; 
the flue gases, 6.3 t. 
Stream (12) : 19.5 t CO2 • 

Section 3 : Coneentration of the KCI-CaCI2-solution 
by water transfer 

Mode of operation 

Loading the resin yields an effluent containing 
potassium chloride and calcium chloride. It is eeonomieally 
neeessary t ö recover at least a part of the potassium chloride 
before rejecting the solution. Examination of the system 
KCI-CaCI2-H20( to be discussed in detail later) yields th at , 
parti~ dehydration of this loading effluent will precipitate 
pure KCI until the CaC12-concentration will amount to nearly 
4~, when only ~ of KCI will have remained in the solution 
(the percentages are in weight and based on the solution 
obtained). 

It is now proposed to execute this dehydration by 
water transfer as far as possible, that is, until the partial 
water vapour ~sessure of the solution will be near to that of 
the ultimate de hydrant of the water transfer agent. As it was 
shown àbove that the KCI required for the lprocess could not 
serve for water-transfer purposes (paro 5L1.7o), NaCI avàil­
'able eheaply and abundantly in Sdom will be used for this 
purposeo 

It should be pointed out at this stage that the 
water transfer was not exeeuted experimentally. The suit­
ability of any particular solvent for the process was thus 
not ascertainedo As alcohols with a C4- and C5-chain have 
been shown to exhibit generally more or less favourable 
water-transfer eharacteristics, it was assumed that for the 
purpose of a preliminary economie analysis the choiee of 
normal butanol would be suffieiently just'ifiedo 

Note 19 : 10eal practice utilises 120 kg fuel oil per ton 
burnt lime, and ~ excess air. 
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It goes without saying that future development 'of 
the process will have to, aseertain this point experimentally. 

Construction of the equilibrium lines (note 20) 

Data necessaryfor construction of the equilibrium 
line betwe~n aQueous NaCl-solutions and normal butanol (nBuOH) 
are known ~ 167) • 

As the substance transferred from the" one stream to 
the other is water, the data plotted are w~ight ratios between 
,atef and NaCl respectively wAter and nBuOH, as proposed by 
~ 168) • 

An exact determination of the equilibrium line for 
the system ~CI-CaC12- H20 - nBuOH would require extensive 
experimental work. The procedure was simplified by consider­
ing the potassium chloride present in terms of calcium 
chloride. In other words, the amount of KCI was regarded as 
an additional amount of CaC12 causing the same decrease of 
the partial water vapour pressure (p.w.v.p.) • . This method 
is just~fied if it is conside~ed that the influence of CaC12 
on the p.w.v.p. is at all c~ncentrations considerably higher 
than that of KCI. This is illg§trated b~ fig. 505., 
constructed with the aid of ~1 ) and (170). Hence, the 
calculation could be limited to the equilibrium line between 
an aqueous CaC12-~01ution and nBuOHo This line was calculated 
wi th the data of ~ 171) and plotted analogously to that above. 

For conveniency, both lines were set out on the 
same graph. See fig. 5.6. 

Note 20: The calculations have been carried out for a reference o temperature of 20. It is assumed that the results 
will not be influenced considerably when operating 
at higher temperatures, such as encountered in Sdom. 

A. Baniel, J.Appl.Chem. 2 (1959) 523 
R. Blumberg, Brit.Chem.Eng. 2 (1960) 172-3 
International Critical ·Tables (New-York & London, 1928) 

vol. III p0295 
(170) International Critical Tables (New-York & London, 1928) 

vol. III p. 298 
(171) Ro Blumberg& J. Mashall, Israel Mining Industries -

Unpublished 



FIGURE 5.5. 
-

THE PARTlAL WATER VAPOUR PRESSURE OF AQUEOUS SOLUTIONS 
OF KCl AND CaCl 2 AT 20° . . 

(VARIOUS SOURCES.SEE INTERN. CRIT. TABLES lil 2Sl5 . 2Sl8) 
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FIGURE 5.6. 
EQUILlBRIÜM LlNÉS AND OPERATING LlNES 
IN THE WATER TRANSFER FROM A CaCl 2 -

SqLUTION TO A NaCl- SOLUTION VIA n BuOH. 
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Operating lines 

All possible operating lines in ~ig. 5.6. will be 
limî ted by two horizontal lines. The upper value corresponds 
wi th the concentration o~ the inc.oming CaC12-so1ution . 
(inc.1uding KCI expressed as CaCI2). The lower value corres;.. -
~ with the concentration o~ the outgoing CaC12-so1ution 
(including KCl). 

Stream (4) contains 51.6 t KCI/510.5 t water = 
= 10.11 g KC~100 g water • . This concentration lowers 
(~ig. 5~5.) the p.w.v.p. to 16.14 mm., i.e~ by 17.50-16.74 = 
= 0.76 mmo 

Stream (4)also contains 27.7 t CaCl!510.5 t 
water = 5.42 g CaCl~100 g water, lowering the p.w.v.p. to 
17.06 mm, i.e. by 17.50-17.06 = 0.46 mmo The total decrease 
is 0.76 + 0.46 = 1.22 mm, corresponding to a p.w.v.p. o~ 
16.28 mm, i.é. a total CaC12-concentration o~ 12.40 g/100 g 
H20 or 100/12.40 = 8.07 g H20/g .CaC12. This is the upper 
limit o~ the operating lines~ 

The lower limit o~ the operating lines is ~ound 
by trial and error. The actual concentrations o~ KCI and 
CaC12 should (a) be compatible with those o~ the system 
KCI-CaCI2-H20 (~ig. 5.7.); (b) have such a combined p.w.v.p. 
that its di~~erence ~rom that o~ a saturated NaCl-solution 
leaves a usabIe driving ~orce ~or the dehydration. " . 

An arbitrary decrease o~ the p.w.v.p. due to the 
CaC12 is then chosen, yielding (tabIe 5.4.) a p.w.v.p. o~ 
the mixture. Saturation to KCI is assumed. As it is intended 
to execute the last stage of the dehydration ol' the water 
transfer agent . wi th a saturated soluti.on of NaCI in the 
presence of excess solid, the dif~erence between the p.w.v.p. 
of the mixture and that of such a .saturated NaCI-solution in 
"case No.1" is considered sufficiently large. Composition 
of the outgoing solution (stream (44) ) is thus 10.3 g 
KCI/100 g solution and 17.4 g CaC12/100 g solution. The 
p.w.v.p. of this mixture (13.63 mm) corresponds with a CaCI2-
concentration (including "éonverted" KCl) of (~ig. 5.5.) 
29.7 g/100 g H20, i.e. 3.37 g H20 /g CaC12. 

This value represents the lower limit of the 
operating lines in ~ig. 5.6. 



TAB L E 5.4. 

The Partial Vapour Pressures of Aqueous KCI~CaCI2 - Mixtures 
.' 

Case , De.erease P.w.v.p. CaCl2 . . ca,éa
2 KCI CaCl2 No. of · of eonen · eonen eonen eonen 

.. ~ .. p.w·.v .• p. CaCI2- . g/100g g/100g g/100g gl100g 
I by ~(Üh; water water + mixture mixture 

{from (from CaCl2 CaCl2 I mm mm fig.5.5. fig.5.7.) 

I II 

1 2.80 

2 3.10 

3 -' '2.50 

Ca;CI 2 ' eonen 
g,!100g 

111 · 

14.70 

14.40 

15.00 

IV 

23.0 , 

25.0 

21.3 

KCI P.w.v.p. 
eonen of 
g/100g KCI 

mixture . water soln 
(eorrected 
byealeuI. ) mm 

IX X XI 

17.4 14..2 16.43 

1.8.6 13.2 16.50. 

16.1 15.4 16.34 

V 

18.8 

20.0 

17.6 

Deerease 
of 

p.w.v.p. 
by' KCI 

mm 

XII 

1.07 

1.00 

1.16 

I 

.. VI . 

9.3 

9.0 

10.4 

Sum of 
decreases 
of p.w. 

v.p. 

mm 

XIII 

3.8? 

4.10 

3.66 

VII 

P.w.v.p 

of 
mixture 

mm 

XIV 

13.63 

13.40 

13.84 

KCI 
eonen 
g/1ÖOg 
mixture 
(eorree-
ted from 
fig.5.7.) 

,VIII 

~emarks 

XV 

P.w.v.p. 
of satu-
rated 
NaCI = 
13.60 mm o 
(172). 

( 172) International Critical Tables (New-York and London' 1928) 
vol. 111 p .370 
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FIGURE 5.7. 
THE SYSTEM KCl-CaCl2~ HP 

25° 
(g/100g s~ution) 

W. B . LEE & A .C. EGERTON 
J. CHEM. SOC. (LONDON) 

123 (1923) 706 

a. initia I KCI-CaC,,-solution 
b. poInt where KCI precipitotion 

starts 
c. end of dehydration by water­

transf er to a soturated 
NaCI- solution 

d. composition af ter 1st effect 
in distillotion 

e. idem, af ter 2nd effect 
D. idem, after 3rd eff'ect 

"~--~----~----~--~----~--------------~--------~ç 
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Between these limits,many operating lines (for both 
sides of the water transfer) are possible. If a high utilisa­
tion (Le. small inventory) of the water transfer agent (here: , 
normal butyl-alcohol) is required, then the upper limit of the 
operating line should be near to the H

2
0 /CaC12 equilibrium 

line. ~f a small number of stages is required, the operating 
line. should be as far as possible from both equilibrium lines. 
Tf ' required, dehydration of the nBuOH with NB.c1 might be exe­
cuted in a single stage, resulting in less equipment. ",)~ 

Salt 'consumption would be higher than with multiple stages"as 
in the latter case a diluted salt-solution would be obtained. 

The correct choice of the operating lines demands, 
strictly speaking, that for several cases the final calculation ~ 

be made, including costs of ehemieals, equipment, operating, 
the inf'luene,e on subsequent stages of the proeess, ete. It 
has been determined that a single operating line near to the 
H20/caC12-equilibrium lineat the upper limit, but approximate­
ly equid1stant from both equilibrium lines in its middle por­
tion, would result in the lowest overall expenditure. 

The eonstruction of the vessels for the water trans­
fer from the . KCI-CaCI2-so1ution to the nBuOH can be greatly 
simplif'ied, if the precipitation of KCI (along line bc in 
fig.5.7.) takes place in the last stage only. It would then 
be unnecessary to remove a solid trom the other stages. 

The composi tion of the liquid at point b (fig.5. 7.) ( 
is 13.2 g xcl/ 100 g mixture and 1 3.4 g CaCl,! 100 g mixture, ,o~ 
13.z!73.4 = 18.0 g XCl/100 g H20 and 13.417~.4 = 18.3 g 
CaC1~100 :g H20. The former lowers the p.w.v.p. by 1.35mm, the 
lat ter by 1.75 mm, in total by 3.10 mm whieh corresponds to a 
total CaCl~ coneentration of 25.0 g/100 g H20, 'i.e. 4.0 g 
H20/g·~~. It would thus be advantageous to choose the opera­
t1ngline in such a w~ that in its lower part ~nly one stage 
is required to arrive at the value of 4.0 g H20/g CaC1

2
• The 

chosen line ,fulfils this eondition. . ' 

The number of stages for the dehydration of the 
KCI-C'aCI2 - mixture is 7, for that of the nBuOH - 11. 
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Composition of the outgoing streams 

The outgoing stream (44) contains 10.3 g KCl/100 g 
solution and 17.4 g CaCI~100 g solution, A5 no CaCl2 has 
preoipitated, we have in total 27.7 x 10b x 100/17.4 g 
solution = 159.2 ~ solution, containing (besides the 27.7 t 
CaCI2) 159.2 x 10 x 10.3/100 g KCI = 16.4 t KCI. . 

At a ~pecific ' gravi ty of 1.24 (173), 'the volume 
of the solution is 159.4/1.24 = 128. 3 m3, and the concen­
trations are 128 g KCI/I and 216 g CaCI~l. 

The amount of KCI that has precipitated is 
51 •. 6 16.4 =- 35.2 t (stream (45) ). 

The KCI-CaCI2-stream dissolves some nBuOH, the 
exact .concer.tration of which is not known. If the solu­
bility of nBuOH is assumed to be equa! to that in an 
·a.queous solution containing the same number of moles NaCI, .. 
and if we assume further, that the decrease of solubility 
of nBuOH by NaCI is a linear function, thenthe solubility 
of nBuOH is found as follows: (44) contains 128 g KCI/l = 
= 1.72 M; 216 g CaCI~ = 1.95 M; in total 3.67 M, which 
would equa! 215 g NaCI/I (V 19 g NaCl/100 g solution = 
= 23.5(g N~C1/100 g H20. Here, solubility of nBuOH is then 
(from 167) and unpublished data) 31 gil.' 

Assuming this value to: hold in the present case, 
the tota! amount of nBuOH dissolving is: -'. .... 
31 x 128 ... 3/1000"-'4.0 t. Correction of this amount for the 
now corre.cted volume, yields an amount of 4.1 t nBuOH 
dissolved. 

Composition of the nBuOH streams 

The amount of water transferred to the nBuOH is 
510.5 - 115.1 = 395.4 t.The alcohol has an incoming 
hydration (fig. 5.6.) of 8.0 g H201100 g nBuOH, and an 
outgoing hydration of 12.85 g H201100 g nBuOH,. i.e. a 
difference of 4.85 g H20/100 g nBuOH. For 395.4 t H2Û, 
395.4 x 100/4.85 = 8150 t nBuOH are needed. These enter 

. (stream (50) ) with 8150 x 8.0/100 = 652 t H20, and leave 
(stream (51) ) as 8150 - 4.1 = ,8146 t with 1047 t H2~. 

(173) W.B.Lee & A.C.Egerton, J.Chem. Soc.(London) ~ (1923) 
706-16 
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The volume of (50) will be (at a specific gravity of 
0.825 for a 7.4 wt~ H20 -solution (.174» 8802/0.82~ • 10670 m3 • 
The vo+ume of (51) will be (spec.grav.(for 11.4 wt~ H20) is 
0.830 (174» 9193/0.830 = 11080 m3. . 

The ratio o~ volumes in the extraction of water from 
the KCI-CaCl~ solution to the riBuOH is thus initially -volume 
(4)/volume (50) =5HV10670 I'V 1/21, and changes gradually to 
its final value of volume (44)/volume (51) = 131.7/11080",",1;.'84 • 

. ~ 
.~utual contamination in this extraction is unavoidable. 

Some KeI and CaCl2 will dissolve in the nBuOH. Por this reason 
the dehydration of the ·nBuOH from this water-transfer cannot 
be eombined witQ the dehydration of that from t?e KHC03 -stream. 

Dehydration of the nBuOH will take place with a NaCI­
solution. The concentration of the latter will on the one 
hand determine the concentration of the former.. On the other 
hand, the amount of NaCl will be determined by the amount of 
nBuOH returning from the distillation and requiring dehydration. 
Therefore, the NaCI-requirements will be calculated .in section 
9 (water transfer trom the. KHC03 -solution), par.5.9.4. 

, 5 .• ~ • . " . Sect:\.on 4: Distillation of nBuOH and water ani prec,;i­
pi tati.on of KeI. 

The incoming stream(44) corresponis to point c 'óe 
fi~.5.7.(except for its nBuOH-contents). To recover as much 
KeI as po~sible, evaporation until point D .(or near to it) is 
required. This evaporation also serves to recover the nBuOH. 

The evaporation is carried out . in ~ultiple effect dis­
tilla tion columns. The first column serves to dis til the 
nBuOH off. 

5.4.1. Composition of the distillates. 

Unpublished research of the Israel Mining Indu~triest 
Laboratories has indicated that unless considerable fractiona­
tion is applied, the distillation of nBuOH from its . aqueous so­
lution does not yield its azeotrope, but a mixture containing 
considerably more water. 

(174) y.-D.Wad & A.G. Gokhale, J.lnd.lnst.ScL};t (1921) 17.,.25 



· It is now· assumed that the composition o~ the vapour -
phase will be such as to correspond with higher water-contents, 
i.e. with a higher boiling point of the solution than that o~ 
the azeotrope. )For this boiling point, 95.00 was taken,cor­
responding U 75 to a vapour-:phase composi tion o~ 16 .. 5 mol~ 
nBuOH~ or 1.24 g HQO/g nBuOH tthe azeotrope boil~ at 92.3 (176). 

The nBuOH - H20 mixture di stilling (stream (52) ) will 
hence contain (approximately all) the nBuOH, 4.1 t, and ; . 1 

4.1 x 1.24 = 5.1 · t water. Af ter · condensation and cooling this 
mixture will separate into two l~yers, . · wi th atotal volume o~ 
approximately 11 m3. 

In addition to this mixture a stream of pure water is 
obtained as weIl from this distillation. The final composition 
of the· mixtur.e (point D, fig. 5.7.) contains 52.4 g H20/44.6g 
CaC12 = 32.6 t H20/27.7t CaC12 (no CaC12 preeipitat~s). The 
excess water, 115.1 - (5.1 + 32.6) = 77.4t is obtained free 
from salts (stream (53) ). 

5.4.2. Composition of the bottom 

The 'hottom (stream (46) -) .(or rather,· combined from 
the multiple effects) contains 32~6 t H20, ·27.7 t CaC12 and 
3.2g KCl/44.6 g CaC12 (rig •. 5.7.) i.e. ?O t KCI. This amount 
represents an irrecoverable losse 

At a specific gravity of 1.485 (173) the bottom's 
volume is 62.3/1.485= 42 m3• Theconcentrations are: 
KCl; 200 x 1000/42= 47.~ gil; CaC12, 27.7 x 1000/42= 660 gil. 

5.403. Amount o~ KCI recycled; final KCI needs of the p~ocess 

The amount of KCI precipi tating in the distillation is 
1604 - 2.0= 14.4 t (stream (47))0 Any liquid adhering to this 
precipitate is neglected at this stage. 

The total KCI - recycle (stream (48) ), from the water 
transfer (stream (45) ) and from the distillation, amounts to 
35.2 + 14.4 = 4906 to 

(175) J.S.Stockhardt & CoM.Hull, Ind.Eng.Chemo ~(1931)1438-40 
(176) International Critical Tables (New-York,1928) VoloIII,318 
(173) W.B.Lee & A.Co Egerton, JoChem.Soco(London) ~ (1923) 

706-16 
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The total ~CI - requirements of the process 
(in stream (1) ) are 175.2 t. Hence, there must be suppli~d 
(stream (49) ) 175.2 - (49.6 + 86.or' = 39.6 t. (The 86.0 t 
are from the diluted KCI - solution, str~am (3) ). S~ream 
(49) represents th-e requirements of the process as' regards 
KCI as raw material. . 

5.5. Section 5: Carbonation of the Phenolic Potassium 
Hydroxiue Solution 

The incoming stream (11) contains the phenolic 
solutions of potassium and -calcium hydroxide. By carbonation 
with CO2 the potassium compound is converted to KHC0 3, the 
calcium precipi~ates as CaC03, and part of the phenol 
separates as a distinct phase. . 

The amount of CO2 required is as follows :­

For bicarbonation to kHc03 28.0 x 44/56.1 = 22.0 tj 

For carbonation to CaC03 3.2 x 44/74.1 = 1.9 tj 

in total 23.9 t. 

Of this, the lime kiln supplies (stream (12) ) ' 
19.5 t . only, and these as á- iiluted gas, with which the 
carbonation cannot be completed. An additional, concentrated 
amount becomes available from the decomposition of the KHC03 
(in the final stagè) to K~03. !rom 50 t KHC03' 
44 x 50/2 x 100.1 = 11.0 t C02 (stream (13) ) can be obtained~ 
This, together with th at available from the lime kiln 
(~9.5 + 11.0 = 30.5) suffices, as follows from the overall 
reaction 

2KCI + CaC0
3 
~ K2C0

3 
+ CaCI2• 

Alternatively, if KHC03 would be the desired end 
product, the extra,concentrated, CO 2 (stream (32) ) would 
have to be drawn from some other source (note 21). 

Note 21: The flue-gases of the lime-kiln would not serve 
for the present purpos'e, since total carbonation 
requires that at least part of the CO2 be concen­
trated. 
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The amount o~ CaC03-precipitating (stream (14) ) 
is 100.1 x 3.4/74.1 = 4.3 t. It is discarded. Any liquid 
adhering to it is neglected at thisstage. 

The concentration o~ the phenol in the aqueous 
phase af ter carbonation drops to 61.1 ' g/1 (par. 4,3.1.). 
The amount that has separated equals . 
(64.3 - 61.1) 850 x 1000/106 = 2.7 t (stream (15». 
This amount, together with the water it contains, is recyclede 

The outgoing KHC03 - solution (stream (16) ) contains 
the following-:-

KHC03 28.0 x 100/56.1 = SO.O ,ti phenol, 54~6 - 2.7 = 
51.9 ti water, 789 t. Setting the ~inal phenol concentration 
at 61.1 g/l, the volume will be 851 m3,indicating a speci~ic 
gravityof about 1.04. KHC03 - concentration is then 58.8 gil. 

5.60 Sectton 6: Salting out of Phenol 

To re cover the phenol in stream (16),' i ts solubili ty 
is decreased by salting out with solid KHC03. From the point 
of view of energy - expendi ture., thi:, step advantageously -­
precedes that of the extraction, as the latter method requires 
distilla.tion to separate the extractant from the pheno1., which 
requires sizeable amounts o~ steam. 

Strictly speaking, several cases o~ aiffering extent 
of salting out (including no such operation) together with the 
re~pective requirements o~ extraction and distillation, should 
be calculated totally, and their costs compared. For the 
present preliminary analysis, this has not been done. 

In the presence of 176.4 g KHCOyll~ phenol concen­
tration drops to 3,9.0 -gil (par. 4.3.2.). To attain this, 
( 176.4 - 61.1) x 851 x 103/106 = (say) 100 t o~ KHC03 have 
~o be re?ycled (stream (17». Th~ amount of phenol staying 
1n solut1on is 39.0 x 851 x 103/10 = 33.2 t. The amount o~ 
phenol which separates (stream (18) ) is thus 51.9 - 33.2 = 
18.7 t. 

The outgoing stream (19) contains:-



KHC03, 150.0 t (1'76'.4 g/l); 

phenol, 33.2 t (39.0 g/l); 

water, 789 t. 

lts weight' is 972 t, its vQlume 851 m3 • 

5.7. Section 7: Extraction 6~ Phenol 

The final stage in the recovery o~ phenol :from, the 
KHCO~ - solution consists of extraction with norma1 
butyl-acetate (nBuOAc). This solvent ~orms a solution 
containing 500 g phenol/1 ' (par. '4 .• 3.3, exp.8C6). Fo~ 33.2 t 
pheno1, the volume ' or the C6H~OH '- nBuOAc is then 
33.2 x ,106/500 x 103 = 66.4 •. m3.. Tpis mixture cO,ntains ~ 
of water (par. 4.3.5.),snd has' a speci~ic gravity of (say) 
0.95. 

Let now a = weight o~ - pure nBuOAc 

b = weight of mixture o~ hBuOAc, phenol and water. 

Then b = a + 33.2 + 0.05 b 

Also, b/66.4 = 0.95 

giving b = 63.0 t; a = 26.6 tj O.05b = 3.2 t. 

The entering nBuOAc - stream {21) shou1d contain 
not on1y the amount necessary for the extraction, but the 
10sses to the KHC03 - solution as weIl. 

The solubi1ity of nBuO.c i~ sn aqueous KHC03 - solu­
tion of 176 gil was ' estab1ished ~177) at 0.35 m1 nBuOAc/100 mI 
KHCO~ - solution. This results (for an approximate KHCO~ -
solution volume of 843 m3) in 3.5 x 0.882 x 843/103 = 2.6 t 
nBuOAc (note 22). ' 

Thus, the entering nBuOAc - stream (21) coniai~~ 
26.6 + 2.6 = 29.2 t. At a speci~ic gravity of .Oo882 ~17ö) 

Note 22: Research aimed at 10wering this amount shou1d be 
one of the ~irst aims o~ any further deve10pment 
of this process. The losses might perhaps be ' 
decreased by using higher homo10gues of the solvento 

(177) Israe1 Mining Industries V Ana1ytical Laboratory~ 
unpub1ished results. 

(178) CoDoHodgman, Handbook of Chemistry and Physics (1957) 
po 713 
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its volume is- 33.1 m3,. This ,rlBuOAc-stream contains water, ' 
a~ cooling of the nBuOAc- 'H20 azeotrope obtained in the top 
of the subsequent distillation, yields two pnase~.The ' , 
nBuOAc - phase. saturated with water, is added to the pure 
nBuOAc obtained from a lower stage ,in the 4istill~tion, and 
the c6inbined streams are ' re,cycl:ed to, theextract~,m. , '" 

The àmount of ~ater in the · nBuOAc '- pbase' (stream 
(24) ) is small (or t~ order of ~.1 t) and will ' be negl~cted 
here .. 

'The phenol-Ioaded extractant ,{stream (22) ) contains 
26.6 ~ ,nBuOAc, 33.2 t C6H50H ~d 3.2 ~ water. ', lts, t9.tal, 
weight i563.0 t, its volume , is 66.4m3 • "". , 

" , Concentration,s' iri. this solutipn ~e: ,C6HsOH, . 500 ' g!l'; 
-water., 3.2 x 103/66 • .4 = 48~2 gil; nBuOAc, 26 .. 6 'X 10'/66.4;: . 
401 gil .. , " ' 

'The extt'8.~ted KHC03 - stream (20) contain~ v~ry 
li.ttle phenol, 28 mg/l (par. 4.3.3., expo 8H6). It compri-ses 
the f'ollowing : water, 789 - 3.2 = 786 t; KHC03' 1,50.0 t; 
and some C6HsOH. A~ a ~pecif~c gravity of ~irca 1.11 
(interpolatea from l179} and \ 18u)) the volume is ' 
936/1 ~ 11 = 843 m3 • Hence th-e phenol-content-s are , 
28 x 843/103 = "23.6 (say 24) kg; These represent the 
losses inherent in the proce.ss (excluding any eventuàJ. 
losses in tbe distillation, due to d~composition., reaction 
with any fragments of the nBuOAc, etc~). 

, 3 g/ The concent~ation of KHC03 is 150 x 101843 = 178 1. 

The ratio of volumes in the extraction is initially 
volume (19)/vclume (22) = 85~/66.4 = 13/1, and finally 
volume (20)/volume (21) = 843/33.1 = 26/1. 

( 179) 

( 180) 

International Critical Tables (New-York, 1928) 
vol. III p. 90 
A. Sei.dell, Solubilities of Inorganic and Metal-Grganic 
Compounds (New-York, 1940) vol. I, p. 727 
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5.8. Section 8: Distillation of the C6H50H-nBuOAc mixture 

5.8.1. Distillation 

l, ,_ The separation ' of -C6HC;OH from nBuOAc 'is feasible by 
distillation. Two product~ distill over, an azeotrope " 
nBuOAc(- HtO at the top (b.p. 90..2; composition 28.7 wt~ 
water 181 ) , ~d pure ' nBuOAc "at Mme lower point 
(b.p. 126 17~) ). Phenol, ,free f.rom the ester, is obtained 
as bottoms. 

A,part of thetop iscondensed only and returned 
as ref'lux te the column. 'No experiments ,as to the ref'lux-ratio 
were executed; arbitrarily a ratio of 1;1 ' has been chosen. 
The rest of the top is cooled. The nBuOAc-phase is combined 
with the ' ~~r~ nBuOAc - ,stream ánd recycled ' to ,t~e 'extraction. 

The top-product (stream (23), af ter deduction of' 
the reflux) contains the 3.2 t water, and (100 -28.7) x 3.z!28.7= 
= (say) ,8.,0 t nBuOAc. -

Phase separation yields two streams:­

Aqueous, containing x ton water + y 'ton nBuOAc;. 

Solvent, containing v ton water + z ton nBuOAc. 

The fol~owing then holds:-

This gives: 

x+v = 3.2 

y+z = 8.0 
y/x = 5/1000 (=solubility of nBu'OAc in water (177) 

v/z:: 8/1,000 {=solübility of water in nBuOAc (177» 

x = 3.14 t} " 
Y = 16 kg stream (25) 

v = 64 kg } 
z = 8.0 t stream (24) 

-( 
(181) M. Lecat,.Tables Azéotropiques (Bruxelles 1949) 

Tome I, p. 21 5 
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The remainder o~ the solvent, not obtained in the 
top, exits at a somewhat lower point. It comprises (stream 
(26) ) 26.6 - 8.0 = 18.6 t. 

The two nBuOAc - streams are combined, and ~orm 
26.6 t. To the combined stream, the make up o~ nBuOAc (2.6 t) 
is added (not depic'ted in 'the ~low - sheet). 

The value o~ the solvent in t:Qe d~scarded aqueous 
stream (16 kg, at a value o~ 0.13 t/lb t182~ is 
0.13 x 16/0.459'" 4~6 t. Unless pollution control requires it, 
recovery is probably not economic. -

The volume of the water in the discarded aqueous 
stream (3.2 m3) is very small in comparison with the total 
water requirements of the process (about 1200 m3). 

' The bottom o~ the distillation i,S formed (stream (27) ) 
by 33.2 t C6H50H. It is recyeled as a liquid, eontaining little 
water. 

5.8.2. Balanee o~ the phenol 

Phenol is recovered in the ~ollowing streams:-

( 15) 2.7 t (saturated witb water). 

} .tr.~ ( 18) 18,.7 t ( " " " ) (28) 

(27) 33.2 t '( containing 11 ttle water) 

(29) 21.2 t (as a dilute soltitióii) • 

Total 75.8 t. 

Exeept ~or eventual losses o~ phenol (as set out in 
the end o~ paragraph 5.7.) the proeess eontains no inherent 
soure'e by whieh C6H50H might be lost, save ~or the very smal 1 
amount in the KHC03 - stream (24 kg). 

(182) Chem. Eng. News, Quarterly Report on Current Priees 
2§ (1960) no. 26, 58 
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Section 9: Dehydration of the KHC03 by water-transfer 

Mode of operation 

Dehydration of the potassium bicarbonate by water 
transfer instead of by conventionál means is favourable from 
the point of view of energy. Heating is unnecessary, and no 
application of vacuum (to prevent untimely decomposition) is 
required. 

It is proposed to use NaCI as dehydrant. This 
cheaply . and abundantly available material (in Sdom) makes i t 
possible to dehydrate KHC03 ~olutions completely and to effect 
precipitation, which operation need~ only be followed by . ' 
centrifugation to separate adh,ering liquide 

In analogy with many other mass-transfer operations, 
the water-transfer is executedcounter-currently. The diluted 
KHC03-solutions encounter the nBuOH in its wettest state. The 
saturated KHCO .çsolution, emerging from the la~t stage, is 
mixed in an adaitional stage with nBuOH in its dryest state 
(having been contacted with a saturated NaCI-solution) to 
effect pre~ipitation of KHC03• This extra stage is represented 
in the figure of equilibrium and operating lines by a single 
point. . 

~e wet nBuOH is dried counter-currently by a 
NaCI-solution of increasing concentration, and finally by 
saturated NaCl, whence it is returned to the KHC03-dehydration. 

Equilibrium and operating lines; number of stages 

The equilibrium line for the system NaCI - nBuOH - H20 
has been described - par. 5.3.2. 

For the equ}librium l~ne KHCO - nBuOH - H20 three 
points are available ~183) (tabIe 5.5.)~-

(183) Unpublished data, Israel Mining Industries' Laboratories 



Table 5.5. 

Equilibria KHCO~ - nBuOH - H20 

c.oncentrations in H20 

solution as 
prepared JE 

g H20/100 g nBuOH 
in organic phase 

.saturated 

1.0 0.25 

1.0 ! 1.0 

39.23 

,31.40 

19.61 

2.546 
3.185 

5.10 

JE volumes saturated solution: volumes of water 

These data are plotted in fig. 5.8. 

13.4 

18 .. 2 

24.4 

The operating lines terminate at points determined 
by the concentrations of the incoming streams .. 

KHC03 enters (stream (20) ) at 150 t/786 t H20 = 
= 19.1 t/100 t H20, i.e. 5.23 g H20/g KHC03 • KHCO~ J,eaves the 
system as a saturated solution (with excess solid.KHCO~, which 
plays no role any more in the SYl't~). . At 300 th1S solution 
contains 38.9 g KHC0,t100 g H20 \1 ) = 2.57g H20/g KHC03. 
Point a is chosen thus that its "H20/100 nBuOH" ~ value is as 
high as possible, · to. ensure a high nBuOH - utilization without 
incurring too many stages. Point b is chosen tbus~ that its 
"H20/100 nBuOH" - value, which willof necessity equal that of 
the second operating line, will result in areasonabIe number 
of stages in both operations. 

A thorough analysis, requiring a complete calculation 
for a number of cases, was not considered necessa~ for this 
prelimina~ analysis. 

The number of stages for the water-transfer from the 
KHC03 to the nBuOH - stream is thus 4~ (say 5) + 1 (additional 
for separation of solids) = 6. 

(184) International Critical Tables (New-York and London, 1928) 
Vol. II! p. 240. 
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FIGURE 5.8. 
EQUILIBRIUM AND OPERATIN"G L1NES IN THE TRANSFER OF WATER 

FROM A KHCOJ:"SOLUTION TO NaCI-SOLUTION VIA nBuOH 
. . 
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As the nBuOH enters the KHC0 3 - dehydration, coming 
from the saturated NaC1-s01ution, its Initia1, "g H20/g NaC1"­
va1ue is equa1 to that of such a saturated NaC1-s01ution, 
to wit 2.76. lts hydration af ter contact with the saturated 
KHC03 - solution in the additiona1 stage, "g H20/100 g nBuOH", 

i is equal to that o~ b. Hence c. The outgoing nBuOH has a 
hydration, "g H20/100 g nBuOH" which must equa1 that of a; 
its "g H20/g NaC1ft 

- value is chosen so that a 10w concentra­
tion of the outgoing NaC1-s01ution (i.e., a 10w comsumption 
of NaC1 per unit o~ water trans~erred) ' is not obtainèd at the 
price of a too high' number of stages. 

Once more, a detai1ed, complete analysis was not 
execu ted here. 

The number of stages for the nBuOH dehydration is 
then 4';' (say 5) + 1 = 6 stages. 

Composit~on of the influent and effluent streams 

The weight o~ the water to be transferred is 
(from the flowsheet) 786 t, except for that ' amount adhering 
to the crystals, 2 wt~ = Oe02 x 15~ = 3 t. The water-

, concentration in the dried nBuOH is that of the equilibrium 
, 1ine NaC1-nBuOH-H20 (assuming equilibrium to have been 

estab1ished), 7.4 g H20/100 g nBuOH (= 6.89 wt~). The water 
concentration in the wet nBuOH has been chosen (see fig. ' 5.8~) 
as 24.5 g H20/100 g nBuOH (= 19~7 wt~). The , ~ifference is 
24.5 - 7.4 = 17.1 g H20/100g nBuOH. Thus, (786 - 3~ x 100/17.1= 
= 4606 t nBuOH are nee,!ied here. 

The nBuOH enters the KHC03 - dehY!iration with 
342 t water, 1eaves with 1128 t water. Stream (42) : 
4606 t nBuOH + 342 t H20 (6.9 wt~); at a s~ecific gravity 
of 0.823 this is (say) 6000 m3 • Stream (43) ! 4606 t 

, nBuOH + 1128 t water (19o~); at a specific gravity of (say) 
Oe845 this is (say) 6800 m3• 

, The amount of nBuOH lost on the solid KHC03 is 
quite sma11 (it wi11 be calcu1ated below). A more considerab1e 
amount is lost to the NaC1-s01ution; this 10ss ,is however 
recovered and recyclede 
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The solid KHC03 - stream (38) comprises' 15Ö t 
(anY ,solubility of KHC03 in the nBuOH is ,neglected) , wetted 
with 3 t water, which is . saturated to nBuOH. The(nBuQH-sOIU­
'bility in a saturated KHC03-solution is 14.4 gIl 185), the ' 
total nBuOH amount on the RHC03 cryatals i's oi' the ·order of 
43 kg. , ' 

Thisemerging KHC03 - stream 'is divided into two. 
A part (stream (17) ) is ~ecycled (100.0 t) to the salting-out 
operation (section 6). The balanee (stream (39) ), 50.0 t 
KHC03, comprises the production of the plant. 

The amount of salt, needed for' the. water-transfer 
here, follows from the final NaCI-concentration (point d, 
fig. 5.8.), 20 g H20/g NaClj 783/20 = 39.2 t NaCI are required 
(stream (70)). The total amount leaving is 39.2 t 
NaCI + 783 t H20 = 822 t, i.e. 797 m3 (at a specific gravity 
of 1.032). NaCI-concentration is 49.2 ril. Assuming that 
nBuOH-solubility in a NaCI-solution varies linearily between 
pure water anq. a ~aturated NaCI-solution (70.0 gIl and 10.0 ril, 
respeetively ~186) ), this solubility is (at 5 g NaCl/100 g H20) 
62 g nBuO~1 solution; i.e. 797 x 6~103 = 49.4 t. 
Thus stream (71) : 783 t H20, 39.2 t NaCI (49.2 ril), 
49.4 t nBuOH (62 ril). , • 
It is further assumed, that addition of the nBuOH changes the 
specific gravity but little. The total weight of the solution 
being 872 t, its volume is (say) 872 m3, giving an amount of 
nBuOH ot 872 x 6~103 = 54.1 t. This results in a total 
weight of 876 t, say 876 m3, dissolving 54.3 t n~OH. 

The NaCI- and nBuOH - streams for sections 3 and 9 

As was pointed out in par. 5.3.5.~ the amounts of 
NaCI and nBuOH are interdependent. For the sake of simplicity 
it is now assumed, that the wet nBuOH returning from the two 
distillations (sections 4 and 11) is in its totality returned 
to section 3 (water transfer from the KCI-CaCI2-solution). 
The NaCI-requirements of section 9 (KHC03-dehydration) are 
considered constant, and its nBuOH-Iosses are considered to 

(185) Israel Mining Industries Analytical Laboratory, 
unpublished results 

(186) Israel Mining Industries, unpublished data 
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be made up by solvent dehydrated in section 3. The flow-sheet 
depicts the more probable state, which is, however, more 
complicated to calculate. Both methods yield the same overall 
NaCl-consumption. 

See fig. 5.9. 

Let NaCl in (72) -= a 

nBuOH in (73) = b 

c = extra water (over the amount which should be 
transferred in (73) ) 

nBuOH-losses in the distillation (Sect. 11) = ° 
Ratio nBuO~H20 from the distillation (sect. 11) 
equalling that ratio from the former distillation 
(sect. 4), to wit H20/nBuOH = 10.24 (in wt/wt). 

Then, H20 in (57) = 1.24 (54.3 + b) = 67.4 + 1.24 b. 
(59) is calculated, and added to (51) to give the influent for 
the solvent-dehydration in section 3. 

The water-balance yields: 

395 + c = 468 + 1.24 b, whence 

1.24 b + 73 = c (5.1.) 

The amount of water being 395 + c, that of NaCl is 
(395 + c)/8.07 (from fig. 5.6.) = 49.0 + 0.124 c. Thus~ 

a = 49.0 + 0.124 c (5.2.) 

The combined amount of water + NaCl is: 

395 -+ c + 49.0 + 00124 c = 444 + 1.124 c. At an assumed 
specific gravity of 101, the volume of the NaCl-solution 
(discounting the nBuOH) is (444 + 1.1~ c)/1.1 = 404 + 1.02 c 
(in m3)0 The solubility of nBuOH in a NaCl-solution of 
12.4 g NaC~100 g H20 is 49 gil; the total nBuOH-amount is 
therefore: . 

b = 49 x (404 + 1.02 C)/103 
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FIGURE 5.9. 
CALCULATION OF THE NaCI-CONSUMPTION 

(ALL QUANTITIES IN TONS; BASiS = 24 HOURS) 

nBuOH 54.3+b 
1-100 57.4+1.24b @ 

. FROM SECTION 4 
(DISTILLATION &. 
KCI PRECI?I TION) 

4 
nBuOH 4.1 
HtO 5.1 

@ 

11 

DISTILLATION 
56 

nBuOH 54.3+b 
NoCI39.2+0 
I-Io0117B+c 

FROM SECTION 9 
KHCOa DEHYDRATION 

71 

. nBuOH 54.3 
. NoCl 39.2 

Hp 783 
nBuOH S8.4+b , 
H,O 72.5+1.24b 

nBuOH b 
NoCI 0 @ 

SOLUTION : o. 62.5 
. b • 17.3 

c • 99.4 

H.O 395+c 

1 
I · 3 

I 
1 
1 

nBuOH-
-DEHYDRATION 

i I 
I I 
I I 
I I 

@NOCI 0 

TO SECTION 9 
(KHCOJ DEHYDRATION) 

@.nBuOH 6150 . nBuOH 54.3. 
H.O 652 
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Solution of the equations (5.10) to (5.3.) gives: 

a = 61.9 tj b = 25.0 t; 

Hence stream (72) 

(73) 

(57) = (58) 

c = 104 t. 

61.9 t NaCl. 

H20 499 t 

.NaCl 61.9 t 

nBuOH 25.0 t 

H?O 1282 t 

NaCl 101.1 t 

nBuOH 79.3 t 

nBuOH 79.3 t 

H20 98~4 t 

nBuOH 83.4 t 

H20 . 103.5 t 

nBuOH 8229 t 

H20 1551 t 

The total NaCl-requirements of the ~roceas are then (70) + (72)= 
39.2 + 61.9 = 101.1 t (stream (55) ). 

,5.100 S'ection 10 : KHC0
3
-drying (and eventual conversion 

to K2C0
3

) 

The wet KHC03-crystals (stream (39) ) are dried in 
a rotary fUrnace. A gentIe heating suffices for this operatiorr. 
If conversion to K2C03 is required, heating to about 1600 is 
necessary. By cooling the effluent vapours, a se~aration 
between H2Û + nBuOH on the one hand (stream (41) ) and C02 
on the other hand (stream (13)) is obtained. The latter is 
then used for the carbonation in section 5. 

The entering (stream (39) ) 5000 t wet KHC03 yield 
then (stream (40) ) either 50 00 t dry KHC0 3 or 50 x 138.4/ 
/ (2 x 10001) = 34.5 t K2C030 Further, 1 t H20 (in the case 
of non-deco~osition) res~eqtively 1 + 18 x 50.0/(2 x 100.1) = 
= 5.5 t H20 tif converted) are obtained, as weIl as 14 kg 
nBuOH, in stream (41). If convers ion takes place, stream (13) 
'consists of 44 x 5000/(2 x 10001) = 11 ,~0 t C020 

• 



5.11 • Section 11: nBuOH-distillation 

The NaCl-solutions obtained fromboth water-transfer 
operations are saturated with nBuOH (stream (56) ).This 
nBuOH has to be recovered before discarding the brine. 

For the sake of simplicity it has been assumed in 
the present preliminary analysis, that the most economic 
method of this recove~ is by direct distillation with closed 
steam. Although this operation requires the heating of 
considerable volumes. of brine, part of this heat can be 
recovered subsequently in heat exchangers. ~ other method, 
such as for example extraction of the nBuOH with a .suitahle 
solvent and the separation by distillation between th at 

r solvent and nBuOH, might incur smaller heating requirements, 
but would complicate the flowsheet, as it wauld necessitate 
additional operations and equipment. As stated in former 
sections, a complete, detailed calculation for several 
possibilities was not executed for the present pr~liminary 
analysis. , 

By taking the required column dimensions, a brine 
containing less than 100 kg of nBuOH can be obtained. This 
amount halS been taken arbi trarily as the maximum permissible 
nBuOH-losses. The distillate, stream (57) = (58) then contains 
all (or very nearly all) the nBuOH obtained from the water 
transfer operations (stream (56) ), i.e. 79.3 t, along with 
the water accompanying it, 98.4 t. On cooling, two phases 
are obtained. As the aqueous phase contains still 7 wt~ 
nBuOH, it is not discarded; both phases are deqydrated by 
NaCl (ass~t out in par. 5.9.4.). . . 

The bottoms of the distillation, stream (60), 
contain the brine, 101 t NaCl and 1282 - 98 = 1184 t water, 
i.e. a 7.~ NaCl-solution (about 83 gil, spec. grave 1.055 
(187)). The total weight is thus 1285 t, the total volume 
1285/1.055 = 1218 m3 • 

The water contained in this brine is th~ largest 
source of loss of water in the process. 

(187) C.D. Hodgman, Handbook of Chemistry and Physics 
(1957) p. 1909. 

• 
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5.12. Balance of Materials 

5.12.1. Partial Balance, for Entering and Leaving Materials. 

The balance of materials is made up for each material 
entering or leaving. The numbers in brackets denote the stream 
number. 

KCI 

In: 

. Out: 

39.6 t (49) 

2.0 t (46) 

37.4 t (The equivalent of 50.0 t KHC0
3 

(40) is 
50 x 74.6/100.1 t KCI) .. 

Total: 39.4 t 

Stream (46) represents the losses of KCI inherent in 
the process; they amount to some 5.1% of the incoming KCI. 

On the basis of calcium 

In: 21.9 t (6) , from 30 t CaC0
3

(9) 
Out: 3.2 t , the equivalent of 4.3 t CaC0

3 
(14) 

18.5 t , the equivalent of 27.7 t CaCl
2 

(46) 

Total 21.7 

On the basis of hydroxyl 

In: 21.9 t (6) 

Out: .~ ~ '.2~ t (from (14) ) 

i 18 .• 5 t the equivalent of 50.0 . t KHC0
3 

(40) 

(1 Ca(OH)2 >= 2 KOH ~ 2 KHC0
3

) 
Total 21.7 
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NaCI 

In: 101.1 t (S5) 

Out: 101.1 t (60) 

Thus, the NaCI-consumption is 101.1/50 = 2 t NaCI/t 
KHC03 ' which corresponds to a ratio of NaCI/Kel = 2 , 56: 

~ 
In: 5.3 t (8) 

789 t (31) 

510.5 t (2) 

TotaI1305 t 

Out: 3.1 t (25) 

. 1.0 t (41) 

4.5 t equivalent to 

77.4 t (53) 

50.0 t KHC0
3 

(-40) 

32.6 t (46) 
; . 

1184 t (60) 

'lbtal~ 1303 t (or .m3) 

The wáter-consumption of the prQcess (except for 
cooling purposes) is somewhat smaller than this total, as 
stream (53), consisting of pure water, is returnable to the 
process. The consumption thus amounts to 
1303 - 77 = 1226 m3 per 50 t KHC0

3
, or 

24.5 m3/t KHC03 = 35.6 m3/t K2 C!l3t" 

The Complete Balance 

A complete account of all streams in the flowsheet 
is given in table 5.6. 



TAB L I! 5.6 • 

.1'he. Balanee ot Kat.rial. - Stre ... ot Kat.rial. in ton. per day 
Streu 
nulllber 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
38 
}9 
40_ 
40 .. 41 _ 
41 .. 
42 
4} 
44 
45 
46 
47 
48 
49 
50 

86.0 
51.6 

51 
52-54 
53 
55 
56 
57 - 58 
59 
60 
70 
71 
72 
7} 

28 

50.0 
100 

150 
. 150 

150 
50.0 
50.0 

• in c... KHC0.3 1. tbe product 

30.0 

_ in cue meo, la CODTerte4 to K
2
CO, 

75.8 

16.6 

54.6 
19.5 

-'11.0 

2.7 
51.9 

18.7 
}}.2 
0.024 

}}.2 

}}.2 
54.6 

8.2 21.2 

11.0 

2.6 
29.2 
26.6 
8.0 
8.0 
0.016 

18.6 

0.030 
0.014 

815Q 
8146 

4.1 

79.3 
79.} 
8}.4 

54.' 

25.0 

510.5 
510.5 
510.5 
510.5 
974 

789 

789 
786 

974 
974 
789 

~ . 

5.5 
342 

1128 
115.1 

32.6 

652 
' 1047 

5.1 
77.4 

101.1 
101.11282 
, 98.4 

103.5 
101.1 1184 
'9.2 
'9.2 78' 
61.9 
61.9 499 

Total 

686 
511 
597 
590 

1080 

179 

21.9 
16.6 
5.' 30.0 

185 
875 
19.5 
11.0 
4.' 
2.7 

891 
100 
-18.7 
972 
936 + 2.6 

29.2 
6'.0 
11.2 

8 
}.2 

18.6 
}}.2 
54.6 

100' 
974 
789 
11.0 

15' 
51 
50.0 
34.5 

1 
5.5 

4948 
5734 
16, 
'5.2 
62.' 
14.4 
"9.6 
}9.6 

8802 
'J19' 

9.2 
77.4 

101 
1462 
178 
187 

1285 
39.2 

876 
61.9 

586 



180 

Conversion o~ NaCI into NaHC03 and Na2C03 

Introduction 

It has been pointed out earlier that the method of 
carbonationproposed in the present thesis need not necessari­
ly be limited to the potassium compounds, but could be exten­
ded to the analogous sodium compounds as weIl. NaCI, cheap~y 
and abundantly available in Sdom (Sodom), would then serve 
both as raw material and as dehydration agent of the NaHC03 
made. Eventually, Na2C03 could be obtained. 

The present paragraph describes a flowsheet for the 
production of 42 t NaHC03 per day. This is equivalent wi th 
the 50 t KHC03 per day of the former par~graphs. The methods 
of calculation are qui te analogous to the former ones, and 
will not be repeated here. Reference to the parallel sections 
of the KHC03 - flowsheet should be made. 

All quantities are per day, unless otherwise stated. 

5.13.2 The flowsheet 

Section 1: Ion Exchange 

Table 3.24. Sbmmarizes the laboratory-scale experiments per­
taining to the conversion 

NaCI + Cat-R ---..,,..- Na-R + -!CaC12 and 

. Complete analogy at equal normalit.y ~or this conversion and 
the parallel one for potassium is assumed. 

The following is then ~ound: 

( 1 ) 

(2) 

(3) 

3 NaCl, 101.5 ti water, 279 ti total stream 380.4 t = 317 m . 

279 m3 water. 

31 t NaCI (assumed 10 wt-% on the water, i.e. 107.1 g,!1(188)) 

(48) Recycled NaCI = 0 

(49) Raw material NaCl = 101.0 - 31.6 = 7005 t. 
1(188) C.D. Hodgman, Handbook of Chemistry and Physics (1957) I 

p.1909 
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(4) NaCI, 41.3 tj CaCI2' 27.7 tj water 279 t. This stream 
is discarded. 

The following streams need not be considered any 
further: (44) to (48), (50) to (53), (72) and (73). 

Due to analogy of the regenerations, the following 
streams remain unchanged: (5) to (10), (12), (28) to (31-). 

-( 11) 20 t NaOH (of the same normali ty' as f .ormerly KOH) j 
3.2 t Ca(OH)2; 54.6 t C6H50Hj 789 t water. The volume is 
850 m3• 

Section 2: Lime Kiln 

This passes unchanged from the KHC03 - flowsheet 

Section 3 & Section 4 which served for KeI-recovery 
are dropped altogether. 

Section 5: Carbonation 

(12) 13.2 t C02 from the lime kiln 

(13) C02 from NaHC03 - decomposition to Na2C03,11.0 t. 

The carbonation will yield thefollowing 

(14) CaC03, 14 t (discarded) 

(15) C6H50H, 2.7 t (recycled) 

(16) NaHC03, 42 tj C6H50H, 54.6 - 2.7 = 51.9 tj water, 789 t. , 

The volume is 851 m3 • 

section 6: Salting Out 

It is 'assumed that at equal molarities, NaHC03 and KHC03 
have equal salting-out properties. 

(17) Recycle of (176.4 x 841100.1 - 49.3) x 851/103 = 84.1 t 
:i~' thNaHC03; . is (~ lthen required. 

(18) Separated phenol = 18.7 t. 
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(19) Process solution : NaHC03, 126.1 t ; C6H50~, 33.2 t; 
water, 789- t. The volume is 851 m3• 

~ection 7: Phenol-Extraction 

It is assumed that at equal molarities, nBuOAc will dissolve 
in equal amounts in NaHC03 and KHC03-s01utions. 

(21) Required nBuOAc = ~9.2 t. 

(22) Loaded extractant:- nBuOAc, 26.6 t; C6H50H, 33.2 t; 
water, 3.2 t. The volume is 66.4 m3• 

(20) Phenol-free process solution : NaHC03, 126.1 t; 3 
g6H50H, 24 kg (28 ppm); water, 786 t; in all 855 m • 

Section 8: C6H50H - nBuOAc - Distillation 

passes ?nchanged from the KHC03 flowsheet. 

Section 9: NaHC03 - Dehydration by Water Transfer. 

Por the dehydration of NaHC03 by water transfer using 
NaCl as ultimate dehydrant, an approprute differenèe of vapour 
pressures of the ~queous solutions is required. 

I -

Prom published data (189) a comparison between 
NaHC03 and KHC03 can be made 0 The amount of water transferable 
per g of NaCl from a saturated solution of NaHC03' is more ' 
than double that amount for KHC03, to wit 25 as compared with 
~i g. This ratio does not yet yield sufficient data for the 
construction of art equilibrium-- curve. By assuming, however, 
that the number of stages tor the NaHC03 - dehydration is 
equal to that required for the KHC03 - aehydration, the results 
will be conservative. This is the more so if the greater solu­
bility of KHC03 as compared with NaHC03 is considered (Note 23). 

(189) Ao 

Note 23 

Baniel, J.ApploChem. 2 (1959) 522 

: NaHC03' 1.13 gmo~1000 g H20i KHCOJ' 
1000 g H20j both at 200 (190,. 

(190) International Critica~Tables (New-York, 1928) 
voL IV ppo 237, 240'-

(191) RoM. Caven &: H.J.S. Sand, Jo Chemo Soc.99 (1911) 1359-690 

~ . . 
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Thus, in analogy with par. 5.9.2., 6 stages are needed 
for the NaHCO~-dehydration with nBuOH as weIl as for the 
nBuOH-dehydration with NaCl. 

The dried and wet nBuOH-streams, (42) and (43) 
respectively, remain unchanged. 

(38) Solid NaHC0
3 

: 126.1 t ; + 3 t water and some 40 kg 
nBuOH. 

(39) To the ultimatedrying: 42.0 t NaHC0
3 

' with 1 t water 
and 14 kg ' nBuOH. 

The difference between (38) and (39) forms the recycled 
NaHC0

3
, (17). 

Section 10 : NaHC0
3 

- Drying (and Eventual 
Conversion to Na2C03). 

GentIe heating suffices for dryini. Conversion to 
Na2C03 is effected alreadyat 100-1050 ~191). 

Composition of the nBuO~- , water- and CO2-streams 
( (41) and (13) ) is unchanged. 

(40) Product: 42.0 t NaHC0
3 

or 26i t Na2C0
3

• 

Section 11 :nBuOH - Distillation. 

In analogy with par. 5.11 it has been assumed that dis­
tillation would be the most favourable method of nBuOH-recovery. 

The distillate (stream (-57) ) contains all the nBuOH, 
54.3 t, together with 1.24 x 54.3 = 67.3 t water. 

The bottoms (stream (60) ) consist of 39.2 t NaCl and 
783-67.3 = (say) 716 t water, i.e. a 5.2 ~t~ solution 
(specific weight 1.035, about 52 gil t 192 J). 

The volume is thus 730 m3 • 

The water-loss of this operation, 730 m3, is considera­
bly lower than that for the KHC03 - flowsheet (1184 m3), even 
if the differences in weights of daily production (50 t KHC03 ; 
42 t NaHC0

3
) is considered. 

This smaller water-loss is due to the simplif.ication 
eliminating the recovery of NaCl from the NaCl-CaC12-streamo 

The Complete Balance 

A complete account of the streams of materials for the 
conversion of NaCl into NaHC0

3 
or Na2C0

3 
is given in table 5.7. 

(192) C.D. Hodgman i Handbook of Chemistry and Physics (1957) 
p. 1909. 
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7 & 11 Lil 5.7. 

tbe ..- or llaWrlala - sn- or llatériala iD _ .... 1Iq. 

1 101.5 
2 
3 31 
I, 1,1.3 71.7 
5 ;,1).1 
6 20.' 
7 16" 
8 
9 ,0.0 

10 
11 20 ,.2 
12 
13 
11, "--, 
15 
16 u . . 
17 81..1 
18 
19 126.1 
20 126.1 
21 
22 
23 
2.t. 
25 
26 
27 
28 
29 8.2 
,0 
31 
32 
}8 126·.1 
39 U 
J.O_ U J.O _ 

26.5 1,1 _ 
1,1_ 
U 
1,3 
1,6 - I, 
1,9 70.5 
55 39.2 
S6 101.1 
57 -59 
60 39.2 
70 -S5 
71 39.2 

in _ Jla/fC0
3 

ia tbo product 

_ in cu. "aRCO, 1. oon.erted to ~, 

_: s __ --""« iD tbe 1R:O.r 
t'l.onhee't llut .seat 1D tbe preaent ODe, 

are DD.....a..teDt l'or IlallCO, - produ.C~OD. 

1\>tal 

279 381 
279 279 
279 310 
279 3108 
m 1080 

21.9 
16.6 

5.3 5.' 
,0.0 

185 185 
SI,.6 789 867 

1'.5 19.5 
11.0 11.0 

.... 3 
2.7 2.7 

51.9 789 883 
81..1 

18.7 18.7 
".2 789 91,8 

0.1121> 786 912 
29.2 29.2 

".2 26.6 '.2 6'.0 
8.0 3.2 11.2 
8.0 0.06.r. 8.0 
0.016 '.1'" 3.2 

18.6 18.6 
".2 ".2 
SI,.6 SI,.6 
20.2 9710 1003 

9710 m 
789 789 

·11.0 11.0 
0.010 , 129 
0.01'" 1 103 

U 
26.5 

1 1 
5.5 5.5 

1,606 }U 109108 
1,606 1126 57}1, 

70.5 
".2 

79.' 1262 11,62 
SI,.' 67.' 121. 

116 755 

SI,., 78' 876 
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6.1. Introduction . 

In the present chapter, the manu~acturing cost o~ 
KZC03 ~rom KeI, and o~ Na2C03 ~rom NaCl, as described in the 
foregoing chapters, is given. The calculations have been 
based on the carbonates 'and not on the bicarbonates, as the 
market ~or the latter is rather smalle 

Costs and prices are given in localcurrency, 
Israel Pounds (shortened lL). The rate o~ exchange is as 
~ollows: Forimports, 1 US • = 1.80 lL (thus, 1 lL = 
0.556 US • = 2.11 Dutch Florins) • For exports the same rate 
o~ exchange prevails, except that ~or each US $ o~ the added 
value in ~oreign currency of the product, a premium of 
0.85 lL per $ is paid to the produc~r. 

Customs' duties on industrial apparatus amount to 
1~ of their value. 

Apparatus have, as far as possible, been calculated 
as produced from mild steel. An average cost of 1.2 lL per kg 
manufactured apparatus, including the labour required, has 
been taken. 

Investments in the lime-kiln and in the steam-gene­
rating equipment have not been taken into the total investment, 
as these two sums were accounted for in the respective prices 
of the two commodities. 

The calculations have been carried out in the kg 
(mass) - m - sec - °c system of units. The unit of heat 
(and of energy in general) is the joule (J), having the 
dimension kg x m2/sec2• The unit of power is J/sec = watt (W). 
Tbus, specific heats are given in J/kg x oc, latent heats of 
evaporation in J/kg, and heat transfer co6~~iciëhts in 
J/m2 x sec x oc, (equal to W/m2 x OC). Speci~ications ~or 
motors have been converted to HP, in co~ormance with 
commercial usage. 

6.2. Eguipment 

The investment in equipment is as below. The plant 
has been divided into sections, as set out in fig. 5.0. 
(paragraph 500.). 
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SEC TI ON 1 ION EXCHAN(}E. 

I tem Quantity De. 1 S nat ion Data tor ahinS 

1/1 

1/2 

1/3 

1/4 

1/ 5 
1/6 

1/7 

1/6 

1/9 

1/10 

1/11 

1/12 

1/1} 

1/14 

1/1 5 

1/16 

1/17 
1/1 6 

1/19 

}O Ion exchange column 

}O Head tank 

'0 Sump tank 

}O + 6 Cèntritusal pump 

''1 ' XCI - sUo 

XCI-recycle belt conveyor 

KCI-acrew-feeder 

XCI elentor 

Tank for dilute KCI 

XCI , ~olution .ixinS tank 

Stirrer for 1/10 

1600 I redn 

·~.012 m'/aeo; 5' 

Interati tial v • 1 '.1 .' 
/colu.n 

h. 5 m, q • 0.012 .'/ •• 0 
g • 1200 kg/.} 

1 day; g • 770 kg/ .. ' 

49.6 t/d 

. }9.6 t/d 
h • 10 • 

5/0.5 .. '/d; }O' reseM. 

56'.9 .. '/d; 20' mixing 

Tank tor conc'~ KCI 56'.9 .. '/d; 1 cycle'a 
a.torage 

Water tower 1490 m}/d; i day 

+ 1 Pump tor 1/n h • 1'2 m, q • 1490 .'/d 

1, 

,Phenolié Ca(OH)2-aol'n .. ixing 10'6 .'/d, }O' 
, tanJc . , ' 

Stir.rer tor 1/15 

Conveyor belt tor CaO 
Phenol recycle tank 

Phenolic Ca(QH)2 aol'n 
reservoir 

TOT A L 

d ot veaa.l , • 

16.6 t CaO/d 

5/0..6 t C6H50~d; 1 oyole 

10,6 m3/d; 1 cyole 

SI!CTION 2 LIn BURNIN(} 

LiaekUn '0 t CaCO!d 

Si.e, dlmeneione 

h • 1.20, r • 0.75 

" .. ,.6.' 
" • 2 .' 

2HP 
52 .3 

12.' 
10.3 . 

1.5 HP 

eo .' 
700 .' 
5HP 
25 .3 

5HP 

10.5 .3 

1}9 .. 3 

Material. ot Unit ooat Total coat 
oonatruotion IL IL 

lIS 

lIS 

lIS 

Cl 

lIS 

lIS 

lIS 

lIS 

liS 

C 

Cl 

StSt }16 

IIS/PI"B 

StSt 316 

StSt '16 

5JO 

1,200 

2,000 

15,900 

17,200 

12,000 

4',200 

6.350 
1,5QO 
2,000 

2,500 

1,220 

1,310 
600 

6,900 

4,000 

2,400 

, 1,500 

1,500 
20,000 

79,000 

223,100 

200,000 

lIS •• 11d eteel 
Cl • oaet iron 
C • ooncrete 
StSt • etainle.. .t •• l 
PI"B . • poly1'luoroeth,ylene 

RZMARKS 

20,000 inoluding eteotion 

20,000 

inoluding erection end 
acc •• soriea. 



SECTION 3 KCI - CaC1
2 

- DEHYDRATION AND KCI ~ PRECIPITATION BY WATER-TRANSFER. 

-
Item 

IUnit Coat ITota! Cost I 
De a i ' g nat i ,o n Data tor aiz1ng Sise, dimensions lIaterials ot IlBIIAIlXS conatruction 

3/1 7 Vesaela tor KCI-CaCl~- , 
0'.,13 m3/sec; 30" 4.3 .3 dehydrat on 

lIS 3,000 3/2 7 llixera tor 3/1 dot vesael 1.76 m 2HP lIS 600 4,200 3/3 7 Settlers 0.13 m3/aec; ' 60" 7.8 .3 lIS 4,400 3/5 ~t centrifuge tor KCl 35.2 t KCl/d 1.5 • 2 
)IS 10,000 3/6 I Surgetank tor wet nBuOH 2 .3 lIS 350 3/7 Surge tank tor wet nBuOH 2 m3 
lIS 350 3/8 Surge tank tor KCI-CaCl

i
-

2 m3 ' sol'n trom ion-exehang 
lIS 350 3/9 Haad tank tor KCl-caCl~-

2 .3 sol'n prior to diatil ation 
lIS 350 3/10 11 Mixing veasels tor nBuOH-

0.13 m3/sec; 30" 4.3 .3 dehydration 
lIS 4.700 3/11 11 Mixera tor 3/10 dot vessel 1.76 JU 2 HP lIS 600 6,600 3/12 11 Settlers 0.13 m3/aec; 60" 7.8 m3 
lIS 7.000 3/15 + 1 PUmp tor wet nBuOH 110 kg/aec; h • 4 m 10 HP Cl 5.000 10.000 includins atandbl tor ]/17 3/17 Pump tor dried nBuOH 105 kg/aee; h • 4 m 10 HP Cl 5.000 atandbl included in 3/15 3/18 Silo tor NaCl 101 t/d.131m3/d; tday , 64 m3 lIS 9.220 3/19 Serewteeder tor NaCl 61.9 t/d 

1.000 3/20 Tank tor NaCl-aol'n 545 m3/d, 2 hours 45 m3 
lIS 4,130 

TOT A L : 
70,650 say 70.700 

..... 
CD 

""" 
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Item 

1,/1 

4/2 

4/3 

4/ .. 

4/5 

4/ 5a 

4/6 

4/7 

4/8 

4/9 

4/10 

'4/11 

4/12 

SECTION 4 nBuOH - DIST,ILLATION"AND KCI-PRECIPITATION. 

t i ° n 

}'irst column 

Reboiler (internel) 

Second column 

Reboiler (internal) 

Third column 

Reboller 

Data tor aidng 

0.375 ks/sec; g =, 0.622 
kg/.3 

A .. 37.0.2; Kt .. 100 

Aa 4/1 
Aa 1';1 

Aa 4/2 

Sice, di.enaions 

r .. 0.44, h .. 6.0 
(except reb01ler) 

r " 0.44, h • 3:0; 
80 tubes 2" 

Aa 4/1, h • 4.0 • 

, 2 
Slurry-to-teed heat exchanger Q. 176,000 J/sec;k .. 1000 3.5 • 

Ve .. el + mixar 

3rd ettect overhead-to-reed 
heat exchanger 

3rd eUect overbead, cooler 

nBuOH-H 20-ccndenaer 

nBuOH cooler 

Staam ejector 

Condenaate cooler 

+ 1 Feed pUllp 

l ' Centrifuging filter 

Feed heeter (to b.p.) 

TOT A L 

J/.2 x °c x aec;2rï .. 50.5 

Q ," ,560,000; k .. 20001 
At" 38.6 

Q a 270,000; k .. 15001 "t .. 42 
Q " 160,000; k .. 2000; 

Et = 31 
Q .. 53,000; k .. 1000; 

At" 43 

Q " 304,000; k .. 1000; "t .. 39 
1.89 ks/a.c; h .. 15. 

0.167 ks/sec; cepacity 
0.5 ks/ .. 2 x aec 

Q = 165,000; k .. 2000; 
At = 27.7 

4.7.2 

4.3.2 

2.6.2 

1'.3 .2 

7.8 .2 

1 HP 

0.35 .2 _ 4 rt2 

3.1 .. 2 

lIS 

lIS 

lIS 

lIS 

lIS 

lIS 

lIS 

lIS 

ws 

lIS 

lIS 

Cl 

lIS 

MS 

1,720 

~ 
1,180 

..M!Q... 

400 

lIS • mld steel 
Cl • cas tiran 
C • concrete 
StSt • stsinleas steel 
PI'B .. poIyfIuoroetbylene 

XL 'ast I RII.ARKS 

10,550 (SI.)' ) 

10,550 (.ay) 

10,000 

900 

1,000 

1,700 

1,700 

1,100 

600 

400 

2,800 

800 

10,000 

1,300 

52,750 AI.)' 52,800 



SECTION 5 CARBONATION OF THE PHENOLIC II:OR-SotmIOft. 

Item Des i g nat ion Data for shing Sise, di.ensions RE_ARltS 

5/1 Corbon~tion React~r 0.Oj16 kaal CO2 ebsorbe~ 
m x sec; r = 0.4 m; h. 1.6 • StSt 316 6,000 

Mixer (radial turbine) d .. 0.4 m; motor 5 HP 2,300 
Settling aection StSt 316 ~ 35,700 

5/2 CO2 gas hol,lei' 25.2 t/d; 1 hour 560.3 .s 50,000 

5/3 KOK-solution surge tank 2 m3 StSt 316 2,000 

5/4 + 1 KOH-solution pump 10.1 kg/sec; h .. 12 m 2 HP StSt 2,000 4,000 

5/5 + 1 KHC0
3
-·olution pump 10.3 kg/sec 2HP StSt 2,000 4,000 

5/6 + 1 Phenol-solution pump Smellest suit.ble 
eveileble 1.2 HP Staneware 600 1,200 includins .tandby tor 6/4 

5/7 CaC0
3 

rotary drum tilter 0.05 kg/sec m2 10,000 

5/8 + 1 CO 2 blower 9.33 ~3/m'in .. 400 ft3/min Cl 3,000 6,000 

5/9 Recycle pump tor wash-water HP Cl 400 

TOT A L ; 113,300 

SECTION 6 : SALTING OUT OP' PHENOL. 

6/1 Mixing ve •• el 851 .3/d; 300· 3 m3 StSt 316 12,000 

6/2 Mixer tor 6/1 1 HP WS/PF! 1,600 

613 Settler 851 m3/d; 15' StSt 316 19,000 

6/4 Phenol pump 0.24 kg/sec; h = 8 m 1.2 HP Stoneware 600 atandby included in 5/6 

6/5 KHC0
3 

- aol'n pump 972 t/d; 8 • 2HP Cl 1,200 

6/6 Conveyor belt tor KHC0
3 

1,500 

6/7 Intermediate KHCO;-.torage 
2 .3 with screw-feede 100 t/d; ! h )IS 2,000 

TOT A L 28,300 ~ 

00 

"" 



SECTION 7 EXTRACTION OP Ptl!NOL. 

Item I Oul1otitvl D e a i g nat ion Data tor aidng 

7/1 6 Mixing .,. ••• 1 0.0099 .3/aec ; ~. 
7/2 "6 Mixer tor 7/1 

7/3 6 Settler 0.0099 .3/.ec ; 13' 

7/5 KHC0
3
-aol'n (phenol-tree) 

puç 

7/6 nBuOAc pump 0.34 kg/sec. h • 20 • 

7/7 nBuOAe aurge tank 

TOT A L 

SECTION 8 : DISTILLATION or TIII nBuOAc - Pll!NOL IIIX'l'U1II!: 

8/1 Dhtillation colu.n 5 t/h 

Reboiler Q • 0.36 x 106 J/aec; 
k • 1000; At • 2()0 

8/2 Onrhead (A.eotrope) ocndeneerQ • 0.23 " 1e/> J/aec; 
k.5OO; !i. 56.8 

8/3 O.,.rhead (A.eotrope) cooler " Q • 2 " 10Ioxr.ec; 
k • 500. t. 15.10 

Pha.e aeparator 10' 

8/4 nBuOAc-to-teed heat 8l<changer Q • 0.15" 106 J/aec; 
k • 500; At • 210 

8/5 nBuOAc-eooler Q • 25600 J{;tec; 
k.5OO; .15.8 

8/6 nBuOAe aurge tank 

8/7 C6H
5
0H-to-teed beet e"changer Q • 6700 J/.ec; 

k • 500; Ki • 3.5 

8/8 C6H
5
OH-cooler Q • 66000; n • 106.6 

8/9 Phenol JIWIP 

6/10 reed pump 

0 TOT A L ~ 
~ 

Si.e. di.enaion. 

0.35 .3 

1 lIP" 

9 .3 

2 lIP 

2HP 

2 .3 

2 
a • O.~ • • h • 5 • 

A • 18.2 • 2 

A • 8.1 • 2 

A • 2.6 • 2 

v • 0.08 .3 

A • 12.5 • 2 

Jo • ,., • 2 

2 .3 

A. '.8.
2 

A • 2.9 • 2 

1.2 lIP 

1.2 HP 

Stst 316 

Stst 316 

Cl 

Cl 

lIS 

Graph1te 

Graph1.t. 

lIS 

lIS 

lIS 

lIS 

lIS 

lIS 

Grapb1t. 

Graphite 

Stoneware 

Ston .. are 

lEIiARKS 
IL 

6.600 

1.600 9.600 

57.000 

1.200 

1.200 

'50 

75.950 .ay 76.000 

10.500 

15.000 

6.100 

3.150 

~ '.200 
'.1050 

2.000 

350 

2.100 

1.800 

600 

600 

'9.700 



. ~ 

I 
SBCTION 9 , KHCO, DEHYDRATION BY WATER-TRANSPBR .. 

f 
1 

Ite .. Data tor · aia1nl Si ••• di.en.ion. lIaterial. ot lBIIARICS 
oonatnlotion · 

9/1 7 1I1x1nl veasell tor KHCO, 
0.0791 .'/.eol ,0" 2.7 Ol' de~dretion lIS 1.500 

9/2 7 Mixerl tor 9/1 As 3/2 2 HP lIS 600 4.200 
9/' 7 Settlers 60" 5.0 .' lIS 2,200 
9/5 KHCO,-sol'n surle tank 2 .3 lIS 350 
9/6 Centrifuge tor KHCO 3-cryl.tela 150 ti d 6.1 .. 2 • 70 tt2 . 2O,QOO 

9/7 Recyole JIU"P tor aat 'd 
KHCOj lol'n . .amall oepaci ty lIS 300 

9/~ 1 + 1 Pump tor dried nBuOB 62.' kgaeo; ' 5 • 5HP Cl 4.000 8,000 1noludins atandby tor 9/1C 
9/9 Surge tank tor dried nBuOH 2 Ol' lIS 350 
9/10 1 Pu"P tor "et nBuOH 65.6 kgaeo 5HP Cl 4.000 atandby included in 9/8 
9/11 6 lIixins vessels tor nBuOH-

0,080 .'/s.o; JO- 2.7 Ol' de~dret1on lIS 1.300 
9/12 6 Mixers tor 9/11 Aa 9/2 2HP lIS 600 ,,600 
9/13 6 Settler. As 9/3 5.0 Ol' lIS 1.900 
9/15 Conveyor belt tor NaCl Aa 6/6 1.500 
9/16 Surge tank tor "et nBuOH 2 .3 lIS 350 

TOTAL 49.550 sey 49.600 

~ 

\.0 
~ 



C\I 
CT\ ..-

Item 

11/1 

11/2 

11/3 

11/4. 

11/5 

11/6 

11/7 

11/8 

11/9 

SECTION 10 KIIC0
3

-DRYING (OR IlVENTUALLY, DKCOIlPOSITIOII TO J(2C03) 

ion Data tor .hiD! She, d\!!IflTlaione 

Dryin! turnace 

SECTION 11 nBuOH-UCOvny l"ROII TIl! NaCI-SOLUTION (BT DISTILLATI<If) 

Diatillation column . Overhead: 79.3 t nBu~dj A ot oro.. .ection 
98.4 t H20/dj 1 ';.eo 4.12 .2 

Reboiler Q = 3 •. 61 x 106 J/aecj 2 
12 ata .te ... A. 79 • 

Overhead to teed heat Q • 3.14 x 1fJ6 J/.eoj 2 exchanger It. 33.1 . A. 190 11 

Overhead cooler 0.45 x 106 J/.ecj 2 It. 19.2 A • 47 • 

Bottom-to-teed heat 1.16 x 106 J/.eoj 2 exch&n!er At. 6.4 A • 353 • 

l"eed pullp 1463 ~dj h • 10 á 3HP 

Overhead return PUIlp 2.17 kg/ •• cj h • 10 • "HP 

Feed tank 2 .. 3 

Botto... .ulIp tank 2 .3 

TOT A L : 

lIaterial. ot 
oonetnaoUon 

lIS 

Steel ehen 
copper tube. 

lIS 

lIS 

lIS 

Cl 

Cl 

stst 316 

StSt 316 

2,.600 

7,100 

RB.ARKS 

33,000 

10,000 

18,100 

6,600 

26,500 

1,500 

}OO includiD! overbea4 
tro • • ection 4, 
.tre .. (54) 

600 

600 

64,200 
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6.3. The Physical Plant Cast; Required Investments. 

Section Operation InvestmentJIL 
No. not erected ·J . erected 

1 Ion exchange (apparatus) 223,100 20,000 
(automatization) 200,000 

2 Lime ki In . 200,000 3( 
3 KCI-CaCl?-dehydration 70,700 
4 nBuOH-·dl.stillatioh & 

KC1-precipitation, 52,800 ( 
5 Carbonation 113,300 , 
6 Sal ting out 28,300 
7 Phenol-extraction ·76,000 
8 nBuOAc-distillation 39,700 
9 KHC03-dehydration 49,600 

10 ~C03-drying or -~ecompo-
-sition 33,000 

11 nBuOH-distillation 64,200 
Cooling tower 
nBuOAc-recovery (note -24) 50,000 

Total 1_,050,700 

20,000 

40-,000 

(3( not included in the total investment,but contained in 
the price of the lime) 

Note 24. It has been calculated th at the nBuOAc-losses in the 
KHC03-stream, as found experimentally, would re sult in an ex­
pendi ture of 1.2 million IL of ~ total annual produ·ction cast 
of 5.9 million IL. This is prohibitfvely high and unnecessari­
ly w.asteful.. Moreover., the influence of dissolved .nBuOAc on 
the subsequent water-transfer from KHC03 might be disastrous. 

It is now as·sumed, that recovery of this nBuOAc from 
the KHC01-so1ution prior to water-transfer is possible. Extrac­
tion witn a solvent insoluble in water, and stibsequent separation 
by. distillation, will probably not represent insurmountable dif­
ficulties. It goes without saying that future development of the 
process will require experimental verification .of such a nBuOAc-
recovery. 

The required investment in extraction-- and distillation 
- equipment isassumed to amount to 50,000 IL (not erected). The 
steam-requirements of the distillation are taken as 4 t/d. The 
make-up of cooling water, as calculated without this operation, 
will be influenced to a negligible degree only. 
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Additional Investments: 

Resin: 44 t = 48 m3 (~~ 5.1.8.); 48 m3 = 1345 ~t3, 
at 21 #/ft3 (22)) cost 56,400 IL. 

nBuOH: The total amount in circulation is 
(42) 4606 t 
(50) 8150 t 

total 1 21 56 t 

The number of stages is (7 + 11) + (7 + 6) = 31. 
At 1t minute per stage, the amount prese"nt is 
12156 x 31 x1ij60 x 24 = 393 t; with the ' amounts 
in distillation, 395 t are required~' At 1335 I~t 
(including duties), they cost 527,000 IL. 

nBuOAc:29.2 t are in circulation, in the extraction and the 
distillation. 6 stages equal 9 minutes, say 12 
minutes; th ere are required29.2 x 12/60 x 24 = -0.25 t. 
At 1400 I~t its cost is 350 IL. ' 

Phenol:The hold-up time is estimated at ~ h, requiring 
54.6/48 = 1.2 t; ' at 1400 lIlt the cost is 1680 IL. 

The total ,investment in the resin and the ·solvents" is 
585,500 IL. 

The total investment is then as follows:-

Working capital 760,000 IL 

Fixed capital ' 
, Installation,J 

not erected 1,050,700 

same,. erected 4,202,800 

Additional in-
stallations, 

erected 

Total erected 
installations 

Cation exchange 
resin, solvents 
(not erected) 

Same, in plant 

40,000 

585,500 

4,242,800 

622,600 

Physical plant cost4,865,400 IL 
Total investment 5,625,400 IL 
(223) R~FoPeak & M.M.David, ChemoEngoProgo22(1957) 38 J. 



6.4. Utilities 

Water for thér'reaoticbhe .': :. ;": .: Je . 

Stream Function 

2 KCI - washing 
8 Lime - slaking 

31 Ca(OH)2-C6H50H-washing 

Total 

Subtract: 
53 

- J 

Recycled water 
from thermal KCI­

precipitation 

Net daily requirement 

195 

Amount, m3/day ; 

511 . . 
5.3 

789 { 

1305 

Water for cooling: 
In circulation there are ' 2952 m3/day. Tbe daily make-up is 
estimated at 60 m3• 

Steam: 

Section Function t/day 

4 Triple effect evaporation 37.4 
8 nBuOAc - distillation 13.9 

11 nBuOH - distillation 142.0 
nBuOAc ...: recovery 4.0 

Total daily requirement 198 t 

Electricity: 
A load of 1000 kW is assumed, resulting in a consumption 
of 24,000 kWh/day. 

Fuel: 
1.3 t/day are required for the decomposition of KHC03 to 
K2C03. Tbe amount required for steam-generation is not 
included~ as it is contained in the price of the steam. 

6.5. Co st Sheet for the Process 

A cost sheet for the process, based on the data 
calculated above, is given below. 



Unit Price, I~unit Amount/year Amount/t K2CO, Co.t. per year Costs per ton K2CO~ % 

Ra .. Materials 

Pota •• ium Chlorl~e ton 74.- 13,070 1.15 967,180 85.0 
Calcium Oxide (.litoe) ton 25.- 5,480 0.48 137,000 12,0 

1,104,180 97.0 21.3 

2 Chemicals 

Sod.ium Chloride !~n 1.- 33,360 2.93 33,360 2.93 
Water (rc~ction) 0.06 405,240 35.7 24,310 2.14 

Make-up 

Cat ion-exchange re.in kg 1.28 6,600 0.58 8,450 0.74 
n-Butyl alcohol t 1335.- 132 0.0116 176,220 15.5 
n-Butyl acetate t 1400.- 7.9 0.0007 11,090 1.0 
Phenol t 1400.- 7.9 0.0007 11,090 1.0 

264,520 23.3 5.1 

3 .Service. 

Water (cooling) m3 0.06 19,800 1.74 1,190 0.10 
Steam t 14.- 65,340 5.73 914,760 80.25 
Fuel t 75.- 430 0.0377 32,250 2.83 
Power kWh 0.04 7,920,000 695 316,800 27 •. 80 

1,265,000 111.0 24.4 

4 Total VariabIe Costs 2,633,700 231.3 50.8 

5 Manpower: 4 Supervisors + 20 Labourers 543,500 48.7 10.6 

6 Maintenance: 4% of "Erected Equipment" 169,700 14.9 3.3 

7 Amortisation: 1qg of Physical Plant Cost 486,500 42.7 9.4 

8 Interest: ~ of Physical Plant Co.t + 1~ of Working Capita! 319,300 28.0 6.1 

9 Overhead: 7~ of Manpower + Maintenance 534,900 46.9 10.2 

10 General Costs: Management ~ of Turnover 91,000 8.0 1.8 
Sales 1~ or Turnove." 45,500 4.0 0.9 
Royaltie. 
Insurance 1~ of Physical Plant Cost 46,700 4.3 1.0 

11 Costs in Bulk Ex Plant Sdom 4,872,800 426.8 94.0 

12 Bag; &nd Bagging 10.0 2.2 

13 Transportation to Haifa 12.0 2.6 

\0 14 Loading Costs (including Port Taxe.) 5.0 1.1 
~ . (say) 456.0 100 % ..... 15 co.t. F.O.B. Hair • 
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A calculation o~ the rentabili ty o~ the process in 
terms of turnover-ratio's and pay-out times before and af ter 
taxes presupposes a knowledge of the ultimate selling price. 
This has not been determined in the pres,ent case. 

The costs f.o.b. Haifa thus amount to 456 I~t. 
It is estimated that of this sum, 135 IL represent ~oreign 
currency expenditure, equal to 135/1.80 = 75 $. To cover 
production costs, the price f.o.b. Haifa would have to be 
196 #, the equivalent of which in local currency would then be 

75 x 1.80 + 121x (1.80 + 0.85) = 456 IL. 

This f.o.b. price is thus below the f.o.b. price in U.S. plants, 
200 tit. 

For export to the East !through the port of Elat, a 
similar price' would holde 

The costof the saved • in terms of IL is in this 
case the following~ The cost of the product (per ton) is 
75 # + 321 IL. The saved dollars cost therefore 321/(200 - 75)= 
= 2057 I~#, which value may be considered reasonable (note 25). 

Increase in the scale of operations b~ a factor of 
10 would result in a cost ~.o.bo Haifa (or Elat) of some , 
320 I~t. , At a ~oreign currency expenditure of ,60 I/t, the 
product costs 60 I + 212 IL, the foreign equivalent of which 
is 140 I/t. that is ve~ considerably below U.S. f.o.bo prices. 

. The convers ion {)f KCI into K~03 via KOH and KHC03, 
with the aid of cation - exchange and water - transfer, there­
fore seems a promising proposition. This conversion is exe­
cutable both chemically as weIl as technologically,and yields 
a product competitive with KZC03 from other sources. 

Note 25: The actual cost of the saved I is lower, since 
the c.i.f. price of imported K2C03 would be higher 
than 200 I by the costs of transportation, 
maritime insurance etc. 



Unit Prioe II/unit Alllount/)'ear AIIIount/t Na2CO~ Co.ts per )'ear 'Co.ts p8!_ tonN~2C_03 % 

Ra .. mate rial. 

Sod1um Chlor1de ton 1.- 36.200 4:,4 36.200 4.14 
Calcium Oxide t 25.- 5.480 0.63 137.000 15.65 

~ 173.200 19.8 5.6 

2 Chemicals 
Water (reaot10n) m 0.06 354.090 40.5 21.250 2.43 

Make-up 

Cation exohanse resin kS 1.28 6.600 0.75 8.450 0.97 
n-But)'l alcohol t 1335.- 23.1 0·.00264 .50.840 3.52 
n--But)'l acetate t 1400.- 7.9 0.0009 11 ~090 1.27 
Phenol . t 1400.- 7.9 0.0009 11.090 1.~7 

82.720 . 9.5 2.7 

. .3 Servl.c." 
WaUw' (_lins) 11 0.06 9.240 .1 :06 560 0.063 
su .... t 14.- 36.300 4.15 508.200 58.1 
1'uel ti 75.- 4.50 0.049 '2.250 3.69 
Power iwh 0.04 7.920.000 905 -----J.16 • eoo · 36.20 

857.810 ~ 2I&.. . 
4 Total ver1able coat. 1.113.7.50 127.4 35.9 

5 lIanpo .. er I 4 .up .... U •• + 20 labourera 543.500 62.2 17.5 

6 llaintenUICe : lIf, ,,( -erected equipment" 129.300 14.8 4.2 

7 AIIIort~.at10n I ,~ ot 'p~aical plant coat 340.700 39.0 11.0 

8 :ntere.t I " ot phY.ical ,l~~ coat + 1~ ot workins oapital 180.300 20.6 5.8 

9 Overhead. : 7'$ ot lIanpo .. er + ..tntenanoe 505.000 57.7 16.3 

10 General coata : Manas .... nt ~ 6t turnov.r 11,900 1.4 0.4 
Sales 1": ot tUt'nover 6,000 0.7 0.2 
Ro)'alU .. 
Inaurano. 1": ot p~sical plant cost .341'00 .2:1.. 1.1 

. 11 Costs in bulk ex Sdom 2.864.5.50 327.7 92.4 

12 Bags and bagging 10.0 2.8 

13 Transportat10n to Haita 12.0 3.4 

1~ LoadinS costa --2.:52... -1..±. 
ex) 
~ ·15 Coats l' .O.B. Haita ( asy) 355.0 100 ,,: 
..... 
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6060 Cost Sheet for ' N~2COÇmanufacture 

A cost sheet for the conversion of NaGl into ~a2C03 
via NaOR and NaHC03 is given oh(~e" 1 ~n, !l'he.:: tnl:rt:neds "of, ëaleula­
tion are analogous to those for K~03. The relevant balance 
of materials was set out in parágrapn 5.13.3. 

The manufacturing costs of Na2C03 would thus be 
355 I~t, f.o.b. Haifa or Elat. Increase of the scale of 
operations by a factor of 10 might decrease the costs further 
to about 250 I~t. This latter value would, however, still 
be about 4 times the price of this commodity on the inter­
national market, 34- tIt. 

Tt follows that although conversion of NaCl into 
Na~03 by ion exchange and water transfer. is possible 
chemically and technologically~ this conversion would not 
result in a product able to compete with Solvay soda-ash 
as available today. 
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Appendix: 

A" 1" 

The System KCI - KHCOa - RIO 

o The Solubility of KHC0
3 

at 20 

The éMä.èt~· sól:ubility ' o~ KHC03 in water, at 200 and 
under PCÖ2 ,, ~ _ 1 , ata, seems to ha~e bee~ 912.en)to doubtj it is 
given as 3,'.2 . ±~ tOJt' g ' KJ1COy190- lf'H20'i ~,,25 '~ , .. " . -

Determination was ,carried out by saturation of 
distilled water with KHC03 ("Analytical Reagent" quality) 
and stirring by bubbling gaseous CO2 through the solution. 
A wash-bottle for gases was used as container, and was 
placed in a thermostatic bath at 20.0 ± 0.20

• 

Saturation was continued for several hours, and 
checked by renewed sampling. Analysis of K" was carri~~ 
out gravimetrically as the tetra-phenyl boron salt ~22 ), 
while C03" and RC03 ' were determined volumetrically by 
standard procedures. Results were as per table A1. 

Ion 

RCO ' 3 
co " 3 
K" 

Table A1 

% = g/100 g solution eq/100 g solution 

13.7 

0.75 

9.77 

0.2245 

0.0250 

0.2499 

C03" was converted to equivalents on the basis , of 
2 eq/g-ion. The difference between the sums of anion- and 
cation-equivalents is 0.1~, ioe. weIl below the experiment al 
erroro Taking the avera~e value, 0.2497 eq/100g solution, 
the solubility of KHC03 (including K~03 1!xpressed as KHC03) 
is 2500 g KHCO~100 g solution, or 33.3 g KHCOy/100 g R20. 

(225) International Critical Tables (New-York ,1928) 
VoL IV p. 240 

(226) Ko Sporek & AoF. Williams 
The Analyst 80 (1955) 347- 54 
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A.2o The system KCI-KHC0
3

-H20 

Precipitation of pure KHC03 from a solution 
containing both KHC03 and KCI"by isothermal water-transfer, 
is limited by the initial concentration of KCI. The maximum 
KCI-concentration at which the solution is in equilibrium 
wi th pure solid KHC03 only 1 haQ. to be determined. This 
system has been described \227), but in view of the 
uncertainty of KHC03-solubility, as mentioned earlier, 
redetermination was considered necess~. This was done 
at 20.0 ± 0.20

• 

The method utilised was Bancroft's "zero method" 
(228). To a solution in equilibrium with excess solid 
KHC03 and-under PC02 = 1 ata increasing KCI - amounts 
were added under intensive stirring, and the CI'-contents 
determined by staridard procedure. 

The solution was found to attain saturation with 
respect to KeI at 251 g KCI/I. It then contained 9.21 g 
K~OVI and 104.6 g KHcoyll, and its specific gravity was 
1.226. Expressing K~03 as KHC03, the composition of the 
solution was as per tabIe .. A2:' . 

(227) RoParis & P.Mondain - Monval,BulloSoc.Chim. 
[.5 J.2 (1938) 1142-7 
in AoSeidell, Solubilitie-s of Inorganic Compounds 
(New-York 1940) Volo I, po 730 

(228) WoD.Bancroft, JoPhys.Chemo 6 (1902) 178-84 

I 
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Table A2 

Composition of the Solution Saturated to KHC0
3 

and KCI 

(20.0 ± 0.20
) 

yl y100 g" H20 Mol-% 

Found From(227) 

KCI 251.0 29.4 29.29 75.1 

KHC0
3 

104.6 

13.8 15.22 24.9 

Specific gravi~ Found 1.220 

" From (227)1 ".218 

/ 

\ 
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English Summary. 

The chlorides of potassium and sodium are widely 
spread in nature. Their industrial ap~lication as such is 
rather limited, and conversion to the (bi)carbonates yields 
important raw-materials for other processes. 

This thesis describes a new method for convers ion 
of KCI into KHCO~ and K~03 via KOH, and of NaCI into NaHC03 
and Na2C03 via NaOH. Thescheme of the conversion is as 
follows: kCI in aqueous solution is turned into KOH with 
the aid of a cation-exchanging resin; C'a( OH)2 serves as 
source of OHt-ions. The reactions are the following:-

Loading: KCI + Ca1-R---;o>--K-R + ~aC12 (R- is the skeleton 
2 of the re sin) 

Regeneration: K-R + ~a(OH)2--~>_Ca~-R + KOH. 

When using anion-exchangers for this aim, KOR would be formed 
in the loading step,· as follows:-

KCI + R-OR ~ R-CI + KOR 

and contamination of the product by chloride would be 
inevitable. For this reason cation-exchangers were 
preferred here.-

. The small solubility of Ca(OH)2 in pure water 
would have two undesirable effects:-

1 • The process would consume much water; 

2. When using cation-exchangers, a v~ry diluted 
KOH-solution would be obtaine~o Both difficulties were 
overcome by the addition of phenol, C6H50H, to the re­
generant. The concentration of Ca(OR~was . increased in 
this manner fr om 00044 N toOo78 N, while 'the expenditure 
of water was decreased proportionallyo A KOH-solution 
0.6 N, free of Cl', and containing some Ca(OH)2 and 
C6H50H, was obtainedo 

Carbonation with gaseous CO 2 converts the potassium 
into KHC03; the calcium precipitates as CaC03, and is sepa­
rated o By decreasing the dissociation of the phenol, part of 
it forms a separate phase, and is recycled to the process o 
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Further recovery of phenol takes place by salting 
out with KHC03' while the last amounts are extracted by 
n-butyl acetate. Phenol and this solven~ do not form an 
azeotrope at atmospheric pressure, and separation through 
distillation is therefore possible. / 

~~ 

The KHC03-solution so obtained is dehydrated 
through "water-transfer", where the water is extracted with 
n-butyl alcohol, which in its turn is dried with a saturated 
NaCI-solution, and recyclede From the diluted NaCI-solution 
so formed, the contained n-butyl alcohol is recovered by 
distillation prior to discard of the brine. 

dried by 

proceeds 

This water-transfer yields solid KHC03' which is 
gentIe heating and eventually convertea to K2C03• 

The conversion of NaCI into NaHC03 and Na2C03 
analogously. 

The raw materials of this process are thus KCI 
(or NaCI), Ca(OR)2 and CO2 (from CaC03), and NaCI for the 
water transfer. . 

For a plant at Sdom (Sodom), I 'srael, near the 
present KCI-plant, _a calculation of the manufacturing costs 
shows that K2C03 can be produced economically according to 
the proce-ss' above. In comparison to the usual method of 
preparing K2C03, namely electrolysis of KCI to KOR followed 
by carbonation with C02, the proposed method has the advantage 
that it can be carried out economically on a small scale, 
while the energy-requirements per ton K~03 are smaller. 

_ From the low priee of Na2C03, produced by the 
Solvay-method, it was suspected that Na2C03 made according 
to the present process would have a higher manufacturing 
cost. A calculation verified this suspicion. 

Potassium bicarbonate cannot, as is known, be 
produced by the Solvay-method, as a result of its high 
solubility. The process described opens, however, a new route 
for convers ion of the chlorides of potassium and sodium into 
their (bi)carbonates, with the aid of cation-exchangers, and 
with a clear solution of calcium hydroxide and C020 Phenol, 
used for increasing the solubility of the Ca(OR)2' is recov~ 
without marked losses. The raw materiaIs, KCI, NaGI and CaC03 
are to be found in many parts of the world, as a result of. 
which the possibilities of application are considerably 
enhancedo 3[ 

*" DoAraten, Chemo & Indo 1960 1301 0 
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Nederlandse Samenvatting. 

Kalium- en natrium-chloride komen verspreid in de 
natuur voor. Hun industrie€le toepassing als zodanig is 
ecp~er beperkt, en omzetting in de respectievelyke (bi)­
carbonaten levert belangryke grondstoffen voor andere 
processen. 

Dit proefschrift beschryft een nieuwe methode ter 
conversie van KCI via KOH in KHC03 en K2C0 3, en van NaCl via 
NaOH in NaHC03 en Na2C030 Het schema van ae conversie is 
als volgt : KCI in waterige oplossing wordt met behulp van 
een kationenwisselaar omgezet in KOH; als bron van de 
OH-ionen dient Ca(OH)2. De reacties zyn de volgende :-

Belading: KCI + ' Ca1-R~ - K-R + iCaC12 (R- is het skelet 
'2 van het ionenuit­

wisselhars) 

Regeneratie: K-R + iCa(OH)2----il;;-.~Ca1-R + KOH. 
'2 

By het gebruik van anionenwisselaars voor dit doel zou KOH 
in de beladingsstap als volgt gevormd worden .:-

KCI + R-OH ~ R-Cl + KOR ' 

en contaminatie van het product met chloride zou onvermydelyk 
zyn. 
Om deze reden is aan kationenwisselaars de voorkeur gegeven. 

De geringe oplosbaarheid van Ca(OH)2 in zuiver water 
zou twee ongewenste resultaten hepben . : 

1e. - Het proces zou 'veel water kosten; 

:2e. By het gebruik van kationenwisselaars zou ~en zeer 
verdunde KOH-oplossing verkregen worden: 

Beide moeilykheden zyn overwonnen door middel van 
toevoeging van fenol, C6H50H, aan het regeneratie-middelo 
Hierdoor is de concentratie van Ca(OH)2 van 0.044 N op 0.78 N 
gebracht; het water-verbruik werd evenredig verminderd terwyl 
een 006 N KOH:..oplossing verkregen werd, vry van Cl', en 
verontreinigd met Ca(OH)2 en C6H50Ho 

By carbonatie met gasvormig C02 gaat het kalium over 
in KHC03; het calcium slaat neer als CaC03, en wordt afge­
scheiden. Door het terugdringen van de dl.ssociatie van fenol 
wordt een gedeelte ervan afgescheiden als aparte fase, en 
gerecirculeerd. 
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Een verdere teru'gwinning van fenol heeft plaats in de 
daarop volgende uitzouting met KHC03, terwyl de laatste resten 
door middel van normaal butyl-acetaat geëxtraheerd worden o 
Fenol en dit oplosmiddei vormen by atmosferische druk geen[ 'az~ 
troop 0 Sçheiding door middel van destillatie is dan ook mogelyk. 

De verkregen KHC03-oplossing wordt ontwaterd door mid del 
van "water-överdracht", waarby ' het water geê~traheerd wordt met 
normaal butyl-alcohol, die op zyn beurt gedehydrateerd wordt 
met een verzadigde NaCI-oplossing, en gerecirculeerd. Uit de 
ontstane verdunde NaCI-oplossing wordt - voor het wegwerpen -
opgeloste n-butyl alcohol teruggewonnen door destillatie. 

, By deze "water-overdracht" wordt vast KHC03 ,-verkregen, 
dat door geringe verhitting gedroogd wordt, en eventueel 
omgezet in K~03. 

De ,conversie' van NaCI in NaHC03 en Na2CO~ verloopt 
geheel analoog. 

De grondstoffen voor het proces zyn dus KCI (respectieve­
lyk NaCI), Ca(OH)2 en C02 (uit CaC03)' en NaCI voor de 
water-overdracht. . ' 

Voor een bedryf dat in Sdom(Sodom),Israel zal liggen, 
naast het bestaande KCI-winnings bedryf, toont een kost­
prysberekening aan, dat K~03 volgens het hierboven beschreven 
proces economisch produceerbaar zal zyn. Ten opziahte van de 
gebruikelyke bereidingsmethode van KZC03' namelyk electrolyse 
van KeI tot KOH, gèvolgd door carbonatie, heeft de voorgestelde 
methode de voordelen, op kleine schaal nog economisch uitvoer­
baar te zyn, en tevens een geringer energie-verbruik per ton 
KZC03 te hebben. 

De lag, prys van NaZC03' dat volgens het Solvay-procedé 
gemaakt wordt, deed vermoeden, dat het volgens het hierboven 
beschreven proces gemaakte Na~03 een hogere kostprys zou 
hebben. Berekening bevestigde dit vermoeden. 

Kaliumbicarbonaat kan, zoals bekend, niet volgens het 
Solvay-procedé gemaakt worden, vanwege de hogere oplosbaarheid. 
Het beschreven proces opent echter een nieuwe weg, om met behu~ 
van kationenwisselaren de chloriden van kalium en natrium in 
waterige oplossing met behulp van een heldere oplossing van 
calcium hydroxide en met koolzuur in de respectievelyke (bi~ 
carbonaten om te zetten. Fenol, gebruikt om de oplosbaarheid 
van het calcium hydroxide te verhogen, wordt teruggewonnen 
zonder noemenswaardige verliezen. De grondstoffen, KCI, NaCI 
en CaC03 zyn op vele ,plaatsen ter wereld aanwezig, waardoor een 
bredere toepasbaarheid van de voorgestelde werkwyze mogelyk is .* 
* D.Araten, Chemo &: Ind. 1960 1301. 
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.0':1' n'tI'pl:I:1 ,:1,,:1 O" ,'II'tI 1,nl' ll'.at''IP o,'p",:;, 
n'tln» (,~) 'K on'l:In .':11'1:1 'ln "K:;,. "n:1 'n".,n~ OW,I:IW 

.0',nK o':;,',nn, O':1,.n 0'1 "l:In nln'l 

,. D,''T",,:in n,l:In, nvnn l'11:l'. n'Knl:l n'n:;,pl'1 nT 'nl'1 
:lI:lP''T:;' K~l'1 l'1,I:Il'1l'1 lll,at .n~~~~ l'1~~,-~~ ,at l'1e'~l'1 "'T l,nl' 11'WK 

,nl:l'D 'K D'l""P ,',nl:l ". n'T,:1 n'D'1:I 11'.Kl'1 'T"":;' nD'l:In 
:n'K:1l'1 1l'1 n':1'lnl'1 .',:1:;' 'T'O WI:IWI:I "OP"'T'l'1 '1'" "PD:;' ;ll'.Kl'1 

KeI + Cat-R -~~- K-R + t CaCI2" :l'11'''l'1 

("Wl'1 'W l".l'1 Kll'1 R- ) 

K-R + .;. Ca(OH)2~--j~-~ Ca1-R + KOH 
'2 

l'1,,,I:I, O'l"lat '~',nl:ll .,I:I'Wl'1 lDTl 
:T'l'1''T? ",rnWl'1 l'.l 

KeI + R-OH-~.- R-CI + KOH 

lK:;' 0'~'T,'1:1 natT l'1l'OD .,ll:ll 'n'l l'1'l'1 'T"":Jl ,J,nl'1 O'l'1'T' 
.0' lP,"p ,», ,ntl 

nD"l l'1n'l'1 0"'l'1" D'I:I:1 1~'0l'1 nD'D 'W l'1:;,'Dll'1 n'O'OI:ll'1 
:n"'J, 'n'l n'KJ,n 'n.' 

•• 0'1:1:1 W11:I'Wl'1 nl'nlD ,p' l'1'n ,"mnn (K 

,n"l l'1"ntl l'10'tln n':1pnl:l nn'l'1 O'l""P '1I',nl:l:1 W,I:I'W:1 (:1 
• Tl 'WKl'1 nl:l' 1:1 'W 

.'TnWI:I' ,il! nIlO'l'1 ,~, " '~lnl'1' 'WIIK O"Wpl'1 'lW ,'W KJl:Il 
;"KI:I"l 0.78 'K "KI:I"l 0.044-1:1 T'T'Ol'1 nl:l'l:I T':;'" l'1"'l'1 ,:;, 

11,wKn' nl:l'l:I nO'l:In n'lpnD • 'on' 11l1K:1 l"p,n 0'1:1:1 .,I:I'Wl'1 
.~l'l "lll:1' l'T'on nl:l'l:Il nl:ln'TI:I' ~"":JD n'wlln ,n"KD"l 0.6 

n'Tl 11:1nll nJ'Dnn-,'T 0' (l'1~~K~;17K~) n~I:I~'~ ''T' " 
.l'10'l:InnD 'T'II'D' ,l'1Dnll:J 'P'W l~'on ;l'1Dnll-''T' 11'WKl'1 ,1I'l'1 

1lDD P'" W'II'D ,'llll'1 'W (n'JK'J'O'~n) n~'T~!~~l'1 nl"pl'1 ''T' " 
."'nn' ~w;I:Il'1 " n'T'lIl l'1TKII:J 

n,'pwD , nn'Dl'1 ''T' " n,JlnD nllO'l "lil nlWl'1 
n'l"ntcn ,1l1ll'1 np,lC'a1 nlt .p'WK nl:l"II-" D' ("1:lllK~ 1~'~?;0") 

a"~!"~ Ol'K l'1T 0'1:11:11 "lil .'?KD';l ""JK-""~. n'T,l D'JI:ID 
• T· - \"' ~ • 

• p'p'T ,'~l n"WIIK n~'lIn .. ,:;,' ,"'!lO'D1:lK Tn'l !;'1:liK'TK 
- : -T 
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"~Mn ", ~, D'DM O'ac:J'D n~::1pnDM Tl~~ac:M nD~D-" nC'DnD 
• '~KD'U ~ÏlK~'" n'T,l D'DM nac: ~'JDD 'l~ ,.~'D'D n'l,M" 

D'l'I1D' T,nlM ",,~~ ~11 M"'" MO'Dn n'T,l D'l1l"D, ~ry~M J nK 

D'l '~D T,nlM ",,~~ ~~ M~'MDM MO'DnM "nD • "~Mn,~ ,n"K 
.T'31.~ MnD'TM D'b P'P'T ", ~, ~Uac:~'lM nK 

~, .npJ'D Tl~I1K nDnll-" n~lpnD nKTM "D'DM n'l,nH~ , 

.MDnD~ Mn'K D'~II'M ,'K ,Mn'K D'~"D ~p D'Dn ", 

"S~l~ nln'l MDnm~' MDng-,,~ T,nlM ",,~~ n'DM 
.MD" ",::1 

,(T,nlM 'K) Tl~"M ",,~~ DM MT "~Mn~ D~lM "Dn 
T,nlM ",,~~, ,("1 TlK "nD) TDnmM nJ'Dnn-", "l~ "0 

.D'DM n'l'M~ 

T'll7n Mat'D ,1;I1ac:M ~'IID '", ,D"'Ol ~'II'11 TpnD "l, 
.'~~~~ TII'K::1 nKT ,"l "S"~ nln', 7~~I1ac:M nDnll11 ,'nDnM 

MT'~"~p~K 'l"M' ,Tl~"M nDnD "J'~~ ~::1'PDM "~Mn~ on'l 
~11 n'l"n'M 7K~ n,J'DM M~'I1~ 11' ,n'Dn'm, MD'D~ ",'~~M ~11 

;11 Ml~p ,n,' n~"Jn T~' 7~P M"D Mlp~ ,~~~~ "Jl n"I1DK 
.~J,n T'~~ ~'l'lK 

"~Mnl n'J"DM T,nlM nDnD ~11 ,'DlM ,'nDM"O' ~, 
M'Mri ,J'DM "~Mnl n'J"DM T,nl nDnll11 ,"I1~ Tn'l ~,,~~O 

J .. : 

.nKl M"I1M ,nD'K D'::1'I1'nM .,n,' M'F" 

",,~ 'to "~Mnl 71 ~~K nDnll 'J'I't? n"I1DK " ,.,,~ , pK 
", nn'lI ,nKT nD',~ "J'DM ,~~MnM .MM'::11M Mn'C'CD ~;ll 
;K n'D'D MD'Dnl Tl~ .. ' T,nl ;11 D"""~M nK "DM~ MI1,n 

nJ'Dnn-", "::1~ "0 'W M"'S MO'Dn n'T,l ,DM'n'DnD - (,,) 
K~' l~'D ,"OM n'O'OD nK "llM; ,,~ ,'JlM ,;'lll .TDnIlM 

,T,nl' Tl;I1ac:M ;11 D""'~~M ,0;lM "Dn .D"~'l O"ODM 
nac: ::1'n'DI1 MD ,O"'l D'l' n'D'pDl D'KSDl ,"1 Tlat T~' 

~ .n,J'DM M~'I1::1 111D'11M n"I1DK 

~ D. Araten, Chem. & Ind. 1960 1301 

.' 
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D. Araten 

S'tellingen 
, .' 

1. Uit de gegevens van Korf e.n Shatrovskaya is een ,meer 
economisch p;rocedé voor de bereiding van natrium-sulfaat 
af te leiden, dan het tot nog toe gebruikelijke. 

D.M.Korf &: L.P. Shatrövskaya 
Zhurnal Obschei Khimii (J .Gen.Chem.USSR) 

. 1 0 (1 940 ) 1 232-4 .. 
Chem..Abstr. j2 (1941) 2782 

Gegeven in 
A.B.Zdanovskii, Ye.I.Lyachovskaya &: R.E.Shleimovitsh 
Spravotshnik Eksperimentalnich Dannich po Rastvorimosti 
Mnogokomponentnich Vodno-Solevich Sis tem 
(Handboek van Experimentele Gegevens over de 
Oplosbaarheid van Veer-Komponentige Water-Zout 
Systemen) 
Leningrad 1954, deel II,. pag. 790:-

t = 25° 

G:§!!1Qht§::f! in de 0Elossi!,!8 Vaste Fase 
HCI H~04 NaCI Na2S0!t; 

0 10.58 12.75 19.31 NaCl '+ Na2S0
4 

Q '8.43 14.40 16.90 "ft 

0 7·.25 16.6" 13.35 " 
0 3.04 21.12 10.,50 " 
0 1 .. 57 21.53 8.-94 " 
0 8.53 5.15 25..5 Na2S04 + Na2S04• 

0 4.54- 12.03 17.31 " 
10H2O 

0 1.54- 14.4 15.10 

2. Het verdient aanbeveling, de bereid10g van natrium­
sulfaat (uit natrium-chloride en zwavelzuur) en die 
van ' fosforzuur (volgens het Israel Mining Industries' 
procedé) te combineren. 

A.Baniel, R.Blumber~ &: A.Alon 
Brit.Chem. Eng. 4 (1959) 223-4 
Anoniem, Chem. Engng 21 (1960) no. 8, 81 
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3. By de concentratie van waterige oplossingen zonder 
indampen heeft de methode, voorgesteld door Baniel, 
de voorkeur boven die, voorgesteld door Schaufelberger. 

A.Baniel 
J .Appl. Chem. .§ (1 958) '611-6 

F.A.Schaufelberger 
United States Patent 2,780,530 (5.2.1957) 
Chem.Abstr.21 (1957) 7073f 

4. De methode van Scribner en Reilley, om op grond van 
polarografische gegevens de omstandigheden van reductie 
met behulp van amalgamen en tevens de aard van het 
amalgaam te kiezen, is onvolledig, en kan derhalve 
tot foutieve resultaten leiden. 

W.G.Scribner & C.N.Reilley 
Anal.Chem. 2Q (1958) 1453 

5. By de titratie van calcium in aanwezigheid van fosfaat 
heeft de methode van l~ce en Porster de voorkeur boven 
die van Cimerman, Alon en Mashall. 

A.D.1nce & W.A. Porster 
Analyst ~ (1960) 608-9 

Ch.Cimerman, A.Alon & J.~ashall 
Anal.Chim.Acta.12 (1958) 461-6 

6. De experimentele resultaten van Frangiskos en Smith -
bewyzen de juistheid van de theoretische gevolgtrekkingen 
van Gaudin wat betreft het chemische karakter van 
verkleining van mineralen. 

A.M. Gaudin 
Mining Engineering 1 (1955) 561-2 

A.Z.Frangiskos & H.G.Smith 
International Mineral Dressing Congress (Stockholm 

1957) 1:2 pp. 1-15 



7. Het gebruik van geconcentreerde kunstmeststoffen 
("high-analysis fertilisers") brengt met zich mede, 
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dat er inde aarde gebrek kan ontstaan aan calcium, 
zwavel 'en sporen-elementen ("trace elements"), die in 
minder 'geconcentreerde kus'tmeststoffen wel aanwezig zyn. 
By de economische beschouwing van het gebruik van der­
gelijke 'geconcentreerde kustmeststoffen moet men rekening 
houden met de kosten van toevoeging van de ontbrèkende 
stoffen. ' 

G.L.Terman &'J.Silverberg 
Farm Chemicals .122.Q no.3 (Xarch) pp.2-4 
H.V.JÓrdan & H.M.Reisenauer 
SOÎL, The Yearbook of , Agr~culture, 1 ,957 
The United St~tes ~pa:rtment of ~cu1ture , 

,'(Washington D.C. ,1957) -pp.107,,110. 

8. By het aangeven van capacite,iteIî van ionenuitwisselaars 
'verdient de gewichtsbasis de voorkeur boven ' de volumeb asis • 

, , 

9. De door Stern onopgeloste , moeilykPeden, ondervonden by het 
neerslaari van basisch strontium chloride ,rechtvaardigen 
ernstige twyfel aan de mogelykheid, zyn proces ter con­
versie van natrium chloride en water ' in natrium hydroxide 
en zoutzuur chemisch uit te voeren. ' 
Het valt te betreuren dat de samenvattingen van dit werk, 
zowel in de Iowa State College J.Sci. als in Chem.Abstr., 
van deze moeilypeden geen enkele vermelding maken. ' 

H.Stern , 
Production of Sodium Hydroxide by Ion Exchange 
Ph.D.Thesis, Iowa State Colle~e (1950) 
Iowa Stàte College J .Sci. ~ {1951) 358-60 
Chem.Abstr. ~ (1951) 6896e , ' 

10. Het werk' van d,e Wereld Ge zondheidsorganis'atie (WHO) en 
dat van de Voedsel- en Landbouworganisatie der Verenigde 
Naties (FAO) dient beter gecoordineerd te worden" 

11. Door het oprichten van instituten, belast met het vertalen 
van Russische natuurwetenschappelyke vakliteratuur in het 
Engels (of in andere Westerse talen) ,wordt, o~ lange te~ 
beschouwd, verkwisting van tyd, van geld en van weten­
schappelyke arbeidskrachten veroorzaakt. Dit kan voor­
komen worden indien Westerse natuurwetenschapsbeoefenaars 
zich een beperkte kennis van de Russische taal eigen!' nïaken. 

Anoniem, Chem.Eng.News 21 (1959) no. 31, 70 
Anoniem, Chemo & Indo 1..22§ 14870 

12. Voor Israeli's die zich naar het buitenland begeven om 
een studie voor ingenieur of middelbaar technicus te 
volgen, verdient het aanbeveling de keuze van een 
opleiding in Nederland ernstig te Gverwegen. 
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David, son of Yehuda !raten and Haonah de Leeuw, 
was born in Amersfoort, the Netherlands on May 27th, 1928. 
At the age of 5 he came with bis parents to (the then 
called) Palestine. He studied at the Beth Hasefer Hareali 
Haivri (Reali School, Principal Dr. A. Biram), in Haifa, 
from 1934 to 1946, with a two-year break (1943-4) at the 
Technion Secondary Vocational School (Principal Dr.G.Aharoni). 

In 1946 he passed the "High School Certificate 
Examination, as weIl as the British Matriculation Examina­
tion. In 1947" he started his studies at the Department of 
Chemical Technology of the Technical University of Delft. 
At the outbreak of Israel' s war }:le enlisted for service, 
and resumed his studies af ter demobilization late in 1949. 
In 1953 he passed the propadeutic examination, in 1956 the 
candidate' s examination, and in 1957 the final ("ingenieurs-") 
examination (M.Sc.Chem.Eng.). For this grade he worked for 
over a year under the guidance "of Prof. Ir.J.G.Hoogland on 
"Hydrogen Peroxide by "Reduction of Oxygen with the aid of 
Cadmium Amalgam". 

In 1952 he married Miss Hat1nah Ida Kaufman, ~' and has 
two daughters. 

On eompletion of his studies he returned to Israel, 
and has since been working at the Research Laboratories of 
Israel Mining Industries ~n Haifa. The experimental work 
executed there forms the basis of the present thesis. 


