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SUMMARY 

The. deminera11eat1o.n of saline water is receivin~ an in• 
-·.creasing amount of attention all over the world. 

' . 

In South Africa, fresh water supplies a.ro limited and. at 
_present saline waters c~nta1ning·morc than 2,500 p.p.m., 
of dissolved salts a.!'e bcj,ng used by at. 1~a::1t 150 com­
munities and rtwnerous indivirlual farms, with possible 
deleterious ·effects upon the health of m_en and beasts. 

Wa'ters containing harmful- concentrations· of fluorid.e 
( ;:::::---1. 5 p.p .. r'l~) are also being used extensively a.ue to 

·. · the unsuitability o:e existing ae.fluo:nidotion methoas.i 
\ . . . 

va·rious methods of demineraliaation and def'luoridation 
·· were critically reveiwea., especially with regard to 

. cost and practical f~,.asibility.; Most· of' them wet'e . 
found unsuitable for south AfP1can requirements which 
are: · . . . ... 
(a) a process 'tor demineralisation of exeessively saline 

water in small quantities, say 2 to 5 gallons :per 
dsy, ·and . 

·(b) a process for de:fluoridation o:( ·fluoride bearing· ..... 
watel" in quantities. from 5 to ;ooo. gallons per day. 

5·• In South Africa# dcmineralisation by means of solar diS•· 
tillation is att:ro.ct1ve because plenty of sunshine is 
available in the :nony arid r-egions 111here small house­
hold supplies only, are r>equired. ·. 

6. 

e. 

A ~pttog:raanne of research was undertaken with an experimental 
· solar still of 16 sq .• ft. pan areat in orde!' to cot'relate 
distlllation efficiency with local climatic conditions. 

An average daily yield of 6. 762 Imp.· gallo118 was obtained, 
. equivalent to a 3ct utilisation of the solar radiation. · 

· .impinging on the still. 

Ambient and saline v1ater .temperatu:res were found to have 
an importan.t 'beaTJing upon the efficiency of distillation.· 
This observation has apparently not received the attention 
of wo.rkera elsewhe:r:-e. · 

9• An equation, baaed on expe:rimental data 1 waa .fot'mulated to 
relate the thermul efficiency of the at11l with atmos-
pheric tempeJrature. · · · 

10. The influence' of winds, rain, humid,tty and prern4:::·a was 
mainly indirect as manifested in temperature and ·radiation 
.changes •. 

11. . Irnprov.ed distillation vias obtainetl fr-om· the use of m1rt'ors 
and·artif1cial cooling ofcondenset' surface but their 
cos~ does not appear> to be warranted.. · 

13.. 

15. 

Suffic-ient <lata was obtained to indicate a suitable dwsign 
.ot 'hou!Jeholcl still and to estiwit.e costs. - . 

. . -

The·etf'iciency of various methods of detiuoridation were· 
assessed. For this purpose the· numerous method.s ot. : 
~_luor1de deterrr.dnation- in wate:r, .. weee ct'itically. raevic:med. 

The method descr::fbed by Stevens was e.ound most sui table for 
direct routine eFJt~.mation of fluoride ion concentroation, 
while the atandard d1stj.l1Eltion-met.hod was used. as an · 
intermittent cheek on the f-ormer method. · 

Flocculent precip!tate·e will absorb fluOt'ide from· water, 
but the removal was found to be incomplete _and impract_icable. 
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16. Precipitated calcium phosphates were $xcellent defluori-
dants but sev~rol disadvantages rendered them unsuita­
ble for practical application in columna. They were 
also relatively expensive. 

17. A cheap and efficient defluoridant was prepared by sim-
ple treatment of superphosphate of lime with excess 
dilute sodium hydroxide solution. 

18. SUch activated superphosphate consists chiefly of micro-
crystalline apatite which exchanges hydroxide ion se­
lectively for fluoride ion. The exchange appears to 
be effected only on the surface of the crystals. 

1:9. Granules of activated superphosphate were used success-
fully in conventional ion exchange type filters for 
defluoridation of fluoride bearing water. The average 

·defluoridising capacity of' the material was 3·5 mg. F­
per gram taken within the range of fluoride reduction 
to the optimum limit, i.e. less than 1 p.p.m. 

20. The ion exchange properties of' the defluoridant are cri-
tically controlled by changes in pH value. At pH values 
above 12 fluoride ions atte exchan~ed for hydlroxyl ions 
and at pH values between 6 and 8 defluoridation of water 
in contact with it proceeds rapidly. 

21. After saturation with fluoride ions, the defluoridant may 

22. 

be regenerated with a 11, solution of sodium hydroxide. 
The method of regeneration which was developed restores 
the fluoride capacity of the material and no defluoridi­
sed water ia required tor rinsing. 
A considerable saving of defluoridiaed water is thus 
attained. 

Extensive teste were carried out on a pilot-seale defluori-
dation filter column. The mechanism of regeneration 
was thoroughly studied and an optimum mode of operation 
wan developed. It was found that efficient detluoridation 
could be maintained over a large number of detluoridation 
and regeneration cycles. 

23. The detluoridant granules suffered some attrition loss 
during regeneration,. but it was found to be no more severe 
than the attrition losses incurred by some commercial ion 
exchange media. 

24. It was found that much harder granules could be obtained 
from a partially neutralised, granular superphosphate 
which recently (1954) became available in south Africa. 
The defluoridieing capacity of this material was s&mewhat 
smaller than that of the previous media, but its greater 
mechanical strength rendered it a superior defluoridant. 

25. The latter material was used in a large-scale defluoridation 
plant, deaighed by the author for the south.African De­
partment of FUblic Works. The plant has been operated 
independently, by the latter Department since January,1956. 

26. For small-scale defluoridation, the use of powdered defluo-
ridants, also prepared from commercial superphosphatea, 
is recommended. such powder or pulp should be added to 
a predetermined quantity of water and allowed to settle, 
after which the water will be potable. 

27/ •••• I 



27. · Patent cover for the manufacture and use o.f activated 
superphosphate deflurida.nts has been obtained. 

28, Estimates of cost, indicated that de.fluo.ridation of both 
· househ,ola and. public water supplies by means ot activa­

ted superphospha.te should be a p:ract1ca.l feasi.bili ty~ 

·29. The present investigations., have thus ·provided practical 
· means ·ror. rendering both saline :and fluox\1dised ·r1aters 

potable.· 

·,·I , 
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l. 

INTRODUCTION. 

:By far the lAl"ge•t p.ortion of' the W$t,e.ra of the globo 

is unfit for human consumption, agrieul.tura.l or p.rocess use,. on 

account of excessive salt content. Up' to the present. timo, 

natural treah water supplies have be.en suf'fi.oient to· meet most. 

important needs, and devel.opm&n.t has been eonaentrate.d in a.r.e$8 

where :fresh water supplies are plentiful. Continuous expa.ns<ion1, 

however, ha.s accelerated the need tor additional water resources 

such as may be ebtained f:-om demineralisation of saline waters. 

In South Afri.oa water supplies a:t$ limited and the need 

fo.r dtm:lneralisation. :is eonseql1ently urgent ... 

Whereae the temoval._oi'' organic impuritiee from water 

has already become· eeta.bl1sbed practice, economic- demineJ!'alisat.ion 

has' not been attained as yet • Du.e t(), the, difficulty and eoe·t, ot 

total demineral:i.sat:ionJ metho.:ta for reinoval of a speo1f:tc., ha:rmtul 
. ' 

:ln~odient only are often :resorted to,. One such :l.ngrediertt which 

often occurs :ln natural. waters: and which must not e,x.ce.e.d a.. concen-

trat1on of 1~5 parts per million (p~p.m.) in po,table water., 1s 

fluoride ion:•. Up to the timll:l of' the present inveerbi.gation. no 

practical method of defluoriclat:lon had, been a.p:plied,: 

As a result of theee impe,rfeeti.ons m.~ parts of South 

Africa, and in partieule;r the West coast and South West A:fr:lea, 

have suffered the ill-effects of a fresh water shortage.(l)l 

The development of these and othe.r· regions. has been aoverely 

handiQapped but the~r valuable resources an4 potent~al vslue to 

the co®tl7 as a whole,. call for $eri.ous conside:rat . .ion of tbe 

problem. The preaent investigations were l.Uldertaken in order to 

clo.rify existing aondi tiona and t.o deve·lop, $conomic means fo:r 

t-endering stl.:U.ne .watere potable., It was further' atteml?tea to 

develop a praet1cal method for· detluorida,ti,cm of waters whiob eon•, 

tain fluoride :"ion. only, in exces.eiv~ concentration, 

• • I .\ . .., .• '· ¥ \ -~- -- .<r" • 
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2. 

After ce.r~ful :review of various methods ot demineral.... i 

isation, ~t waa ·decided to concentrate attention on th,e pl:'oduot.ion 

of ill'esh water by artificial solar·· distillation.-· It was found 

t.hat a relative·ly small. experimental solar still could produce; an 
"· 

annual ave~cge of 0•762 Imp. gallons o'f distilled w~ter pel" dalf•· 

~he yield of distillate was mainly determined 'by the iunol.lllt of 

rs.dia.t:ton rec.e·ived by the still,. but the influence of othe:r· 

climatic factors was also· evaluated, ~om tho data presented it 

. is possible to design a still . which will under sou.th A.frictan 

c.onditione p;rovide a. speei.f:ted. quantity· of distilled water. Such 

· & solar still may be constructed for·,, or by- individual house.­

holders: at reasone.ble co.st ~d will . thereafter operate oare·free tmd 

QQstleSiih· 

·D.efluol."!dation. of· water was e.ocompliehad with an ion• 

exchange material which. was pre:pare.d from a .cheap,· and readily 

available, raw material viz., commercial eup~rpboaphate .of' lime. 

The active ingredient of the preparation we.e fou,nd to be micro ... · 

crystalline apat1 te which :reversibly a.nd se1ecti.vel1 exchanges 
. ' 

fluoride, and hydroxide ion$. After s$-turo.tion with :fluoride· ions 

the material could thus be regenerated sucoessfull;y with a. dilute 

solution of £Jodiwn hydroxide. It Wi..s found that pH control 

during defluoridation and regeneration was of prim.ary importance.'. 

an observation which had not been evaluated before •· 

»~tails of practical deflUOJ!'ida.tion e.re presented so 

that ~h~ process should be amenable to· intere$ted p~rties •. 

Th& investigations were carried. out in the Water· Research 

Laboratory of the South African Council for Sc:i.entU':i.c and 

Industrial Research and occupied a period of four yealN:', from 1$150 

till 1954.- Papers on Water Quality Requirementst· Defluor:tdation 

and sol$.r.D:istillation w:erl:l published. in.v~ious journals and 

C.S;.I& Reporte. (See, appended list· of pu'bl:toations;,) 'these p~pers 

cons:titut& the main subject matter of this thes:ta~, .. · 

........ ·iii ....,:.. ,...-
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CHAPTER .. ·I 

THE OCCUlUUmCE AND DISADVANTAGES OP1
' HIGHLY 

MllnllmiSED. AND l,LUO}\ID~ BEARING WATl@£1, . 

I. OCCllRnEltCE OF SALINE WATER. 

' j.:;. 

The unl1mitf!l4 supplies of watar contained in the oceans 

are· the most common·ex&m:ple of saline waters· which have remained 

unexploit.ecl. In additi.on all underground waters· Qont!Un varying 

amounts: of dissolved mineral matter, as a result.of their 

peJ>cqlat:lon through strata with more or less soluble· xn:lneral eon-

sti tucmts. The nat.u.re of underground waters 1st therefore 

dc;tpendent on tho geologic.al formations from which they arise., 

In hi.gh ratnfall areas the eoluble constituents of rocks 

are grad'\lall;r leaohet out and depleted, roaul ting gen.9rall;r, in 

low sal:ln:i.ty und.orsround water~ .ln arid regions,. the reverse 

takes placo since :.rapid evaporation ot sround wat.er enriches th~ 

· soluble minerals in the soil.. Uatortuna.tely ! t is exa.c,tl:;· thef.Je 

regions which have to rely most upon boreholes and wells for water 

suppli.es .~ 

During the eourso of the present etudiea, a, survey was 

undertaken o·f the occurrence a,nd physiological effects of ealinq, 

water in South Africa., The $>tt&ohed map (figure 1) wae oompil~d 
. ' 

from analysi.s. of vuious domestic waters of whieh samples were ,., 

submitted.~ It was. further supplemented, by records of the Depart­

ment of Public Health. Waters· which contained more than. 1000 P•P•m• 

ot' d:ts~olved salts only,. werf.l l!ecorded since lower coneentret:tons 

are within the spo.cificatione tor potable wate·rs,-(2). 

From figure l it !a obvious that water with excessive 

salinity occurs in a large· number of places in,ali parts of South 

Afr.ioa~r .. 
FUrthe:r information rege.rding the eon$umpt1on of saline 

watel"' w~U.s sought via. questionaires- which wex-e sent to, Town Clerks 

/ana.,,~""' • 
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. . . 

and Veterinarians in. areas where aaltne waters ere prevalent. 'l'he 

· replies 1ncUcated tlw.t saline water is of necessity being UQed by 

e. la:rgo number of peopla. · Combined data indicate that water 

containing moro than 2.500 p.p.m. ot dissolved ~alta (the ma.ximm 

allowable enlinitr for potable water .. see below) ie ut!ed. bt a.t 

leaat lSO coJ!)mt1n1 tieo. 

The occurrence or fluoride ion in ground water is 

. dependent on· the M.ture. ot the geological formations trom which 

·the water .tlr1aea. lU.nerfl.lo such as fluorapar, tluora.pat1te, topaz 

and fluocerl te all contain appreciable ~t1 ties of fluorine. 

while the va.rioue micas. am,phiboles and tourmaline. etc. contain 

lesser amounts. 

The occurrence o£ tluoride ion ln wter ln South Africa 

. ie ·w1deoprea4 (1) sinc:m·:··nearly all geological formations contain 

fluorine. OekEirDe (:3) surveyed the 1r1cf.de~ce of tluoride in 

·relation· to endemic fluoroaic and found that e.o ma.n,y ~~~ 80,5 areas 
I 

ve:re affected. rt was moot Jr&ve.lent in the following areas :-

Sal tpe.n • !re.natteal;. xalk:heuvel. !:ransvaa.l; Pilansberg. Tranavaal ~ 

Warmbathl. lj!ra..nttvaa.l; ·. XenbArdt, C.P.; Gor·eton1a. O.P.; Dewetsdorp. 
. . . 

O.F.S. and Shannon, O.F.S.. In these areas WAter containing '\1P. 
. . . 

to 40 p.p.m. fluoride .is used tor domestic ~poses. In addition 

nearly all"the unde~groun.d water refjlources ot the north-western 

Cape~ e.a welt' a.a South West Africa•. contain ftrjfing qua.ntltieil of 

fluoride. 

All · Ml tc tn soluU~n chanp the physical and chemical 

·properties .of water. Some salts ma;y have deleterious phTa1ological 

and toxic effects while others ~v b~ .~lte harmless. but they all 

/have ••••• 
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have the common property ,of changing the ·osmot!.e pressure of •a:t•rf 

the la.t.ter being of p:t-imo importance in a.11· 'btologica.l processes. 

sinoe :speci£10 u:sa.s allow tor different toleranoe ltmitsj the 

objections to ealino and tluo.r14e b~aring waters ax-e beet d1scussed 

~n relation to the major beneficial uses of 'tfa.ter vis., A• Domestic 

water .supply, B. Industrial water supply and. c. .Agricultural 

wa.te:r supply. 

Max:lmwn permissible limit• tor the concentrati(ln in 

drinking water, of certain substances .such .as 1ea.dt n.rseni·c, 

selenium, barium. etc •. ., .have been preacribeli by the South African 

Bureau ·Of Standards. ( 2) ::· . Ttle. ·toxic etteots of these eubatances 

are wel.l-ioOkno·wn and need no furibhf)r elaboration. 

The physiological .ef:t·ect~, ot tluor:ides ha.e only . recently 

been clearly ·established, although mottled dental '~nm.mel had been 

noted. and ·described as ea.rlu as 1901 by Etl.ger .. ( 4). Despite the. 

intensive researches of several investigators, it t~as not·until 1931 

th$.t mottled dent$1 enamel was cor.rectly attributed to fluorides, 

almost simultaneously b;r Cht.ntch!U. (5h Smith (6) · a.nd 'Velu (7). 

S.ince then the inoidunce ot fluorides. in drinking water ha.s been the 

subject ot much :stuq. 

From 19.55 onw~rd Deen et :al, (6, 9, lOt 11; 12, 13) have 

reported that tlu.orlde concentrat.:Lons below 1.0 p.p.m. in drinking 

water produce no ~igni.fica.nt mottling. Above thi.s ooncentra.tioa, 

howe~er, fluorides are harmful. An important result of their work .· 
w-a.s the '9'bserva.tion that the incidence of dental ca.r:lf)s was con• 

siderablt lowor ,among children vti th mottled ,enamel than among those 

with no mottling. 

Sino('; then) the a.ppU.cation .o£ fluorides u a caries 

oontro1 measure .ha.e been etudi:ed extensively {14,, ·15, 16). As a 

result many public vmter supplies in the United States of America. 

/are ••••• 



are at present enri·ohed. w:tth t1uor1dee tc a mean oonoontration of' 

approxima:tel:Yl p.p.m. (17, 18, 19). Prel1mtne.rN reports indicate 

that a consldore.ble decrease in ca.riea re.te has been attained .s.mong 

ohildren below 12 years of age ... the period .dur:lng whieh the 

permanent teeth are being formed. The· 1ncroa.sed .resistance to 

dental c.a.ries is cs;rried. over .into later lif.e to an .appreo1ab1e 

!n South At.rica. Ockerse ( 20) made similar obee:rvatiohs 111 

regard to the ca.r.les ... mottled· enamel relat1onshS;p.. Tho ea.ries 

rate amongst children suffering .from mottled e.namel was 28 per cen.t 

compared with 69 per cC'Int tor normal -children. It was .also found 

that the fluoride content of teeth of .low caries incidence wa.s veey 

much h1ghet- than that .of teeth of high cari·ee inciden:oe. 

The consumption .of .fluor.ide in excessive quantities may 

also adversely affect the entire bone structure (l) and there is 

evidence that it may be a ca.u~ative ta.ctor in goitre (21,. 22). 

With regard to the consumption of water conta.iirl.ng non• 

toxic salts such as NaCl, KOlt Mgso
4

, Mgt~; CaC12, ettht tho 

implications are not very· clear. Limits tor the t·ota.l dissolv&d 

solids concentration have been proposed (2) v:ts. 500 p.p.m. f·or 

class A water end 1000 p .• p.m. f.or class B water, bttt considerable 

oontroversr·and speculation still exist. The objections to high 

salt concentrations in potable water supplies are based on two 

:factors, viz. taste and. phye1olog.1ca.l. · ef'f'eot,o .. 

(a) Taste • ... ........... 

The presence of .high salt concentrations in 111ater is 

easily deteet~ad.· and. thG ob~ectionable taste curtails consumpt.ion at 

levels which. ie generally well below that at which arr:y serious 

phtsiological ef'f,ects can be exp~cted~ 

SeYeral workers have studied. the limits tonrhich the 

palate can detect salts in water.. Thus, Richter and Jn.aolean (2:5) 

/in ••••• 



in a study ot 53 adults, found that the median level of recognition 

for sodium chloride in water was 650 p.p.m. The ability of a 

limited number of observers to detect various mineral substances in 

water was reported on,by Whipple {24) as follows : 

Sodium chloride detected at 200 - 450 p.p.m. 
Potassium chloride tt " :550 - 600 " 
Sodium sulphate .. " 250 .. 500 " 
Magnesium sulphate " n 400 ... 600 " 
Magnesium chloride " " 200 .. 750 fl 

Calcium sulphate " tt 250 - 900 " 
Calcium chloride " tt 150 - 350 " 
Sodium nitrate " " 450 - 800 It 

Sodium carbonate .. " 15- 75 tt 

Sodium and potassium 
h,ydroxide " " 1 - 50 " 

Calcium carbonate " " 50 - 200 n 

.From these results it ia apparent that neutral salta are 

perceptible to the taste at concentrations of from 300 to 900 p.p.m. 

and water generally becomes unpalatable at concentrations of 1,000 

to 1,500 p.p.m. Alkalis such as sodium and potassium hydroxide and 

sodium and calcium carbonate can be detected at lower levels and 

would become objectionable at correspondingly lower concentrations. 

. The palatability of saline waters, however, will not 

always restrict its use because it is well-known that acclimati-

zation of subjects using such water will reduce their ability to 

detect the salinity. Physiological effects rather than taste 

should thus receive priority in judging the suitability of a water 

for domestic use. 

(b) Pbzeiological effects 

As m$7 be expected, the non•toxio neutral salta produce 

major physiological effects onl1 when ingested at concentrations 

above their isotonic levels. At these concentrations they produce 

dehydration of the bo~ tissues and if 1nceation is continued it will 

result in death. For most neutral salts the isotonic concentrations 

are between 6,000 and 8,000 p.p.m., but obviousl1 such excessively 

saline waters are rarely consumed, even in emergencies. 

/The ••••• 
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. Tho effects ot the consumption of water containing lower 

.concentrations of these salt.s have been reported on b7 several 

1nvestiga.tors (2;, 26., 27; 28). In . South Afri·ca tho subject has 

lteen e'tud.ied extensively by Ste:rn and Re:lnti.ch (21}. With·reg~rd to 

the permissible tla11n1ty of ·t:t d~mt:h'Jtic water, they .agx*ae t~ith older 

authorities in England and .Ameri.ca. tiiat· the elttreme limit o! the 

tota.l salt content should not exceed 570 P•P'•m• 

The consensus ·of' opinion· is that .minor ;pb.ysiologi·ct\1 

etf~c.ts such as gastric disturbances and catharsis may be ·caused by 

drirlld.ng o£ saline wa.tS'l"a. The·se effturts $.re pa.rticule.rl.y . 

experienced 'by persons who have 'been aocutitomea. to water o·£ low 

salinity. However, no permanent dama.gf3 is produced .and tolerance 

tor such water is eoon acquired. 

Ma.gneete, .sulphate .and phosphate ions are :apac:io.ll;r .active 

in producing cathusis; but Sollman (25) ,states that below 1.,000 

p.p.m. the7 aro harmless. Ma.cDou.gal (26) found tha.t water contain-

ing up 'to 2.,500 J>•P•tn• •O"f ,(11esolvecl oal.ts may be uecd for matcy' days 

without ser.icrus .cU:scomtort.- If the saline oontent is increased to 

3tSOO p.p.m.; ·Only hardened :su.'b~ects ma.y use it while 5;000 p.p.m. 

is inimical to health and comfort, though it might au.ff'iee ,for a. f~w 

hours or .save the U.te ot a person who had been who1lar without water,. 

T.hl$ suggests that the llmit of tol$ranoe f.or ·drinking waters could 

be ··raised above 11 000 p.p.m., perhaps ·even to the vicinity ot 2t500 

P·•P•nl• without adverse et'fects for those a.coustom:&!nl.. to them. The 

humtm body always protects i tsel:t against a.·dverse c()ndit:l.ons and any 

ill•eff'eots. caused by the cdzinld.ng of se.l:i.n& waters :e.re thus .. moot 

likely- to ba o£ a chronic rather than acute nature .. 

It should be pointed ·OUt; however; that possible 

synargistic :or anta.gonist!lo interaotions bQtween m1xed salts in 

solution .mq ot:tuse .. different ·effects from those ·Of tho sepn.ra.te salts. 

In addition there are severa.l other fe.otor.s such ·aS qua.nU.tr of water 



·,: 

co~sumed, . . . 
/clirnattc cond:l.tiona~ and. incU.vid.ua.l resistance which will influence 

·tolerance 11mita. Q:n the whole it ma.y be taken that water, eontain ... 

1ng more than 2500 p .• p.·m. ~ot tU.esolved. solids should not 'pe used tor 

d:r~.lng purposes.~ 

The quaU.t1 requirements of ind.ustria.l water supplies are 

ot neces·eity varied, in that they depend on the use to which the 
' 

water will be put~ With regard to ·dissolved eol:tda content oont1idor .. 

aole'tclera.ne~ 1e possible when the water is intended .for washing and 

similar purposes. On. th~ other hand. excessive <Ueaolved solids can 

cause· .foaming in .boilers and intorfere with cloernel:Js; colour and 
taste of· the f.inished prod.ucta. .It lla the:rsfor• desirable the.t some 

H.mi te ~f sa.U.ni ty should be e:tercieed. 

In Tabla l some major industrial UilletJ have b~en l1steit 

together with .. suggested limiting oencentre.t.ions ot dissolved solids~ 

'The . figures are by no means r.1g1t\ since their values d~p~nd la.rse1y 

. o.n. individual o1rcumstanoee. - They do1 however) indicate that 

industri,es generally require water of .lower salinity than is .naedod 

£¢r human'oonsumpt1on. 

The presence of fluorido ion !n the low concentration. which 

.generally ·occur .in water, will not interfere \dth industrial processes 

w:i th possibly two exceptions. The .first .is in oases where the water 

is concentrated in a ~roduct tntanded for human consumption it.tid tho 

second is in ioe manufacture.. seva~al reports have indicated that 

1 f'l:u.or!d.ation of water ha.s rend.e~ed the ioe .made therefrom,more 

brittle and. consequently difficult to handle. 

High sa1tn1tie.s of i·rriga.t:t.on waters may b$ doloterlouo to 

plants d.ireotly, or ind.irectl,- through the.ir eff'eots on tho soil •. 

Righ concentrations of ~sodium are· :e.m:pocia.l.q harmful in that· it 

/causes •.•••• 
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TABLE..!· 

SALINITY LIMITS OF WATER FOR INDUSTRIAL AND AGRICULTURAL USE. . 
--------- • j ... ..... -· -. h . • • .. . 

Purpose Maximum Salinity (p.p.m .. ) . Authority 

Food Processing Domestic standa.rds -
,. 

Feed for boilers 50 
Jour. N.E. Water 

a.t 7400 p.s.i. Works Ass., 
' .2!' 261, (1940) 

Chemical Depends on product ... 
I Industries 
u cooling water Sufficiently low to 

.. 

D prevent scale formation 
.... 

u 
s Textiles 200 Thomas, J.F.J.e;. 

T • Water & Sew • Worl~s, 
R §§, 21 (1948) .,,_ 

I Plastics 200 "Water Q.ua.li ty o.nd 
A ·Trea.tment 11 ~nd. ad. 
L Am. Water Works Ass., 

(1950) 

Pulp and Paper 500 Miller, L.D., P.a.per 
Trn.de Jour., TAPPI 
Sect.llO (1940) 

Steel NO limit .. 

Salt Sensitive h Chapman, H. D. et 
Plants e .. g .. a.l.' Report of· . ' ~/ 

Fruit Trees and 500 to 1000 Internal Comm. on 
I most Vegeto.blee . Water Pollution, 
R Plants with moder-

California State 
R ate tolerance 

Assembly (1949) 
I e.g. oerao.la, 2000 L.. Journ. of Agri<h 
G 
A 

lucern and of western 

T 
perennial grass. Australia, ll• Serios .. 

I Salt Reoiatant 
2, 156, (1950) 

0 Plants e.g. Wild 5000 .h. uwa.ter Quality 

N grasses and Criteria" Sta.te. 
sugar beet. of California Water Pol 

lution_Contrd~ Board, 
Publ. No.; (1952) 

s Poultry 5000 1. "Water Quality 
T Criteria" as above. 
0 
c Pigs 4000 .l.:_ Personal communi-

K Horses 6500 
oa.tion by Dr. 

w.c. Visser of the. 
D Agric. Resea.:rch Lab., 
R Cattle 9000 Utrecht, Rollo.nd., 
I (1952) 
N Sheep 12000 
K .h Chebotarev, I. I. • 

I 
Water & Water Eng., 

N 2£· 1~2- (1952) 

G 
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cauaes disintogration ·of soil gramll.ea with consequent· low soil 

poros=ity a.nd :PermeabU1t,r. . It is. not posaiblt2 to fix absolute 

limi.ts for permissible concentrations of salta in irrigation 

waters a1nce their effects rra.y be modJ.fied by a number of fa.otora• . 

such a.a concentration of tho lolu.te in the eoil due to evaporation. 

character of the soil, dra.ina.ge conditione, types of aalt present. 

t~ kind of crop, climate·, etc. Some indication of the .mUimwn 

allowable calinit1ea for irrigation of varioue plants is, however, 

given. in Table I. . The, tigu.l-ee are a.verngea of the value a quoted 

by the authorities lie ted. 

The quality requirements of Y&.ter used for stock feeding 

are far leao exacting tba.n tor moot other purpocea se will be seen 

. from Table I. The figu.rea quoted are again averages of .the 

varioan authorities lhte<l. 

num-idea. in the eoneentra~ton• normally found are 

generally not aa objeetiona~lo for en1mala or agricultttrnl purposes 

. a.a for h\lnBn con.ou.mption. Oattle rrA7 suffer f'rom den~al 

tluoros1e but they are genor.ally slaughtered before severe 

eslclfica.tion and. embr$.ttlement of teeth a.nd bone can occur. 

'!'he low ayerage rainfall of certain regions in South· Africa • 

. neco11ite.tea dependence ori underground water which 1a often heavily 

loaded with minoral aalts. inelud.ing leaeer quant1U.eo. ot nuoridots. · 

suc;m. water is u.ncm.itable tor the eJor beneficial u~es •. but in ma.xw 

ca.aes 1t conatitutee the only available wpply. with consequent 

deleterious offe~to upon contumers. ~here i.e therefore an urgent 

need for a reliable a.nd economic method of deminerali.aation. 

,· 'fbe pr1mar,y need obviouoly is for those usages Which ar• 

already existent ·vis. humt~ conuumpt1on and ~tering of .stock.· The 

. qua.lity require~DGntc of wator for the latter purpose iu. however. 

/not ••••• 
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'.riot 's6 critical, as was pointed out a.bovo .. The problem rr.a.y thus be 

condensed to that of .supply.ing dem1neralieod water .for human 

,, eonsu;nption only. Since arid regions are -of necessity extremely 

thinly p·opulateci, 1 t .is essential that ru1y 'propo.sed process should 

ca.ter for the treatment of small.nua.ntities of dom~stio water, such i 'll, 
I 

i-
1 a.s may be used by individual dwellings and expeeially farmhouses .• 
I 
! 

' ' 

In cases where wa.te'r of suitable salinity but excessive 

fluoride concentration is available it will obviously be 

a.dtro.ntageou:s to remove the :fluoride ions .selectively~ such water 

, j is at present being used by e. large number of individual farmers, 

by oom:o isolated oomm.unitiesf and by a. .few sme-ller towns. A 

defluoride.tion proCCHlS ahould therefore provid.e for treatment of both 

small and. large -quantities of wa.ter .. 

It is thus concluded that the basic requirements are c 

A., e. process for deminera.lisation of oxoeseivaly saline water in 

small quant.itioo, say 2 to 5 gallons per day, and :So~ a. proc&ss £o.r 

dofluoridation of fluoricle be~i,ring water of suitable total salinity .. 

the process being O.aa.ptable for treatment of.; from 5 to 5000 gallons 

of water per day. 

These two aspects of saline water purification are 

reported separately 1n the ensuing chapters,. 

\ 
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TABLE II 

l'HE. COST OF DlllMINERALISA'l'ION 

Desalting 
.·Method 

Electrical 
Methods 

A. . 'CIIEl.UGAL PROCES~. · 

A 1l• · !.9n-!!xchan,.Ke first became an accepted method of 

deminera.lisation a.s a result of the work ofAda.msa.nd. Holmes (29). 

~he .process i~ based on the reversible ion-exchange properties of 

· certain organic resins.. Thus acidic groups~ particularly 

sulphonic groups a.tta.ched. to solid organic media. will exchange 

cations in wate:r, while synth-etic resinous ma.te;d•a..ls containing 

basic groups especially ~ines a.nd quaternary ·ammonium groups) will 

reYersibly- exchange anions. When saturated~ the exchange media · 

e.re regenerated with dilute solutions of sulphuric o.oide.nd sodium. 

·hydroxide solutions respectively, followed by thoroueh .rinsing. 

·/T.he •••• ,. 
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Tho more recent · devel~pmen.t of mixed bed· ion-exqha.:ugers }1.as made 
. ' - - . 

possible t:he complete demineralisatif>n ·Of Waterii 
. ' . . . . . - ; 

The cost of demirieralised water :Produced by ion 

exoh&U+ge is·directly proportional to the q'fantity o£ salt to be 
. . 

ren1oved from the raw water :i,";e. its salinity. .. For hiP.:h 

salinities fhg. sea water, the process becomes comple.tely un­

economical since 20 to. :;o times the· amount of water produced is 

then required., just to W:ash the regenerating soluti~ns ··f~om the · 

bed.(30) ~ Recent liork inP!llet;;tine (31) indica.tas that .the 

economic limit of ion exchange d,emineralisation ·is:·raa.ched when 

the raw water contains 2,000 to 2,500 p.p.m. total salines which 

is lees. than one ... tenth· the saline concentration of sea water. 

A,2. Pr~ipi-.tati.9F . of dissolv~d· salts With silver .. eal ts followed 

by lime treatment has been described $-nd patented (32, 33) but 

the cost of ouch treatment is quite prohibitive. (;o). 
Conventional lim.e-s.oda softening of water involves px·ecipita.tion 

of the .. calcium and magnesiUI!l ions and it. constitutes the only 

economic method. of partial deminere,lisa.tion by precipitation. 

• Al• · Modern l!evel'U2~ent_,s. 

·More recently work aponsored 'by the Saline.We.ter 

Conversion Programme of the United States Department of the 

In;terior, ha.s focussed.a.ttentiori. on ·Solvent .Extraction (34-) and 

the use of osmotic membeaneo,(35)·, 

Desalting of. saline water by means of solvent· 
. . 

extraction .is being· investigated at . the Agricultural ·and. .Mechan-

ical· College of Texas under direction of. Dr. D.W. Hood.· The 

principle steps· .in the process are a.s follows t- · The sal~o 

.water ie mixed with an organic ·solvent with which it is •only 

po.rtially misoi~le .. The resultirtg ter.ne.r.y mixture then forms 

two liquid phasest. the first a. concentrated brine; ·containing . . 
. ' ·-. 

/little .••••• 



little solvent and the se.cond. a mixture or water and solvent 

containing l~ttlo salt. The torrner is ·rejected while the latter 

.is oepa.rated and its temperature changed in such n way that two 

phases are again tormed. The solvent phase is then rec)"cled an.d 

the water.phase is purified so as to·remove the small amount of 

solvent which it contains. 

Particular success has been obtained with the use of 

2-et}lylhexylamine. Calculations indicat,ed that the salt concen-

tration of salin~ .water could be reduced .b7 89% in a .s:1ngle cycle. 

Altboughthe yield of water i.a as yet small, the technical 

feasibility of the proces.s. has been demonstrated. .tt· remains to 

be seen, however, whether it will be economically feasible. · In 

any case it is doubtful· whether the process rill .be applicable to 

small installations since the compU.cated plant and ope.rational 

procedure would render it unattrac-tive to individual·users. 

Desalting with osmotic membranes is being .studie.d at the 

Universities of California, New York and Florida. by Drs. G.L. 

· Ra.ssl(tr;. o.w •. Murphy and C. E. Re.id respectively~ The process 

utilises '*reverse-osmosi~t" i.e. artific.ial pressure in excess of 
. . ' 

osmotic press-ure on the soluteside of~ semipermeable membrane. 

The use of' fluid. osmotic films, perm-selective membranes and a: 

number of plastic membranes are being studied respectively by the 

·~bov~ worker.s. 

In its present state of development the use of cellulose 

acetate mem.branes has been found most efficient. Saline water is 

forced through tha membrane under_ e.a. .. 700 p.s.i. pre.ssure,. upwards 

of 90% of the salt being removed therebyt but the rates of water 

transfer a.rc:t very .low viz. 1 ml./sq.cm/day. 

down after 36 da.y,s of. continuous operation. 

The membranes broke 

This work remains for the present .rather speculative and. 

in any case much time will be spent befor·e practical application 

ca.n be contemplated,. 

/ElectricalProcesses ...... 
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Electrolysis. ..... - In the well-known process of 

.electrolysis, cations migrate towards thGJ cathode while anions 

move towards the anode .. If therefore, a porous diaphragm ba 

· interposed between the two electrodes some separation of ions can 

be effected. The procsas is of course far from complete on 

account of diffusion taking pla.oe in the reverse dir'!ction. 

Briggs (30) developed such an a.ppa~a.tus whichha.s found soma· 

application in the 'treatment of boiler water. In this application, 

only the catholyte stream, which becomes alkaline due to .£'.ormation 

of sodium hydroxide at the cathode, is used .. The process is 

therefore rather wasteful and for high concentrations of salt such 

. as exist in sea. water 1 t is impracticable. 

A more efficient application of electrolysis utilises 

·reversible silver.- silver chloride electrodes .separated by a 

In this case the anolyte ie demineralised, 

the chlorides being fixed 6n the electrode while cation.s migrate 

through the diaphragm into the cathode·oompartment. When the 

anod.e is saturated with ·silver chloride the polarity of the 

electrodes is reversed. The process involves several practical 

difficulties such as insufficient a.dh.erence of silver chloride to 

the anode and it is obviously only applicable to the removal of 

halides. 

:s, 2. p!lec~rodia.l;v:eis . with mem'bra.nes which are selective in 

the. ions which. they will pass, oonst.itutes the most recent 

development in the· field of wa:~er demineraliea.tion. . The ·success 

of this process depends on the use of membranes with ion ... excha,nge 

properties (37). If such cationic and anio.nio membranes are 

arranged alternately and an electric field be imposed acrose them, . ' 

ions will inigrata.aelectively and co11aequently water in alternate 

/compartments .. •· .... 



compartments will respectively be mineralised and deminera.lised. 

The flow through _the respective membrane compartments is then 

arranged ao. that the concentrated brine const~-tutes about one 

fourth of tha input water • Using a battery consisting of some 

. 200 membrauc;s it has been possible to effect deminare.liaation of 

sea Wltter a.t e. current consumption o£ 20 ·to 40 K. U.H .. per 1000 
,. 

gallons of frech water produced ( 36 .&:. 38} •. · These :fieurea 

compare favourably with th~ anergy consumption of·t~e most 

advanced deniineraliee.tion units at p:t-esent in use (va.pour-:­

recompreasion_ stills require 80 to 100 K.w.H. per 1000 gal'l-ons) .. 

!t is thua claimed that the cost ·of .. electrodialytic deminora.lieution 

tdll be lees tha.n half tha.t of the most economic evaporation of 

· -!3en water •. · 
,· . 

The cost of electrodialysis>a.s in the case of ion 

· exciho.nge)v&ries with the concentration of sa.lts·in the raw water 

(See figu.re 2) •. : Deminoraliaa.tion of .water with salinites less 

than that of eea. .water should therefore _be even more: economical~ 

Natural waters, however, gene:rally contain.appreoiable quantities 
' . 

-of calcium. and magnesium salts, which preoip~ tate. in ·those 

compartments where ·the ions are concentrated~ with consequent 

injury t'o the semi-permeable membrana a. This ill-effect was 
. . - ,. 

only discove:l:'ed very recently by the National Chemical Research 

·Laboratory. It is thus.necesoary to soften na.tura.l.we.ter by 

conventional soda-lima treatment prior.to eloctrol;rsis and 

oonsequentl~ the total cost. is again .increased .. 

The rnain li.isadvantage of the process of el-ectrodialysis 

is that· it requires e. regular, large supply of electric current 

at;; well as skilled supervision and regillar replacemf;itt of membrane a. 

As such ita application to isolated .south A~rican commilnities and 

indj, vidual householde vtould seem remo~lie. 

/Thermal Methods .. 
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In contrast to chemical and electrical methods where 

aalt is removed from solution, thermal methods remove water 

molecules from. the. saline Ewlution. The cost of producing 

fresh water by these latter methods is therefore indepenclant of 

the salinity ·of the raw water, but highe.r salt concentrations 

will influence· :maint(manoe. costs slightly., in tha·t, for exa.mple 

addi ti.onal scale formation will necessitate more frequent 

·cleaning. 

c, L T~~rmal. EyEl:]oration ie the only m~thod of deminea."a.l· 

.isat1on that has, . s.s yet, found limited practical e.pplioa.tion. 

During .t'he last 20 year,s conventional mui tiple ef'£ect evaporators 

have be6n oupercedod by vapour ... recompression stills., for' which 

remarkably high efficiencies ara'claimed (30) .. The l'e.tter type 

has the a.dditiona.i a.d:va.nto.ge of compact design and nutoma.tio. 

operation. 

In South Af'rice., conventi.ona.l . ovapo:ra.tora ha.v.e bacn 

more successful.. ( i) ·, mainly on account o£ the high cost of diesel 

fuel,·· and, of maintenance; required by vapour-recompression stills. 

Alternative forms ·Of motive power may be us·ad, but di~esel driven 

compressors are obviously th~ only possibility 1n isolated, 

locations. 

Distillation at pressures above .tho critical value.for 
. . 

wa.ter,ha.a been suggested by von Platen (59) who showed thermo ... 

dynnmica.lly that for .less energy is .required. for d.istilla.tion at, 

or abovo the crit1aa.1 pressure. There are, howevor, practical 

difficulties involved in the construction t:md operation of such 

equipment and it remains to be seen whether any real economy will 

. X'GGtt.lt., 

On tho whole it seems unlikely that any.substa.ntial 

•fimpro.vemant ... ,.. .. 
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; improvement can be effected on the present efficiency of 

commerciAl distillation plants. . It has been calculated tho.t 

the minimum "concentra.i;i.on•' anergy to· divide sen water into 

. brine a.nd. fresh water, ·.e.pprc:ximates ·to the free _energy .dif'feronoe 

between sea water and fresh water i.e. ) K.w.n .. per 1000 gallons 

of fresh water (40). This _ootima.tc of a.bsolut~ minimum energy 

·required, makes no :allowance fo.r friction, heat or other losoos 

which would necessarily occurin·any a.ctua.l process that could be 

devised. 

The best -ef'fioienoy obtained with distillation plant 

thus far, has· been>c.a .. 100 K.w.R. per 1000 gallons which is very 
. ' . . 

much higher th.e..n the above theoretical minimum. Some other 

processes. however, are even more wasteful of energy while .thosr:: 
. . 

with lower energy consumption remain impracticable. It is 

obvious therefore· that mechanical ··distillation CS.l1 only· bo 

·. resorted to when a choap source of fuel is available or when 

sheer need. of fresh water necessitates its use. 

C,2. Free~d!!l! provides partial separation of· fresh water 

as ioe·crystals and may therefore be utilieod for the production 

of fresh water .• The latent heat of f'reezine, is of course much 

less than that of' distillation but th~ cost of rofri.gera.tion is 

agein very much highex- than that of heating. ln addition the . 

pra.cticei.l difficulties involved :in enauring fino ice crystal 

formation and subsequent removal of these oryste.le 1 he.ve thus 

fe.r prevented a.n.y sll.ocess u:l.th the process. 

CJ3• Utilisation of Sola.r. a.nd other Ua.tural So;t?-,!:,Ces .Pf Er.U)rez 

such a.n winds, tides and thermal differences in the ocean, are 

.: often: mentioned. in litera.~ure .. (30, 41, 42t 4}) ea means for 

·reducing tho cost of' deoinera.lisatio:n, but up to the present, 

only solar distilla.tion has been proved to have pr~;~;ctica.l 

/possibilities ....... 
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po.uaibiU.Uee. The la.tter precess is dealt. with more tully, 11'1 

part II of this ch.a pter. 

n. ·s 0 L' A lt D l S T I L L A T I 0 N. 

!fho vnrioue methods ot dem1nerallsat1on revlewed. in part 

I of this chn.pter .• my each find. specific appl.ica.tiono e.g. 1ol1-

e:xchnnge is useftll when· water of rels.tlvely low fl811n1 ty is 

a.W.Uable, &lectrodialyais c.gain, vill be practicable when the 

neeessa.17 serv'ices are available while tberml. evaporation repreeents 

a conventional tutd reliable method. Of prodUC'ill8 pure wate.r from 

highly saline aou.rcea. '!'he latter procnas vould obviously ha:ve 

sol vad the · deminare.li sat ton problem, were it not for 1 ta coatl}t 

consumption of fuel ... a ,i>J'imary naturru. regource. . The ~heat enorg 

required for dbtUlation of vater, can of oouroe be provided by' the 

sun• 8 radiation a.nd. 11 in fnct used extensively in the vell-knovn 

natural process of raln-rraki.ng. It ·is therefore, not eurpricing 

tho.t art!.fi.clal oola.r diet1lla.tion baa faa.cinated man• .a tntorest 

for the past. eentur,y. 

Arti.ficia.l solar distillation wrua :first employ-ed 

commercially in 1872. by a Chile mining company ·whtch co~tin'lled 

ita operation £or JS ·yearu~ . A .deaoriptivs record (h4) of this 

incta.lla.tion .indicates .that 1t consisted of shallow wooden troughs 

which were crovered by inclined gl.nna pa.noa. i'he higheat water 

yield wa.1 approxlmatelr one pound per aquare root of· pan area per 

d&J, put no record of solar radiation wa.a taken ao that correlation 

of distillate yield w5. th racii&.Uon received by the still is 

impossible. 

Solar dietillat.ton wa.a there&fter spa.smodically studied 

and fcund unauccoeaful on account . ot low hee.t e:tfict.eney and high 

capital coat;. During World Wa.r u. the· need for supplying t:reah 

water to life raftc sttrnul.ated inteneive atuq on· colle.ptia.ble • 



noo.ting type• ·solar still a but no in!'ormtion regardt~ this work 

was available at the ttme of the preoent investigations. 

A preli.minari 1mpU.bli.shed :report· on solar distillation 

experiments conducted. in the Virgin ISlanda was j>repa.red by th6 

Dritish Commonwealth Scientific and Indu.atr1Bl lteaearch Office ln 

1951. 1'h1o report indicated tlmt abou.t 1.5 lba. of distillate were 

obto.i:na.ble per .oq.ft. per day. 'l'hio yield would probably correspond 

to an efflc1ency ot about 7of, ut111sat1on of 1a.ctdent solar radiation, 

but no definite reaul. ts were recorded. iJ.'be practical a.ppU.Ct\tion of . 

solar dict~ll.e.tion thus re1.t1ained e:peeul.e.tivo ~n aceoun.t of 

uncerte:lntiea regarding cost, roliabUity, technical workabiU.ty o.nd 

performance under "'V'aricnts cU. matte cond1 tiona. 
. ' ' . . . 

1l'heoret1eal considere:Uons .1ndicatod thAt the ca:pltal cost 

of. a nolal.* ctil.l would be co~rattvely h:l.gh due to the following 

inherent chara.ateristtcs of solar energy : 

(l) its intermittency o.nd. vat'ta.bility reoult1ng in 
only 25~ utiliaation of the conU.nuou.a Ca:plai ty · 
of equipment: and. . . 

(2) .its relatively low conoentr&.tion (S:iO calories · 
per om.2 per d&y, e.t .beat aa compe.rbd with 
jOO,OOO to 800.000 for ateam boilers) requ:lring . 
large heat exchar388 anrtacea. 

It wao tma eatbnated that \tlater pr~duced by e:rt1f1o1al·sole.r 

dietlUation wOuld be dearer 1rtstead of cheaper than that pr_,d.ueed 

by conventionAl di at illation, •. 
. . . ·. . . 

»otwithate.nding these d.iadvantaaea tt was conddered 
. ' ' . . 

. . ,_ 

that solar distillation hc~d promise ·of uuocGaafw. e.ppl1c.."lt1on in 

Sou.~h Africa.. · The follO'W1t\g factors prompted this decision : 

(l} No alternative demlner&Usntlon prooesa can be 

operated troubl~-free ana. without skilled. ouperv1sion. 

·. (2) Local roquire:mants e.re prlmrUr tor emeJ.l. self­

contained, houaohol.d units. tor wh1eh '1n1 tial cost or coticiiruction 

should be mod~rate. . Although the actual cost J)er 1000 gallons of 

illatUlod water produced mi{lht be compa.rativel;r hieh, it must be 

I rellltnnbered ••••• 



remembered. that thou.sandc of gallons are n.gt required ~Y individual 

households. 

(3) I.n arid regions where :fresh water is acnrcaot, 

there 1a also an a.'bundanee of SWlOhine .. since humid. atmo.spheres, 

the' ehief.a.bsorbant of $Ola.r rad.iatlon, mb.st of necessity be e.t a 

min1tmll'll. ln Soilth Africa. especie.lly1 the lo~ tlnd. plentifnl hou:ra 

of sunshine favours utilisation of solar distUlation. ·With auch 

tree trnsrgy, running costa coul.d be kept at & mintma.m." 

(4) The abaenee of reliable dnta on thO perform-nee 

of ~Olnr etUla indicated the noect for a programme of researCh. 

In nddits.on: all p:revi~ue solar f!tilla had b~ell operated in 

countrii'H1 with dU'terent eltmatea to that of South Africa ancl since 

loen.l climatic and environmentfil conditions would he.vo a profound 

effect u.pon the use of solar still a, it VO.e conlidered. that local 

eJtperlmentation. \$S urgently required. 

The present 1nve$t1gat1ons were thus undertaken to 

w.pplement t~e- deficieno:r. ot' qua.nt1te.t1ve and compamtive data. on 
. . 

sol(lr d1stilla.tion taehnlqu.tu!, pa.rticultU"ly w1 th regard to (}oat and 

efficiency. · · The prima.17 obJecti.ves were : 

(l) ~t1ta.t1ve eorrelntlon of distillate field. with local 

. CliMtlC COndi tiOiiSt oopeeie.lly radiation~ 

· (2) . De-velopment of means for i.mJ)rOVl.ng the performance of 

a.ola.r at1lls. 

(3) Development of'· cheap and. efficient tJ()la.r stilfa which can 

it nece.ssary. be . .home-made. . . . . . 

/(4) Aaaessinent ••• ·~. 
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{4) Assoosment of the practical feo.sibility of such ctilla whon 
' ' 

used und~r South African conditio.ns by individual houaeholdc. 

THE APPARATUS. .......... - - ~-

In d.eoiding upon the apparatus to bo used for the 1nvect1-

gati.ono, aevernl' alternatives .ouggo.stod themselves. The br1o1o 

.roquiromonto of a solar diotillation unit aro ' (a) a solar heat 
.· ~~:;{. ' 

.·):collector in which aa.U.ne wo.ter 1a hea.tod, (b) an evaporator .and (c) 

· .. 'a' o~ndenser;; Th.ese requirements can bo met by • variety of designe, 

tor oxa.mple the boat collector may b0 a focussing or fl£Lt plate typa 

while the ev.aporo.tor and condenser me.y follow the doo:lgn .ot any of 

the m~ny types commonly used. 

The ohoico o£ a.ppnra.tus was, however, otrictly limited. by 

the objectives of the !.nveotigation, v:le. to develop the aimploat 

and ehoe.post dfivice oompa.tB.ble wi tb reaoonable efficiency and tr.oubla-

froo operation. It was thus decided not to use f'oouasing htta.t 

collectors eince 'theso must be rotated with the nun in order to 

''strikcn the heat absorber continuously. The intricate mechnn1om 

required for .such rotation would de.feat the above object. It was 

further dGcided thn:t combination of the three basic components into 

one unit would be moet desira.b.ltt. · such a combination can be achieved 

in the apparatus which is shown ochoma.tically in figure .3• Th.ia 

appa.ratua consist~ of·a. shallow black pe.n which oonte.ins the saline 

wato.r to ba evapo;,;atod. This pan is covor:ed by inclined trancparent 

The paneB nx·c .inolinod. 

at an. anglo of 45° ao that condensate which collecta.on the incide of 

the hood, runs dov.-n th,o panes :tnto collecting troughs. . Solar otille 

of simill.\r general deai.gn were o.lso uoad in Ohil·e (44) a.nd the Virgin 

Icle.nd.s and this added to fLte attro.otion in view or possible 

compo.rioon of roaults. 

It wo.e tborefor+-1 decided that e~ conventional :t.,n?U.nod pla.te 

,aolar st·ill would bast suit tho purJ?oso of the invost1gations,. This. 

/decision ••••• 
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decision lllas subsequ-ently (1954) affirmed by a report fl'om Dr. 

G~O.G .. LOt (45) who rav1ewed the eoonomi.os.of eolar di'stillation under 

contract for the United. States Departm,mt of tho Interior. In 

arriving at tho actual deoign u-sed.-; th<! prtnciplea underlying the 

ope.ra.tion ot inelitled plate eolu stillL\ wcr• first g.iven oareful 

oone1.derat1on. 

A eclar still ot' the general do~ig~ doecri-b!dd above 

operates bocauae the glaiJe cover is transpareilt to visiblG radiation 

but ops.que to long-wave heat radiation. 

readily throug'}) ths glao; to be absorbed by the black coating of the -

-:Pa.n as heat •m•rgy. Thill .heat .energy then car.not escape and 

consequently bea.ts the pan with ita- contento .. At .the aame time the 

glo.ee aurtaco~ by virtue of its contact with the atmoaphetre. remaino· 

rele.tivel1-coo1. Water vapour.will thus diffuse from the pan to 

. condenne a.galnst the gl&ss .. curface whence it is collected as 

indicated. 

For ·maximum offtoienoy of this prooes-s the following 

factors ar9 obviously of prim-a importance a 

(a) The pe.n muot be main.tained. at as high a tempera.i;ure aa possible. 

this in turn implies that the pan must be-well insulated, whi~a 
maximum radiation ehould impingG upon it, i.e. the p.e..rt oover 
must bo as tra.napa.ront as pooaible. In addition the pan 
should ha.ve .good light absorbent properties .• 

{b) A substantial temperature ditf'et-entia.l ahculd bQ :r.a:tnta:tned 
betwe•n tha t1Vaporating liquid and the condensing surface .. 

The cover should th•refore ha,-e a high d.ia.the1-manoy 1 .. e. ~J;;sorb 

a minimum of radiation so as to remain a.a cool as possible~ 

( c} Since the rate ,of diff.us:t.on of water molecule a inside tho still 

is slotrt. the oonclonsing surface should be clos& to the pan. 
' 

A flat colter .should thus be advantag~;o:uo but· ths ~dher.ence of 
water droplots to glass io limited by thCi surface tension and 
a slopinc surface ie tbereforo Gsaenti&l. 

(d) Several/ •• ·" ... 
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supported 9" oft the ground so as to allow tor reception of distil ... 

late .and for inspection of insulation. The pan was made 4 • x. 4 1 x 

3" deep and a -channel 2n wide x li". dee.p was provided round its 

perimeter. · A delivery p.ipe from the channel passed through the 

wooden base into a receiver. The pan was painted pitch black and 

the channel flat white. 

The hood consisted· of a wooden frame mounting glass panes 

of 3/16'1 thick.. It was attempted to position the glass as close 

as possible to the pan and to.provlde a maximum transparent surface. 

The wooden construction.; however, neoeasitated a height of 2'5" 

· f'.rom the pan to the aJ>ex while the clear area. ot each of the four 

panes was 23" x 33*'• At the lower edge of_ the glass pane.s, 

immediately above the condensate Channel, deflectors were provided 

in order :to ,direct condensate' from the glass surface into the channeL . 

These deflectors consisted ot"'perspe:z." strips, cemented on to the 

glass with a watGrproof adhesive. The turret was made to fit 

snugly on . to the base so a.s to .compri.se a. sealed unit. 

The unit was· located on the grounds of .the Uni·versi ty of 
. 0 . 0 

the tzitwatersrand (latitude.26 11' S, longitude 28 02' E, altitude 

57~0 t ) • It was pla.eed on a level concre~e slab with the ridge 

poin.ting due east and west.. ·SUfficient clear ;space was available 

U()und the site to allow for solar radiation. of the sti.ll from 

6 a.m. to 6 p.m. 

)!,;. :QJ!.eration iJ£ the Still .. 

The st.ill was put into operation ·in J;!ay, l952 using 

artificial sea water as the medium evaporated. The pan was filled 

to ti depth or 1.2 inches using 10 Imp. gallons of wate:r. t~hich · · 

contained 2.65 lbe. NaCl,, 0.24 lbs. MgG12, 0.33 lb.s. Ugso4, 0.11 

lbs C4Cl2.and 0 .. 07 lbs •. KOl. The consistency of the solution 

was kept constant by returning collected distillate to the pan 

,daily, while a:ny losses duo to leakages of vapour and/or con-

densa.te, were made up with distilled water. The depth of' liquid_ 

/in , ...... .. 



in the pl.!?. wa.a .kept oonetant throughout the .run of the precont 

Cru.·etul record of the daily distillo.ta yield we.o kept 

and tho temperature ot' water in th,c pan was rGocrded. &t 2 hourly 
. . . 

interva.l.s . during the day time"' . The inner surface of the glass 

panes wore well cleaned b&foro Opf}ration was commenced and con-. 

eequentl.y film ... oondc;mso.tion ·we.& obtainod throughout the run of tho 

exptri.monts. . It should bo noted,however, that dirty cond~tnsing 

au.rfacea will ~cause narop tn;er• conden.oo.U.on which may drop back 

into the pv.n and naatter rad.iat:l.ort unduly. On.windy days~ duet 

&nd ~irt .collected on the outer glacm eurfo.ce~ and effeoted tht 

tra.nspo.rency. It waa found nooosoary to olean the «lass at least 

evory day. 

ln order to correlate dirstilla:te yields with pre:vailing 

.. ·weather ·conditione,· the following meteorolo,;ic&l instrwn&nts were 

insta.lJ.ed at the still : 

(l) · A bimetallic radiation ·.recorder giv.in.g tbe total radiant 
energy in calories per .sq.cm .. inoi~ent on a .horizontal 
surface. 

(2) A max1/m1no the1•momotar., 

(3) A "Steglitz" barom~tt1r .. · 

(4) A ~ygrometar .. 
(5) Winds were recorded by vieua.l obs&rvs.t1on. 

Tht) radiation recor4er was firot calibrated b~t the Weathf)r 

Bureau ot tho South African Department o£ Tran.sport1 o.nd thereaftor 

chool:-ca.libro.ted at r<~gul~Ror intervals by ·eompa.r~.son with a portable 

Only total ~aily r.1:1diation values wero 

obtainable. Other :tnstrumonts w~re roa.d at two ... hOU.J'lY .intervale 

during ·the do.y e 

Operation o:f the at1ll was thus continued until 15th July, 

1954 whGn a verti.oa.l mirror was inotalled on the oouth side of tho 

still to .rof'loct additional solar tmQrgy into the etJ·aporo.ting pan. 

The mirror oonoieted, of three stainless st~el platem each 24u x 16u 

providing o, combined reflecting surf's.oo of 4' x. 2 ·' .~ 

/Attar ••••• 



After threo months oper&tion with tho .mirror in pooition. 

an o.dd.itional aid to avApora.ticn wao introduced in the :form of 

cooling of the 1outh. fa.oing'glasa:~ po.nes. 

was continuously sprayed on to the glaoa at the ridge tmd allowed to 

run down into a. t~ough whence .it was reoiroulated .. 

During initial operation of the still., tho yield of' 

d1$t:ille.to was tll'lduly low duo to soma ·structural defeots which wore 

oubaoquently rect..ified ao described belo• 1 

(a) Soon. after coWDtmoing ·the ~xpor1montc it bso&tttt'} a.pparont 

that the condensate deflectors were uneui table. 1'hoy 

became severed from the glaas in places, due to differential 

Gxpanciou upon. hoa.ting. 'rhe thin .film of condensate thore­
a.ftor paoaed through.the openings onto the wooden frame and 
was lost. It was attempted to reotU.';y this .def&ot by 

replacing the "per.spex11 with glass :atripa, but l~t.lka.gas of 

condonsatc-a.ga.in occurred. It was then·foUll.d necese&.ry to 

u.oe metal deflectors which 11tero bent round the :.lowor edgo 

of thtJ gla.sa so. &.e to form a.>wa.ttJr oeal~ (Figure 6). 
This o.xperionoe indicated that provision of efficient 

condenoo.te collectors was most essential. 

(b) The llumid atmoephere of the still as well ae tha leakar,e 
of condenna.to ,caused tho wooden frame to warp, with the 
raault that the cover no longer fitted the pan baae noatly. 
Tho pt'l.t'tial ·Clearance allowed air currtmta to paoc in and 

. . . 

aut of tho glass enolosura,~.ca.rrying with it wo.ter vapour 
which was thua lost .. , In ord"r to obtain s draught ... proof' 

seal, sponge rubber atr1p& w•re ifl.serto<l betwt•n tho base 

and co\te1'"• This proved effectivG but in prtict.ic:o a furthor 

improvement may bg obtein~d by using a ~etnl framo instead. 
of' wood. 

(o) A. final difficulty oxporienood in .opernt.ing tho still, was 

the failure ot the bi. tumin paint uaed .. for blackoning of the 

svnporation pan.. The salt wo.ter together with wide temper­

aturQ variations, of eouroe subjected the paint to oevero 
strn.int but a plastic paint, used with a euitable primer, 
proved effective and retained ito jot ... blnck colour through­

out the oxporimento. 
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B. EXFF:RI! l11TAl. RESt] I TS 

During the first year's op~rntion the data 

obtain*?.d were unreliable on account or th~ difficulties 

experienced, but th~ results nev~rtheless gave a 

qualitative indication of what may be exPected under 

local clinatic conditions. +h~ data r~c~rded below refer 

to th~ 2nd year or operation tron 1/6/53 to 15/7/54.. 
( 

B,l. Efteot or fladiatiop 

It was at first attempt~d to correlate daily 

distilla~ yields with totnl daily radiation (sefl table 

III) b.Y calculating th0 distillate yield per kilocalorie 

radiation received b,y the pan. This ratio war. calculated 

as follows: The total daily radiation figure as rf'corded 

by th~ solarineter vas oult1plied by a factor of 14.803 

to give the! totc.l radiation received by the lG. sq. tt. of 

pan nrea in kilocalori~s (kcal). ThP distillnt{!'l yield 

was then divided by t.l-to latter product. 

Date 

1/9/53 
2/9/53 

TADLE Ill 

DAilY VAaiATIONS OF DAILY DI~TIIIATE 
XI~~LP VIUI IJADIATIQJi' 

Radiation I Distillate: Ratio 
cal.)sq_. em. l yield ml. · ml./kcal. 

I ' 

3780 ' 0.486 522 I 
453 3470 o. 515 

' 

Weather 
Conditions 

FinG and windy 
Fine but hazy 
Fine - no wind 3/9/53 483 3750 0.522 I 

4~9~53 502 3750 I 0.502 Fine- slight wmd 
5 9 53 488 3350 I 0.461 Fine but windy 

i Intermittent cloud 8/9/53 498 3880 I 0.524 
9/9/53 532 3880 I 0.491 Fine -slight wind 

10/9/53 523 l 4330 0.557 Fine - no wind 

I 11/9/53 I 523 4130 0.531 Fine - no wind 
14/9/53 I 598 4380 0.493 Fine - but windy 

i 

~loudy-~trong wind 15/9/53 I 428 2500 0.393 
16/9/53 588 4190 0.489 ~loudy and windy I 

601 4640 0.520 Fine but windy 

s 

I 17/9/53 
18/9/53 590 4750 0.542 Fine - slight win d 

19/9/53 570 4640 0.548 Fine - slight wind 
20/9/53 620 5120 0.555 Fine - slight wind 
21/9/53 554 4780 0.581 Fine - no wind 
22/9/53 543 4070 o. 504 Fine - slight wind 
23/9/53 523 4330 0.557 Cloudy - no wind 
24/9/53 574 4620 0.542 Fine - no wind 



ol)c 

.. 

'l'cnto11tl.bly e:'ltu:.tnnt t·o.tio \me obtointd for clear 

ao;ro, 1:r~1t rnnid f'luotuo.t!onc of radic,_t1on 1ro1uco on cloudy 

lt ... ~:lt.r'! c~~~t·~d 
~ •)' "'1.'-"~.n- ""r~ar1 tic 11. ~,-· . . . . - ' . 

1ch vcr~ probablY due to th 

ennrnoool"'iotic.o of tht" rolOl":tttetor utx"a.. The oocut·rt.2tce of 

"( t.L,"!ds oleo r'• d to cc.usc o. d.celin.~ 1n y!c,ld of dictillntt. 

(Ilotc tbc lotJt:t:iJd ratio tot.. tho 5th, 14th, lCth ond ccpcciallY 

the 16th fcptcr.ibCl't l9tl3) • 

t tmo ot;tnmo.b: CU VC0 !:!y 

a.vc~rnn~t~ of r~ation nn.d d!c.tillotG t1G~C· co!:.r>orm'i. ruch 

valucc "'•""co~d in toble IV. 

~co t:t~e:~l$'" rut!oo have bean plottccl ogoL1lot deter 

S.:.n f:itril~ 7b ttltlc t""i!1Urt:: 7a. shot-tr; the variation of ratio t.i. tll 

:merc:nccd rndintion .. 

'tii:wl · I!I(~~Jt · uc;;tA±_.t-.\r. l_.t_-:.a~~CJll· f :i'li'li'M > n ..., .... 

Date of 
week 
ending 

21/6/53 
23/6/53 
5/7/53 

l0/7/53 
19/7/53 
?_6/7/53 

! 2/8/53 
9/8/53 

16/8/53 
23/8/53 

130/8/53 
I 7/9/53 
13/9/53 
20/9/53 
27/-9/53 
4/10/53 
, , j, A I C: "'I 

~ : 0 
I' 

1 ,-~.v3 rage 

:· Ave r age 

--
Average daily 
Radiati~n 
cal/ em 

298 
341 
319 
374 
344 
398 
395 
390 
396 
402 
446 
503 
539 
567 
565 
592 I 578 
583 
54' 
696 
508 
458 
611 
536 
559 
669 
507 
669 

i 571 

Ratio of 'na 
distilla te I e 

AVE 
te of :daj 

to Radiation w 
ml./kcal. i en 

ek itic 
ding ca1 
----------~.-~ 

0.474 
0.464 
0.483 
0.499 
0.509 
0.480 
0.481 
0.492 
o. 502 
0.503 
o. 508 
0.507 
0.526 
o. 510 
0.546 
0.549 
0.542 
0.547 
0.543 
o. i70 
O.j47 
0.512 
0.542 
0.520 
0.515 
0.543 
o. 514 
o. 541 
0.526 . 

'/1/54 
/1/54 
/1/54 
/1/54 
/2/54 
/2/54 
/2/54 
/2/54 
/3/54 
/3/54 
/3/54 
/3/54 
/4/54 
/4/54 
/4/54 
/4/54 
/5/54 
/5/54 
/5/54 
/5/54 
/5/54 
/6/54 
/6/54 
/6/54 
/6/54 
/7/54 
/7/54 
/7/54 

' 

[ 

-

-
1. -. 
~ -

--· 3' 
3 
3 
3 
3 
2< 
3· 
3· 
31 
31 

av=rage of daily radiation = 460 cal. 
r a tio of distillate to Radiation = 0.5C 
daily yield of di s ti l late = 3460 ml. c 
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. 3 7. 
Qbs~rx,ati9P.§ 

(1) From the datu of Table IV th~ average yield. ot distillate 

was calculated to be ·o. 605 !11~ per kcal,. of radiation 

. received b'IJ the pan. Theoretically the heat required. to 

distill o .• oos .ml. of \Vater \JOUld be' 0 •. 505 x 00 ·Cnls. 

fbr~ heo.ti:ng tl:la liq.u:Ld in the pan through 35.SOF i.e .• 

· ~oc. to the nverage bt"lth tempero:t'ttre: (refer 2,a, (Vi) 

&nd 2,b of this s~etion) plus 0.505 !'It 574 calsti for 

· supplying the J..atent heat of vapou.risa.tion at a. 

te.mpe~t~.ture of l01.?°F. (refe:P 2; a, (vi") of this .section) .. 

ib.is amounts to a total of 300 oals. indicati..Ylg an over(ul 

ave :rag~ hea. t e:f:ficit:n'lcY. of so~. 

(ii) Ave.rage radiation during $U!!!t!1Gr 29/9/53 to 21/3/54 wns 

.550 ·aa.ls/cm2/24 hrs. ~\1ila during vr1nter 2J./G/53 to ~0/9/53 

and 22/3/&4. to 20/6/54 it -w-as 383 cals/em2/24 hrs. DUring 

the period of' obss:Mration the lotin~at radiation. value (41 

. eals,-/cm2/24 hrs.) 'tv-ns recorded o.n 19/l0/53 .·while a 

maximum of' 893 oaJ.s/cm'2/21! hrs. tla.s recorded on B/11/54 •. 

High radint.ion ~aluas;, 800 cal.s~/crm2/24 hrs. we·re ·also 

recorded in Oct.iOber, December and Je.nua:r.y, but due to 
. f.requent· rain and cloudiness .sevax-e fJ:uotuation of 

radiation o.ceurred ond the ave:ro.g~: monthly radiation 

:temainad bu.t. slightly higher than the nv~:rage :for the 

vihole st1rnmer. During 'Winter, daily rndi:tion values were 

more·· constant • 

. It is thus clear that clouds, fog and rain are predomina­

ting factors: in. a.eter.rai.ning ·the amount of radiation' i:m-

: ptnging on ~~ solar · still ~t ground level. 

(111) Ba.s~d o:n weeltly .s;verag~s$ the loWf1st yield of distillo.te 

tvas 2000 .ml~/day while the highest was. 6000 nll/da.y. 

Reasonable Yields of distillo.te may thus be ex.pected even 

~th cloudy or rainy weather • 
.. ; 

(iv} •~·/·· 

. ' 



3 8. 

(i.v) From the data of table IV it wns calculatecl tho.t 

·tha distillate:· y!eld per unit radiation reeeived by 

thf1l pan was higher in summer than 1n winter viz.o~529 and 

0.-488 · o;t. p~,r ltco.l. respectivel:f. This increased :ratio 

is also depicted in figure 7b t~ch shows a fairly 

regular variation of ratio 'With time ot the year. 

In figu.re 7b it will also be noted that fluc.tuations 

of the ratio t-to.s more sev-ere in summer tv'hen frequent r~in, 

thunderstorm~ and cloudy conditions occurred which 

resuited in -irreeulnr daily radiation. It may therefor~ 

be concludad ,that higher efficiencies are obtainable with 
. 

the increased radiation El·xperienead during summer and thnt 

thEl irregular radiation, i.e. fluctuating from day to day, 

caused severe flue tun tions ot.. effiei~oy. Sueh a 

conelttsion .is also supported by tb.e graph of tigtlra 7a, 

which shows on increa.ced distillate/radiation ratio at higte 

radiation val:ua s. 

This eoncl'usion, however, neglects the effect of 

increased atmospheric temperll.ttu~e which nltvnys 

. accor:1panias increased. radiation and vhich llk1.Y be primarily 

r~sponsi 'ble for the improved ef'f'iciency.. This ef'tect 

of o.trr.oriphe:rtc temp-~rature is evaluated under ~jl or this 

section. 

(v) On the whole tha results show that the variation of 

distillate/radiaticm :ratio is sufficiently regular, withi.n 

the range of the curves depicted in figures 7a snd b, 

to eonclud~ that radiation intenslty, directly or 

indir~ctly Via ito accompanying cllma'tic conditlons., is 

of major importance in determining the pt:,rformnnc~ of n 

· solar stillo 

B)2. ~m12emtu;ta 

Next to r.adiation, t~~erature mny be expected to 

have an itlportant effect· upon distillation. The following 

ite~s justify consideration. 

a) Dath,. ._..,; 
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3 9. 

The construction of a solar still provides 

specially for absorption of radiant energy~ It !tiUSt 

therefor~ be expected that the te.mperatur~ of water in 
the evaporating pan of the still will increase with 

·radiation. The temperatura var1o.tionn for a clear do.y 

in. v71nter (8/?/53) hav~~ bean plotted against time .of dny 

in figure Ba and for. a clear day in summer (19/1/54) 

in figure .8b~ ·These graphs may be tak~..n as typical 

of the daily temperature variations although of course 

the actual values altered. 

Qnsarvatipns 

. (i) Bath tenperature was largely depend~nt upon 

. (11) 

the. a.zoount 'of radiation impinging on the still. The . ' . . 

curvE's of figure 8 follow that of the recording 

solarimete:r (not. oho\vn) closely, except that i·t 

lagged behind soma 2 .bours as indicated under {iv) 

and (v) below~· 

tow :l.n:cidence radiationt i.e •. in the early 

·morning and late afternoon, 1.o1as almost \'!holly reflect..ed 

from the surface of tha t..rater in the pan '\d th th~! 

reS'Jlt that very little radiant energy vas abGorbed. 

This wns of special significance in the morning since 

o.tr:illspher1c ternpE:"Jrature th~ rose more rapidly than 

did the bath temperature, while distillation could 

obviously only proceed whe~ the bath temperature 

excs(!)ded atmospheric temperature.. On clear dnys the 

bath temperature first exceeded n..tr~bient tempert.Lture, 

about 2 hours after sunrise. It· thereafter rose 

· . rapidly un.t11 a mnxinrum value was attained at about 

14.00 hours • 

(iii) At Slm.rise the teoperature of the water in the 

bath was altmys belo'\'T atmospheric. indicating that 

durin~ the night distillation·.had continued until the 

heat absorbed thereby had ::reduced the t~mp~rature of 

the bo.th almost to mim.mum n.igllt teiJperature. 
.. (1v) • •• / 
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Lr \, 
(iv) Peak bath temp~rature was always obtained r~m 1 to 2 hours 

(v) 

after maximUm radiation ( tb.~retieal.lf at n.oon). T2'1is 1s 4ue to 

th& fa.et. that t!m-tng the peli.od of increaaillg radiation , a.bsorbed 

radiant heat is used botb tor beating the bath contents and ftor 

evaperation. Jhe bnth temperature: and with 1t the rate or 

evaporation will. -oonseqttmtly increase until the beat requirements 

eq~ 1 the beat input• wt at LUi11IUJn radiation this ha.s not ye·t 

oeeurred due to the heat ballast o£ the· pan and i 't.s cont-ent.s. 

Arter 14.eo hrs., th:e bath te pera:ture dropped rap.1dly witb 

simul:taneous rapid distillation, call~ by cleerffas1ng condenscer 

(air) te.mperatu~re. Dts·till.atioll thus eont.imled long after $W'1Set 

by virtue .o.f th~ haat sto~ in t..ltce blth contents. 

(vi) Pu;r!ng sn ... -r, on clear days" the batb t~.~.q;m~atu~ 1¥'Jnained 

s1_gntfieantly h1gli~Jr than a~sphett.c t~~rature tor an average 

. . of 12 hours at an average t emper&tuM ot l09. 9op., ~ vinter 

tbe average duration of elevated bath t ·pera:tnre was 10 hours and 

the averag~ t emperature during these hour-s waa 93. 00?. 'The 

.av~rage bath t emr>e·rature during the period ·wen distillation 

prooeeftd was ~s l6.40p higher in S'tlfil'nter than 1n winter and for 

u 
2 

the w ·ol..e ye,ru- the avera_ge tem~ra.~ was 101.~1'. 
D, I 

(b) Atr.psahetll• ··Typical ambient te'- [peJ~~ature vaz1a~o.ns have a.lsc been 

plotted 1n t!.gure 8. I t vtll. be noted that atmospb;e'rie tempera~, 

&~owed comparatively small variations .~ tbe hours. of th-e day,. 

D1sttllat1on started wbm the bath te . nture e~eede-d a,tmospber1c 

temperature and was thereafter .apparently proportional to the 

t emperature difference .• 

The average day temperatt.tre during summer was 12.40'F more 

than during winter v.tz. ?2,.40 end GQOp ., respec.t-tvely. !At-ring 

summer theretol'f!-, th-e stll1 was ·op-erat!:ng at higher t emperatttres 

than 1n wintett and hence by virtue of tnoreas d '\l'a:OOUJ" pressur~ it 

must be fl~ected that a higher rate o~ distillAtion was obtainabl-e 

in SUimt~er. EValuation or this etteet 1s tus-ther discussed under 

1 tem d. of this su'b-se:ction. 



2. 

It may be expected that the rat(q and 

volume of distillation will depE~.nd iargely upon the 

t emperature gradient between bath and condenser.. In 

order to assess whether any such relation d1.d in f act 
' . 

exist, daily volumes of distillate ltel'e plotted against 

the integral of differ ential temperature with time) for 

respective days. (Figure 9a) .. ~e value ·or the daily 

integral ·is eXpressed as oP'.-hours and represents the 

product of the mean t emperature difference between bath 

and air mu1 tip lied by the he~s during which such c11fference 

r emained positive. SUch values may be obtafned by 

measuring the areas be tween the temperature curves (as 

was plotted for two days only · in figure 8) for individual 

days. For the purpo se or figure 9, however, it wa s 

ealcula ted by integration .of ·obs.erved t~mp~rature 
.• , , 

differences vith time. 

In order to correlate ternpere:tilre dif'terenoe w1 th 

· radiation, daily radiation \Yalues were .plotted .against . the 

above dirterential t~mpera~e- time1 1pt~gra1 for the 

r~spective days (Figqtte .9b)., 

Qbservations 

(i) The Values plotted ~ figure 9a indicate. a 

regular relation between differential temperature 

Olld distillation , within the ~ange of t he tvo curves. 

It will be noted that tbe curves slope upward at an 

incr~asing gradient indicating that higher distillation 

yields p r unit temperature differential were obtained 

with increasitig telT.g)$~ature differ~ntial values. This 

conclusion is irr·a.greement with observation (iV) of 

" -. f'fect or Rad1at1on" .subsection .;a,l, and "lith figUre 

7a. vizlj that a h1gher. d1st1llate yield p~r unit 

radiation .. ,/ 
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. .'. (ii) 

.. (!11) 

radiation was obtained nt increased radiation intl?.nsi ty ~ 

if it is assumed that temperature differential is a 

resultant of radiation .. 

From figure 9b it is se~n that radiation 

intensity does in fnet dete1~m1na the temperature 

·d:Lfferential o bta;i.nable with simple a1r-•cooled roof· 

type solar stills. The relation is not ns ragular as 

in figures 7a and b or f'igure 9a but this is to be 

expected since a.i~ temperature and \-rinds are round to 

effect-the issue 

The vn.luet! plotted. in figux-es 9a and b a.l?e 

Sl.tfficiently regular to shovr that radiation intensity 

largely determines the tf\~y.smture dif':f'erentinl ond 

that this in turn d.t~t~rn:i.in~s the distilla.t~ yield. Tb.e 

iiDportance of maintaining no high a differential 

temperatul"e as. it> prt~ctically possible, suggests that 

nrtific:tnl cooling of the condenser surface might be 

advantageous.· 

.]J2J(d). Et'fes;:t Q.f. Te!rm~.r.aj;ure on __ .Efl'i,g1,~n..sz •. · It has already been 

pointed out tbat. higher yields ·or distillt.lte per unit of 

rad~ion were obtained y,r;i t~ inc·reased radiation D..t'"ld that 

increased rad).a tion in tcnsi ty · were. e.ssocia. ted \d th higher 

atrx>sphoric temperature~;. Since t~e distillate yield p~r 

unit radiation represents tht?. thermal eff'iciPncy of n solar 

still, it would appear that h1ghGr efficiencies vmr~ 

obtained a.t increased atmospheric tenperatures such ns are 

prevalent during su.mlner. Attempts -wera therefore Itlade to 
derive n ~tnematica.J. relationship betvJeen radiation, 

temperature and disti~.late yield, i.e. the.r.mal efficiency 

at v·arious temperatures.• 

For calculation of the relative th~retical 

e:.t£ic1encies at summer and ·t-tinter temperatures, the 

foll()\;*!ng data, quoted under a and b ot tb1s subsection, 

were u::;ed, During summer the average b.."lth ·temperature 



was 109.90Jr and tbe average atmospheric temperature was 

72.4tT result1ng in a temperature dit.teren.ee or 37.;01\. 

the ·corresponding figures during winter were 9)'.'5°, 60° 

.and 33~;0, respectively~ :In ord~r to evaluata .Oflly tbe 

effect of atmospheric temperature a mean temperature 

<U.fference of' 3'5. '5·~ was u.sed. tor both summer and winter. 

the rate at wb1ch dtst1llat1on proceeds wlll 

obViously depel'ld upon the vapour pressure dlff.erenee between 

bath and condenser, and 1t 1t 1s assumed that the condenser 

temperature will. be virtually the same as atmospher·ic, 

being 1:n ~atrect eontact with :tt, then tb.e vapour pressur'e 

.(l:tffet-ence mal' be calculated from the vapour pressure 

eurve of water. It was thus found that the. vapour 

pressure diftertmce between bath and G~tmospherec (condenser) 

1amounted to 41 nmi. mercun in summer and to 29 mni. mercury 

1n winter. !he rate ot evaporation. should tbe~efore be 

~ ~·e' •. 1'.41 t1mes f.asti3r in summer than in winte:r f:C5r a 

similar temperature ditfe~ence. 

The higher rate of evaporation during summer does 

:not necessarily mean that the thermal e.fticiency ln summer 

was t.41 times the winter value since a higher rate ot 

cevaporation tnUst be accompa:nteti by a higher rate of heat 

!npa:t lf' a constant tempera·ture dt.tference is to be 
' 

:maintained·. .A higher rate ot evapor.ation at a constant 

temperature difference biJ:t .however·,. mean that .a smaller 

proportion et the heat tnput 1s lost tbrougb. ·conduction 

convection a.nd rera-dtattori., the latter being all dependant 

·upon the temperature difterenc.e. 1'bts 1s de:monstr,ated and 

evaluated 1n the tollowtng equations. 

Q ,:.·c ·"-·4pK.x 'a ....... .-.· ... ·.· ... · .. ·; .... ; •...... ~~(1) 
wher.e Q : Beat input !A to the bath per hour. 

c : Heat lost per hour t.e .• ' a eonstent 

at constant temperature difference .• 

4p = 'Tbe ditterence in vapour p-r,essure 

between ..• :,. .. / · · 



'V ... 
,1\. -

'betw·een bath and condenser. 

The weight or distillate produced 

per hour per unit AP• 

The latPnt hl?e.t of evaporation. 

-H : Heat abcorbed. per hou:r for 

i:nereas1ng the teJ.ItPSl .. nture of'· the 

b~lth end its contents i.e. zero Ett. 

equ:tlibrillm eond1 tions. 

The equation demonntratas that Q!l incrl;lase in Llp 

:m.ltst bt~ accompanied by an increase in Q if the bath and 

its contents is. not to cool clown. 
. . 

Thus 'Qw· = c + ilJ)wlCA ) suff'lxes wand s imply 
) ·winter and su.mmer,. 

.Qs .... 
c *" ilpsKA 

) ... 

i.e.., Qs :: ·Q.-"" 4 o.41 x: 4pw1tA ,.. ...... * ""' ... ~.· •••••.• *'.. (2) 
. . 

In equa:tion (1) the thermal efficiency of the still 

is 'the ratio of heat used ror}distillation to the ·total 

heat input, 

Eff = 

It was round experimen.tally that the "'inter average 

. of th.is ratio ap10unted to .28% (refer .... B, 1, o'bserva­

t.ions l and. IV). 

ThereforeLl})wKX: · o.oo Qw ···~·········-·•••,.••· .. ~· (3) 

NO\t Effb \lf'l.n ter : L\rutita.. .,' 
Qw 

and Ef£. summer = 4 eJ;J: A • , 
Qs 

.i 

.· . 

'By ••• ; 



By substitut.ing further equation (3) 

Etf.s~ = _k41 Qw u ... 

8 
, 

Err~i. Qw 4 0.41 x 0.2> Qw 

= . J.t41 . .. " = 1.2 
1 .J. 0.41 X 0.28 

An increase in atmospheric temperature from. 60°F to 

72.4°F should. t~us cause the efficiency at the latter 

'temperatur~ ~o be 1.2 times as high as the efficiency at 

the former temperature. 

In actual fact the ratio of summer effie.iency to 

w.inter efficiency was found to be .g~li~ ~ ·(refer .i.. t ,.B; l . 

observation iv) i.e. = 1.08. . This means that the 

theoretically possible increase of thermal efficiency 

at higher tem~eratures was not fullY a·chieved in practice. 

The reason must be sought in the fact that the ·condenser, 

due to the poor conductivity of the glass, was not 

maintained at atmospheric temperature; as was assumed for 

the pUrpose of the above calculation. 
.t, ~ I I • 

The actual vapour 

p~ess'llre_difference was consequently much smaller than the 

values used above, especially in summer when high radiation . . 

intensities caused excessive heating or the glass condenser, 

both. through absorbed radiation :and by the increased rate or 
evapo.ra t ion .• .It was not possible to .find any relationship 

between condenser and atmospheric temperatures and it must 

the.refore be conceded that a theoretical relat·ionsh.ip between 

atmospheric temperature, distillate yield·and radiation 

cannot be derived. 

The above calculations, serve to indicate that the 

increased. thermal efficiency observed at higher .radiation 

intensities is amply accounted £or, by the rise in 

atmosp~erie temperature which accompanies such higher 

radiation intensities. 

In order to assess whether any practieal relationship 

between atmospheric temperature and efficiency existed a 

graph was plotted of distillate Yi·eld per unit radiation 

..against •• / 
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agatnst .. atmospher1c temperature • figure 9o.· 

It flill be raoted that .z1o regular t:elat1onsh1p Ga1ste4.• .. . ., . .. ,; 

' stratgb.t ;line drawn through tbe points tor av~.rage sunrr.ru~.r 

a.nd vf1~t$r \la1uest ·n~verthele·ss corre-e.ponds to an approximation 

ot the 1ndtv.1dUQl 'falues plotted,. .This straight line yields. 

tae ;following equatlo.fl;: ml. distillate per k,.eal. raeiation 

'= 0,.40 .J. 0 .• 0034 (tem.p 0,· • 32°) 

: 0.40 ,.., o.0061x temp oe ,. ........... ·• ........ , •• ~ •••••• (4} 

this equa.tion., being ·base4 on. a'4tua,l expel"ttnental re:stllts, 

:implies that the observed. increas&s .1.:n distillate yield per 

unit l'G:i1at1on reeetved by the sttll we:r~ der1v,ea~ solely, .from 

1ncre.as1tag atmospber1c temp·erature. It fol1tJWs that horizontal 

.straight ltnes w:cul<l have been obtQ.ined 1n figures ?a and b .it 

the ·temperature tem of equat:t.on (4) were to be .. subtra~ted .tzom 

th~ value.s aetus.tlr ob,tailleth 
} 

lt should be noted that equation (4) does _not correspond 

to the, t~o~tical. considerat1&ns~ I-t W\')Uld tb<eref'ore be 

applicabl• only tr.l stills of ·.a .. des.ign s.lmilar to the p.resent 

experimental still.. For the prese-nt experitnen.tal stlll tbe 

the:rmal .eff1e1eucy may hence be exp,ressed as a :function of 

atmospberie temperature,. 
viz. "B.:rt : <g .• 4 .1-. o"'~06J.x stm,;:

0
tea .. !>P • ,.jx.<a-P ~"' .52.+)$ 

!thiS · ·Clearty dQtnOnstrates the tmpattant effect Of 

atmospiler1e tempo.rature upon tbe pert,ormance of solar stills 

o.t tbe pre.s-e-r:tt desi.gn. 

],3'· Effect ,gf. W:!,Qtl§ 1. Raith .JiP!;J1s1i:ty. rut,4 P,rt§sgr§·•: .During ·the 

r!nn or the expe:riment1 :wide variations M'. all the above climatic 

phenomena. 1Were· observed. It was n.ot .found posslb1e to relate any 

o.f' these Vlltb 'Var1ations :in y1e14 of dtst11late apart of c:euse 

f'.rom their 1ndireet ef'fect as man,.1fest~4 .1n te:mpera·t~e and 

radiation. 

. '. 

'I" • ' 

i' 
j1" 

j 



· L :. 0, 

. B>4. Insulation gf · th~. s.t~l.~ 

' ·- I 

The main heat losses from the avaporation pan w'ill 

o~C'ili" thz•ough the b.-ise of' the still, since this r~presents 

the large'st .area. in dirf!ct contact vi th the pnn, . In .order 
.. ' 

to. aocerto.in the onount or heat lost 1n this .!'llal"'..ner, temperatura 

x•ecords ver~ .taken nt mp and bottom of' tha 6" layer or 
verrueulj. ta on tv'hich the pan rested,. The quantity of heat 

conducted , across the \thola base during 24 hours. was then 

calculated accorcU.ng tiD Fouriers Iav baing: 

tmere k • coefficient of conductivity in BTU per· sq.ft. . 
per hour per ft. thickness per OF • 0.04 for dry 
V$rmioulite, · 

A : To1;al area or the base.,· 16 sq. ft. 

L = basP thickness, sn 

L1t9 = 1ntegra.l·or tlce and temperature difference 
product as measured .• 

In table V such vnlues ara recorded tog~ther with the heat 

.. conSU&Ied by actual d1.stillation. 

TltBLE V . 

CAI&IJ;LATF;D ffif.AT LOS§ES .IUlJOIJPI.L.BA£1,E Of ,Sl,.It!J 

• : : : . ; 
• : LitQ r BTU lost :. DTU Used for: ~ Heat I.Dst 
: : OF.hours :through base: distillation: per heat used 

Date 

:~----------.~------~.~--------~.----------~=~-----------+ . . . . 
: 1.9/10/54' 
: 20/10/54 
: 25/10/54 

.. 
• 

' .. • 
274 . :· 349 : .13,460 
260 r 333 .· · : lltlOO 

:K : 182 : 233 - : 15,440 

• • 
• . 
• I 

, 2.G 
a.o 
1•5 
1.7 
2.1 

: 26/10/54 
: l/11/$4 

... • K :· 210 : 2GB : 16,150 
K : 232 : 007 ·· : ·. 13' 840 : '. . . . . : . . . 

·~----------·------~-------------------------------------~ * Cooling of condenser rurfaca employed 

From table V 1 t app~ars that the heat lost. through the ba.se 

. of a well-insulated sti.ll is compnrati vel'y STlm.ll.. Exprensed 

aa a percentage of the heat utilised for distillntion it amounts 

to about 2.5 \lihile as n pf'.rcentage of the total bent impinging on 

the still it is only o.a. 

It ••• / 



It 1 s however importm t to ensurE=! low conductivity 

1n the bast> since it is dir~ctly related to th~ total 

heat loss. Thus, concrete with a conductivity of 0.6 BTU 

p~r sq.ft. p~r hour per ft. thickness per °F., 'Kmld 

theoretically cause 12.5 times the heat loss rPcorded 

in table v. It should fu.rther be noted that vermiculite 

j.s specially prone to changes in conduct! vi ty from varying 

noisture contents (J.% increase in moisture content results 

in a 1~ increase 1n conductivity). Since the verr~culite 

usad in the present nt!ll was subjected to occasional 

condensat~ 1eaks ond gmeral humid conditions, the heat losses 

as cnleulated in table V were considered to be deceptively 

low. In order to check the actual conduct! vi ty or thA base 

a. heat-meter was subsequently fitted. The neter used was a 

standard t?eroopile plate as generally used by the Netional 

Duild1ng Research Institute for measuring conductivity of 

Flow of heat through the plute is 

recorded in millivolts of E.zo~.F. difference ootween two 

opposing therl!Ocouples imbedded on opposite sides of the 

plate. The millivolt readings ara thm translated into 

ealorie?a per sq. em. per sPc. by means of the-calibration 

factor of thP meter. 

l~ graphical intPgration of thP ratP of heat flow 

\>lith ti~, it wns found thttt the actual heat lost pf'r day 

was of the order of 500 to 750 k •. cal. or :2000 to 3000 BTU • s 

dap4nding upon thEl temp~ra.ture attained by the bath and t:1e 

duration of such elevated tenperature. This r~sult indicated 

that the actual conductivity of the moist verr.J.culite in thP . 
still was about 10 times that of ~ vermiculite. Since it 

would be extr?maJy difficult and costly to f'.nsure continuous 

absence of moisture in th~ base of any still, it must be 

conceded that v~rmiculite is not an effective insulating 

I:!.a ter!al ••• I 



mate.rial tor the p~esent purpose. 

,.. towEu•ea: heat· losse-s were i:n~currea when t.he. cooling ot 

the cottdenser surfaces resultea ln the lo1l'JGr1ng of b$th 

tempe,.ratue (refer C2. Observat1ort (11) bel-'&lf) .• 

c • .. &SJ'ht4,BX IQtiiJRU 
CJl•' M'il!.r.o£,§ •· Placin;; a vert:teal :m.irl"o.r or· t the size of 

the ,e:vaporating pac (see II, A .• 3 of this Cba,pte.rJ 

.along ·th'$ south side o£ tbe still should! ·th~orettcallt · 

incre~se the radiation on the still by 44~ ot the 

original value W:hen the angle ,of incid.enee is 40" 1,.e, 

a·t midwinter. .In !llidsummel!' the incidence of ra4iat1on · 

is about 8?0 ·wkieb .should, give a 2,~ 1ncrea.se. Wi'th the 

mi.rror rued tn one position (ti,gure. 4) the total reflected 

radiation impi..fllges 011 ·the· still, only at midday.. During 

the· r.est ot the day pal't· of the reflected radiation 1s 

lost~ In summer a ruerttcal mirror is of course, very 

mueh tess •tfic1ent, but the &n.gle of the mir.rol' uas 

purposely not adJusted s1nce it was conside-red that sucb 

eba.nges 1!'0'1114 compl1cate1 practical spera·t:ion unduly. 

f:.he avera.ge increase· o.f rs.dietion reertJtl:ting from: 

such a fixed mir·r.or should thus be 2.)~ but owlng. to 

-. 1net'fie1ent rertect1on 1 t- was estimated to be 18% of tbe 

1N,itd1a,t1oft normally ,J?.ee~d.ve4 by the still... A eo:~"respon41ng 

i.nerease in 4lstlllate yield per unit of nontal r:adiation 

intensity, may·be.expectedt but comparison With -distillate 

ytel4s dttring a corresponding period when the mt.rror -was 

not ln us·e, 1nd1catQd that this waa not attaine<l~ ln table 

VI the- ratio of d.1stlllate to .. adi.atton 1.& record.ed tog$ther 

with actua1 distillate .rlelds.~ 

. ~' . ~ . ' ' . 

\-



5 3. 

-- -.------.-1 --------.... -·---,---~------------, 
Date of Avarage Daily I Distillate iRatio of Distillate 
PGriod Radiation yield j Radiation 

1-l-:-~-~-:-:--+-c_a_l/_~-:-:-· __ __,~o--__ 
3

_:1_
5 
~--t- ml.~~;~~. 

25/7/54 380 3030 0.536 
l/8/54 385 3230 0.564 
8/8/54 426 3690 0.583 

15/8/54 386 3330 0.581 
22/8/54 419 3600 0.578 
129/8/54 464 3840 o. 556 
. 6/9/54 481 3980 0~557 
12/9/54 490 4300 0.591 
19/9/54 387 3100 0.538 
26/9/54 453 3920 0.582 
3/1'0/54 447 3740 0.563 
ll/10/54 526 4500 0.575 
17/10/54 521 4600 0.598 
24/10/54 513 4260 0.558 
31/10/54 l 465 3850 o. 557 
7/ll/54 I 541 46oo o.572 

14/ll/54 543 4600 0.568 
21/ll/54 I 557 4600 0.556 
28/ll/54 654 5320 0.547 

5/12/54 581 4740 0.549 
12/12/54 453 3800 0.564 
19/12/54 658 5440 0.555 
27/12/54 561 4600 0.552 

Overall av.3rage ratio = 0. 565 ml/kcal. I 
Ratio for corresponding p8riod without mi.rror ::::: 0. 523 m};Kcal ·----·---·----·- .. ____ " __ , 

!ne average rat1o for the period 15th July to 27th 

December was 0.5'65' and 0.523 m.l/kcal. with and without 

tne m.trror respectively• i.e. an 8)1 increase. There 

was no s1gn1ticant d1tf'erence 1n tb:e average atmospheric 

temperatures tor ttte two periods which meant that the 

increased ratio was affected by the mirror only. 

This ···~' 



' ~I 

'ih1s increased ratio was incom;la table wl th 

t•w increased radiation received b/ tne still. 1he 

reason may be sought in the fact that the southern 

side of the still, normally remained relatively cool, 

thus acting as an efficient condenser. ~~1th the 

mirror in position the south facing glass was heated 

and cons~quently condensation was more difficult. It 

is therefore clear that the use of mirrors without 

provision of additional cool condenser surface is not 

tn be rec~mmended. 

As was indicated 

previously provision of a cooled condenser would 

acceler3te d13tillat1on. In order to assess the value 

of such cooling, water was sprayed over the south-facing 

side of t.he cover in an even thin layer, continuously 

from S a.m. to 4 p.m. lhe temperature of the condensing 

surface was recorded at regular intervals. The results 

are recorded in table VII while figure 10 depicts typical 

temperature variations. 

'I' ABLE Vll 

DI, . .)Tl.~~:./\THh ~qJH A COOI.;riD CONUl:.N§!:.R ~Ufll!'A~ 

~--------~~~--·---.--·---------7n~~~p-----r----------------l Total Ratio of Weath·""~ Distillate , "' 
Daily . ld Distillate Condi-tions. 

Date Radiation yle to Radia-
cal/sq.cm. ml. tion.ml/kcal. 

~--------+=~~~~~----------+-----~~----rcs~l~i~g~h~t cloud ' 
~5/10/54 566 
26/10/54 662 
l/11/54 613 
8/11/54 701 

9/11 /54 394 
10/11/54 478 
~8/11/54 685 

Av8rage ratio 

Dbserva~1ona: 

6500 
6900 
5830 
6500 
4000 
5400 
6700 

::: 

o. 768 
o. 704 
0.642 
0.624 
0.683 
o. 759 
0.658 

0.691 

and wind. \ 
-do- • 

. d l cloudy - no wln : 
eligh't cloud i 
and wind 
cloudy with rain 

-do 
slight cloud 
and wind. 

ml/kcal. 
f 

(i) 'lhe avera~e ratio or distillate and radiation during 

the period 25/10/54 to 18/11/54, without cooling was/ •••••• 
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56. 

W§S o .• 56t'3 ml/kea~Ji (refer table VI) j as compared viith o.ml 
· ·1rJ./kcal. when cooling of condenser surface was employed. 

'l.bis represc-:nts a 2~· increase. 

'(11) 

cooling was ootnnenced and remained about 20°F.less thtm usu..'ll 
. . 

throughout the period when c.ooling \fa.S continued. Tb.is 

indicat~s· that r;~re ra.pid evaporation occurs and the 

resultant lO'olit>r bath temperature is advnntag~ous since 

lotve:r heat losses must a.~esult. (Rf?fer ~able V) .• 

(iii) Th~ low thermal eff'ici~.ncy ot a. soln1') still, is 

(v) 

adva.ntage.¢r'n cooll:'ld eondensersurf'ace ther~fc:l'e 1s·to 

minimise these losses by producing a lo~ered bath t~rnperature. 

The .temperature cf the condens:er (measured on the 

inside surte.ce) dropped . sharply vtnen cooling comr:~nced and. 

remained closf' to at!'.'!Dsph(~:ric throughout. 

Spray,ing tmter over the glass surface attenuates . 

penetration of radin.tion and consequently cause;s a lo'.>tered 

· heating effect. 

(Vi) 

cooling of c.onde:nsE?r. s'Urfaces does not 't>reigh up against the 

cost and pr~etienl.diff:iculti~s involved. 

(viiJ . ' 

. CO''..lpled to a cooled condenBsr may prove advantagf'lous anrl should 

.be investigat~d further.· 

D. .QISCJ1SfHOJj. . 
. . . 

The. present e:?perim$nts.have shown that sol~ 

eti.stilla.tion· ea.n, under South African conditions, be applied 

r;uccessi\tll:y for prod.uct.ion or pe>table water. The ~~~sults 

pro'V!de much :need~d data regarding the performance: of s·u.ch 
•. 

sti.lls. 1hesa .d~.ta form. a llseful l:n1sis fo.r comparison With 

similar "t>rork, subsequently done else't>Thera and .cnn be applied 

directly,.,,; 
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·diract~y for practical solar distillation in south. Atricq.. 

Dl• · !l~mllt:l .. 9( tp~, Investig£\tiQD2 

l.'ltae operation of an e}q'}erim~ntal solar still for a p~riod 

of. :more. thnn .2-i' tears had not previously been un.dertaltan. . r.cbe . 

l'r~s~nt investigat:ton therefore provides the lno.s·t extens:i ve 

.. · record ot the performance of such stills in :relation to ex"trPme. 

cllrontic conditions, sucn_ asa.re ?rE1valerit in south Africa. It 

· · ·. 't~a~ fUrther possible to iron out des16l'l and operational 

diff1eult·1es \vhich 'WOUld confront prosnective users of the 
-- .. . . . . . . . 

process •. 

Important findings of thl!l "Y.'Ork. ware the folloWing:-
. . ' . 

J)J/)(a).· ~~rn9~1mcl· Qf,.SoJ.ar .JiQdi£l:t~~n . .n.t11isa.ti9ll• Correlation 
. ·: ' : 

.·of d.1.st:i.llate .~iel.d with ~olo.r radiation., meaStu.-ed at the 

· . site, it'ldieated that ru1 average of 30% of the total ·rudinnt 

·: ~nergy ~mpinging on the still was used for distillation. 1-!0re 

than 2/3 of the. available ~nergy 11188 thus l.ost. It 1-ms .not 
. . . 

. , 

·.·'possible to det~rrnine the e:xo.c't mann~r in tJhich this loss was · 

111mu:red,. but as wa,s pointed ®t Ur.tuer II,B,4 of this·· chapter, 
' . . . · .. · . ·. 

·the poor insu.lati~on of the· .still· caused a loss· of o.t least 8% · 
. ' 

o;f thE? inoident radiant ent:jrgy. · · It is probable that absorption 

.. : ar-d reflection of'' radiAtion by.the glass canopy ac~counted for . · 

a ·ao~ ·loss,. 'While :reradiation from th~ pan accounted for mother 

evaporation of distillate t-dll cause addi t!onal losses,. 

Most or. these losse~ .are 1n11eratt in. the design of single ... 

. stage non ... foeuss1ng solar distille.rs tmd cannot be over-come ' . . .. 

··easily. . The relatively low efficien<:y ot utilisatioll of stilar 
. ' 

energy shou.ld; bow~r\t~r, be viewed ·against the extreme :sirnpliei ty . 

of the apparatus. . Highe-r ef'ficiettcies 'V!il.l no doubt ~ 

attnina.hl~ 'With .mot~e elaborata d.~ signs, but, sine~ solar ~nergy 

,is free and abUndont, there is. obviously not the srt.'!le instig:tW 

for high ~fficienoy. as '\ti5.:th fuel op~ra.ted plants .• In o:rde~ to 

oht.lin • •• 

·,. 
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ob~in a sin;ple, cheop nnd prnctically e:>rknble apparatus, 

therefore, an efficiency or 20 to ~ ::mot oo accepted. 

D) J,(b). 1r!flumgp of .clirnntis .. £~q. 

(i) Ta:mett\tllrJa• The i:lportr.nt effect of' atmospheric 

t~~erature upon the perrormonce of oolnr nt1lls wos 

clel'lonntrat~d under i tf]:Im II;B,2,d. of t.~is chapter. It 'l:tClG 

pointed out that hignor ther=al oftici~noi~s ~~re obtained 

ot increaned t~poratureo. Atc~spher1o te~raturo of 

course ennnot be controlled but the e:rper1oento oho\JOd that 

suitoble.yioldo. of distillpte cay be e~ected in all ooderote 

cl!.mates~ 

(11) Uy.m_ig1;tz or the atnosphere should not affect tho 
. 

. operation of a solar still, since tha ctructura is sr..tch thnt 

amb!€nt a~r is spocificall1 excluded from the apparatus. 

Varint1ono ·or froo 30 to 90% rolative hu:lidity had n~ effeot 

on the effici~ncy of ~iatillotion, 

(iii) pnrpmetriC PrP~gM££• Variationn of ntoosphcr1c 

premrura, u1 thin tha lic1 ts generally cnco~tered, did not 

orfsct operation of tho oxper1o€ntnl solar atill. 

(iv) !jJ,p.Ji.Jh An oxo.ct rocord of v1nd vcloc1t1en wo~ not 

talten but it· t-io,s o~served tho.t strong \dnd, 10 to 16 lmote, 
. . 

caused a ·aaorco.oo in the heat ef'fiCiC'llOY of thg £>till (Refer 

table III). 'Ihis 1·e . contro.ry t() \:.'hnt cny be c::xpected oince 

vind :.should theoretically lower the tecyerature ·of the .clo.sa 
I 

. conaonaing surfneo and hence improve t~~ dintillot1on. T.he 
. . 

.. louered efficiency, nctuolly obtninad; rust therefore bo 

attributed to pons1ble deleterious effecta of aobient air 

c.oveir!ent. ThG l!".ont likely or th~se effects oro inorenccd 

heat looses and the p::umo.ge of air current~ through the otill 

-duo to ina.Clcqunte- sealing of tho appnrntus (refer II,A,4·, b. of 

thio chapter). 

In ••• / 
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In p~actice it would be difficult to construct a completely 

heat insulated and drnueht-proof nppa.ratuo and it must theref'o:re 

be accepted that the theoretical advantage of w1.nds \!1111 

generally ba a:rmulled;; · On thfl other hand, however, wind should 

have no detrimentnl. effect on a properly constt'llctad solar still. 

(v) ~· .. lntE?rmittent showers on a ht:tated still caus<~d 

temporary rapid distillation. by virtue ·or its cooling of tt1e 

con.dPnsing surface. On the vtlole, however, 1 t radu.ced 

distillation indirectly vla the obstruction. of solar radiation. 

Since solar ·distillation. w.i 11 never ba used in rainy areas, the 

effect of rain requ.1.res no 1\u"ther consideration. 

~1,(~~). l!,}pul.a.t~pJl gf. the S,ti,J,l. 

As was pointed out under rr;B,4 of this 'chapter) the 

actual amount of heat lost through the base of th~ experimental 

solar still. tifas about 10 timeo as high as the cnlculnted valua. 

the' actual loss thus amounting to about B~ of tha ·incident rndia:nt 

energy. 'This stressed the importance of providing adeJqunte 

insulation of the base of solar ntills, but it also proved that 

solar stills will operate ev~n under adverse eondi.t:tons ·such a.s 

with really poor insulation .. 

Accor(ling to the cnlcul.ationsunder II,Bt4 of this 

chapter, the heat loss might ,~(!!Ill be rm:luced to less than 1~ 

by supporting .the bath ·of th~ ntill on o. G inch thick layer of 

moi.sture resistan.t insulating material with a conduct1vi ty of less 
' . . ' 

than o.os B.T.u. p~r sq. ft. per hour p~r ft. thickness p~r op., 

(It should thus be po~1sible· to inc:rGase th~ heat efficiency o£ 

the still to at least 3'7%). A suitable mat~rial for inoula.tion · 

lorlll be 11 slo.g woolu or glass tvool; but nl t~rnativaly the base 

of tha still may oo bail t of 11eoncrete foo.m11 insulating brieks . 

on Which is supported a waterproof pan• 

· ]JI)(d)~ Hp.£!t ,S.t,ot:ttfta. A considerable proportion of. the rad.i.ant heat 

absorhed by the still ioTaS .u.s~d for heating the bath and its 

contents (refer rz,B,2,a.,!v of this chapter) • Calculation.s shca·r 

that, an ~he average? 20% of the incident solar radiation wns used 

for-./ 
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for heating the sn11ne wa-ter contained in. the bnth. In 

addition, the bath itself' and the body of the still required 

to be hek'l.ted" :fu:i.s ther.mtli. capacity of the still constituted 

a h~..at o~llast '{,!l.ich a·l4'1.ted the peak tempera.t-ure attained by 

th~ hath and hence. to a limited extent, the efficiency of 

the still. !t. did no .. t, howave:r., const1 tuta a d1:r0et heat 

loss, since .it 1Jrov1ded a supply o£ sensible heat £or 
'' .· 

· ,distillation v.~oo solar radiation declined.,·. It wa.s thus 

obst!rVeHi that distillation always continuf?d long after sunset<i 

In o1$der to "t1·t!lisc stored hect effecti'vely adequate 

thermal insulation of the st111 is essential.P In practice, 

· perfect·. tht?r.mal insulation ·eannot be obtained . (rofor i t;em .c 

CJf t:h1s su~section) and hence a portion .of the sensiblp heat 

td,ll necessarilY be lost. Th@l thermal · cnp.aci ty or a solar 

still. should·therefore be limi'ted. to a. velu~, commensttrable 

v,tth technical·· \rorkabili ty.., 1nis .asp~ct o±" solar still. 

design is deo.lt·t·Iith ::f\l.rther under itt=;m g,iv of this sub­

st~ction. In c;enerill, however, 1 t may be accepted tho.t ·the . 

better the insulation,. the higher .may be the thermal ca.pacit;r 

O·f~ the still. 

])) l,(e} Practical .D.1.fi.:i.Qllbtif.li• 
. .. . . 

The eXpe~iments focussed attention otl vcrious 

pitfalls 'Which must b~ gaurded·ngainst. 
' . : 

Even the cost careful workman-
II'} 

. ·~hip -;,Jill ~ea:ve cracks a..."'id crevices, €specia~1y~the can,py, 

It is . t.he:rerore 

nec.essary to seal all joints tdt.h. a non-hardening caulking mate ... 

r:t.a~ 'mila .tqHnporary _ joint.s nt j.n.spection covers should be 

_sealed with sponge robber str:tps. In addition, every care. 

sl:tottld be taken ,to ensure a··dra-ught:..tight seal between thG 

canopy and tbe bath o.f. the still~ In. pl .. actice .it ~uld be· 

convenient •• / 
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.con'lrt:mient to construct the bath and the canopy separately 

and the two un:i ts should then be bolted. together with a 

sponge rubber ga.sk~t. 

(11) . Col1-fcr.tirut thft ponpe:n.s,?t§. It is of primary 

importance that all condensate .should be delivered into the 

collecting troughs- The thin film of condensate l!tlich 

trickles down the ·inside surface of the. glass canopy is 

not ea.s11y sever~d from the glass and will penetrate . the 

smallest crevice (rarer II;A,4,a, of this chapter). It is 

therefore important to ensure that the l.ower edge of the 

glnss panes rests ~~thin the distillate collecting trough • 

.Alt~rnatively, distillate deflectors such as are shown in 

figure 6 may be used. 

(iii) l:he Tr:mSJ2?r~n~ .. ~yrfa.c2. · lhe transparent 

condPnsing surface should have a high diath~rmnncy, good 

vett.~bill ty and strength~ . The use or trs.nsparent plastic 

sheet may seem attractive since it could be moulded to 

shape, but at presE?.nt its use \>Tould be unpi•nctica.ble on 

account of several un.desirnble properties viz.,·· high cOs.t, 

J.ow resistance to weathering· and Sl.lrfa.ce da.T.aga, and poor 

wettabi.li ty .• In the present expe~iments, glass pane·s mounted 

in a rigid frame iffere fo1,.md to be very sui table. It 

required only external cleaning to prevent opacity due to 

dust end dirt. The frequency o£ cleaning depended on the 

amount or vr.lnd and dust, but as a general rule, 1t was 

required every second or third day • 

.D,I,(f). All:&lianz; E9.¢Rmfn.1{ • 

. The investigations showed that the.use of auxilil:II"Y 

equipm~.nt to aid distillation, such ns mirrors and '¥tater­

cooled condensers, \~Uld someWhat increase the efficiency of 

the still. The increase, hotvever, wao not commenSI.lrate with 

the extra cost and trouble involved. 

g) ••• ; 
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~ !Jg). R~qm@ndnjtions r~cnliiing._~C.Qnotmct1QD• 

The present exp~ritlF.n.ts served as a guide to 

opt1:mum practical cont>truction of. solar ntills. As 

was pointed out under item· (a) ·or this subse_ction, the 

pr~ary considerations in constructing solar stills 

should be simplicity, economy and wrlrnbili ty 'tl.nile 

efficiency of heat utilisation should receive secondary 

consi~eration. SUch single-.stage non-concentrating 

solar distillers can, if necessary, be construeted. by 

individual householders provided t..nat tl1e following 

·basic requirements ro."e observed;- . · . 

(i) Tbe size of unit to be used should be calculated 

nccordir..g tO the formula given oolow under sub-section 3. 

The still should n.ot bP. wider. than 4 to 5 feet since 
. . 

inct•eased width il>tcrea.ses tha distance fr.om the bath to 

the apex i.e. the distance through \\ilich water vapour 

must diffuse, and hen.ce it decrease~ d1stillntion. 

Increased area of still should tharefbre be sought Via 

incr~ased length. 

(11) The surfacs or the bath in tvhich the salt \o.'nter 

i·s to be contained must be perfectly 1Gvel so ns ·to pr0vent 

islGlld foroation at lovr t·rn.ter depths. 

(iii) The bath .. shou~d not be deeper tho:n 3 inches if 

the sides are not to obscure lou incident radiation unduly. 

(iv) The depth of salt water must ba sufficient for 

at least one do.y • s _operation VIi ti1out replP.nishing. If the 

salt water in the pan is replenished only once per day at 

- mmrise, there is. no heat loss incurred through discharge 

of partially-concentrated brine sir1ce tn~ bath and its 

contents ar~. th~.n nt their mi.ni.mum temperatura (refer II,B, 
2,a,iii of this chapcter) ~· 'lbe experiments have shovm that 

evaporation ., •.• /· 
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evaporation frof!l ti1e bath will generally not t=Jxceed. ~ 

inch per day and that a safe working dE"pth. for a day's . . ~ . 

op~rati.on. is around t inch. 

The; usa of increased depths of liquid which will 

requir$ less frequf?.nt x-aplenishing seems attractive, but adds· 

to the he~t capacity o.f; the unit. (Refer .item d of this sub­

section).., It is therefore recom.lTu:mded that the depth of 

· liquid in the batn should be limited to n va1ua which will 

allow unnttended operatl.on, of the still.· for 3 or 4 days,. at 

·which intervals dusting or the glass panes t.rill 111 any co.se 

be req)lired.(Refer item ~,1i1 of this sub--section). Bxperieno~ 

has shown that a liquid depth·of 1 to 1.5 inches is 

satisfactory for this purpose .• 

(v) The bath should be painted jet black vtith a vJater-· 

proot, temperatur~ and corrosi9n resistant paint. A 

synthetic plastic paint ·was found mo.st $111 table. 

(vi,) The bath should be well insulated. For this 

purpose, the recornmen.da.tions under item c of this sub-seot:ton 

should be follolired. 

(vii) Th~ canopy should be made or light oteel or 

nlumini'lun; either to br?. or narrow section so as to cm.st n 

minimum shadow and yet strong enoueh to provic1e a rigid 

structure. It Should nnugly fit the base or·tne still so 

as to e>.nsure a draught-tight seal. Th~ longitud:lno.l sides · 

should· slope at an angle of 40° to 450 to the horizontal and 

should project into the di~till.atG collecting channel. (Reter 

e,1i of this subsection). 

The longitudinal sides of the canopy can conveni~ntly 

consist of standard steel window frames. 1he angle of slope 

and/or the \r.idth or the bat..h may then be adjUsted slightly 

to nccommot1nte a standarc.l 3 reet size. The triangular e-.nd 

plGC$s of . the canopy will of course have to be rJO.de to 

w.aasu.re ., ./ 
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':l 
(viii) Gla~w panes rn" thiclt should be puttied in 

the frame or the canopy after the whol~ still has been 

assembled. Thinner glass would increase the efficiency of 

the still but render it mor~ vulnerable. 

(1x) ~1e whole apparatus should be orientated so 

t~at itr, longitudanal uie points due east-west. In this 

rnann~r the still will receive a maximum amount of· sunshine. 

~2. ~owar!~n with Re:mlts obtaV!§d EJ:sffW}lere. 

Reports on ~xp~rim~ntal ~r distillation carried out 

in the United ltatf!s of Anerica became available after 

conpletion or the present investigations. Telltes (46) 

reported in 1953 on developr:1mt during World War II ot a 

portable inflatable type oolar still, suitable tor life ratts. 

She also gave some results of @.xperi~nts conducted w1 th 

small inclined plate solar ntills and conputed heat balances 

for th@ t~ro types. ~1e tests were carried out at Cambridge 

!J.nss., 42'N. latitude. Howe (47) reported on experiments 

conducted at San Francisco 38oN. latitude, \>lith several 

large (51' long) inclined plate solar stills. Rounds (48) 

recorded the operation of several inclined plate solar stills 

at t~1e Virgin Islands l8°N latitud~. 

It is not possible to compare distillate yields obtained 

by these workers, directly w1 th the present findings since 

clioatic conditions at the three centres vary widely' from 

those prevalent in South Africa. Solar radiation, for 

instancA, at Crunbridge and Snn Francisco is less than 1n 

South Africa on account ot their latitudes (refer table VIII)· 

In the Virgin Islandn again, it is rather similar but unfortu­

nately no rE'!cord of solar radiation was takPn there, the 

values usr.d having been interpolat@d rrom obsP-rvations made 

else'Wherf!. . The following correlation of' results can never­

theless be made:-

(a.) •.• ; 
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. . . 

]), 2",(a). E,;t:fic!~!J.gl• Telkeo ntates that the hec~t efficiency 

of a. single effect inclined plate. solar stl.ll may approach 
. . 

70% and found experimentally that this efficiency t..ras 
i 

obtnU'lablEi with solar radiat.ion values of 300 D.T.U. 'S per 

·sq. rt. per hottr (Bl oals per sq. em. per hour). ner 

findings tt:re apparently b.:'lsed on observations ·me.de nt J:?.ddday 

only, and are theref'ore of little value for continuous 

operation of solar stills. It is intere·sting to note, 

however, that higher efficiencies were olYta.ined with. 

increased oolar l"ad1at1on.. Similar observations were made 

during the- present investigations (refer figure 7b) but it 

tms concluded that· this -ws.s due to tht:l higher. atmospher:tc 

tP.l!lperature 'Wb.ich accompanied radiatj.on 1ntensj~ ty. 

Rounds· :reported the efficiency of solar stills; 'Which 

uere eonstr-u.eted acc:ording to Telk€G' design, G.S be~ng 

around 36%., It· wo·nld therefore seen .a.s if the high 

efficiencies claimed· nt rtrst did not .. materinlise. An 

e.ffieiEmcy of 35% is in agraemant 'd tll the present findings. 

The work unda:rtak~.n. by Howe resulted j.n an· efficiency of 

solar radiation utilisation of' ~4.9% vhieh is rather lowsr. 

than the vttlue of the present r.;tudy. liOl:.'SVer, none of 

these worlrers e·'ii'alunted the effect of o.tmspheric temperature .. 

It migh·t \tte~~ be,. that the lo,ver~d efficiency obtained by novre 

was prima:rily due . to the lov.~e:r average a tmosp.-"J.eric 

t~.mpernture., 56°F, at snn Frtmcisoo .111hiie the higher 

atoospher.ie tGmpernturo of the Virgin Islru1ds, 7sPF 

accounted for th~ slightly highe:r efficiency reported by 

Rounds. 

It is thus concluded that tne heat effieiency obt~ined 

in. the .present experilnf?nta, an annual average of 30%, 

rApresented a fn:tr average of -what v1111 be attained in 
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'rbis conclusion cannot be aceeptea. ·wlJ;hont resenat1ol\s 

because tbe !M!a~ abs0rbed by the water S.n the bath cannot 

simply ·di.sappear ~ .It ·e·an be lost only by cori:duetion 

and/or :re•ra:d:tat1on, to:r -which separate all011a.ne~ are made 

in ·the beat bal.a:rlces -compnted. by the .former workers. r~ 

~rgument ~ortered under ~d of this S!Ction w·onld tneretcre. 

seem more acee.ptable viz, ·that .tncreased heat capae:lty ot 

~be sttll .limits the overall etfic1ency· mainly by 4e·c.reas1c.g 

the tem,perature attatned in the b'at.h. 

!be la't;t~r conelustcn "~las la te.r aft!rmed 'by la·of {49) 

wb.o s11Jgges·ted that large: solar ·:stills, covering ~everal 

aCl'es of ground, might be construc~d .f.lat em the groand 

without special insulation-, so as t'O utlllse: the earth tor 

gro·ttn<t, would then be stored .and, reverted to the still at 

~tight time.. . Only a .tt\lat1V~-ely small heat :l~oss is expected 

at the ~~im&ter cf su~b. a .larg~ stl'lJ~, • 

.D,3·· fr'*etJ.t!a.l. Ut.!Uaat!oa,.p.f. ~lok!r !)1st.~ati£?Jl 
~he present 1avest1.gaticOn·s l'lave sboVJn. thnt sc>la,f 

distillation is pri_ma.rily a. function of radiation. intensity 

and tbatJ,t ~ be applied successtullr whereveJ' s~ficient 

radtatioa is a-.ailable. p:l'OV1ded. that ce~tatn. structural 

r.equir~nnent.s arc compUed with. The essenti~sl J"eqUirQJ.!lents 

for const.ructi.on of sol.ar stills bQv:e bee.n outl:in~d under l,g 

of tb.is ·section. The latter re,commendatlons: wave based on 

data and .expertenee obtained with the present .experimental still 

and, their .. :soundness wa·s subsequently conttrmed by repo:rts ct 

oth.er tnvastigat.ors.. lt ·tberefQre now · rema1ns tQ 4er1ve a 

f'c.rnrdGi £or e:gpected distillate yi-elds a't varlons l.ocal1t1es, 

·fne'G:ret1(:allY& an7 quan1;i.t·r of' water ean. be 41stllled 

anywhere,. pl"OV1d:ed tba.t t;he atea of solaxs . still is. large 

In table IV lt 

•·•:•./ ' ., 
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was recorded iftlat o.So5 rrJ.. of distilJ~ed water wa.s produo~d 

per kilocalorie of solar radiation received by- the st.ill 

and it ·was· suggastt==Jd und~r l,a of this section above, 

that it might well be. increased. to 0.584 ml./kcal •. -35% ' 

ef'£.ic1ency, V11 th improved_ thermal insUlation. When the 

latter value is us~d for caleulat.ing the. si~e of still . · 

required for .n·given 'locality, equation (4) under IItB,2 

d or this chapter should ba run~.nded as follows·i 

ml, distillate;kt.:al. radiation : o.48 4 o.oo61 :x tenpoc •. 

Then, \111 th a tadiotion of B kcal. p~r · sq. em •. per day and 

a temperature of T">c the distilln~e produced 

= · (0.48 4 o,.oo61T)R ml. per srr• em. per day ...... (5) 

!f itis desired to produce .xml. distilled water per day the­

siZe of still required 

-.... . ::J:. . .sq. em. .. • lO • • • • • • • ( 6) to:48 ~ o.oo61!f5rt 
In equations (5} and (G) the. -values of ll and T \dll va1-.y 

. ' 

from place to plnce. Approximate vel ues mQY be a btainecl 
. . 

:trom consideration of the :position on. the earths sur£aca, 

as follows: ... 

According to Nilankovitch, quotE">d by Dr!1rrmnd (50) the 

radiation reaching thA earth • s outer atmosphere may be . 
. 

calculated from the formula' 
t2 .. · 

D?-ily Total Radiation _ ......... _-_ .. /I~ z dt J 7Z ~0~ . , ' ~ .~ ... 
t, . 

where t1 · · • time of' sunrtse 

t2 = ti~e of sunset 

r = radius vector of the earth. 

a = · the .zen1 th d.tstaneo 

Io ;: tht:! sola.!- constrm.t 1•<"1:• 2-.00 cal/sq .. 
crn./mln. · · 

Some of ~his radiation .is absorl:~ed and scattered in 

th~ earth • s atmosphere and thG exact proportion which · 

ultimately reaches the earth's surfaca- is dependeJ. t upon 

the •••• / 
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tbe humidity, turbidity and _to some· exte..nt the co2 content 

of the at.mot:,-phere" . Dru.mmond found that over Southern 

Af'riea an average of 61% reaches the earth • s surface 'Which 

is rather higher _than for. Europet North t.Jnerica or the 

AsSuming n trnnsmission factor' of 0 .• 6, · thA . ' 

·total daily radiation received a.t the enrth•s .surface may 
in · 

. be obtn.in~dllro~l. per sq .• em. from the :nbo.ve equation by 

introducing the factor Q .• § 
-1000 

·, . ~ . .. 

·thEm n .. o.ooos :x ~~ cos z at .................. ('l) 
I 

Atmospheric tem~ra.ture also varies with the eosin~ 

of th$ sun•s zenith distance~ From. cemsidera.tion of world 

isotherms ;$-t was postulated that th.e day. tenperaturG is. 

:reprt=:!sented. ·by the equa.t1ont TOe. ;: 50 x cos z ... 2.0 ••• (8) 

On M annual average· the V'alue of Z in roth equations 

(7) and (8) 'Yii.ll be ~qual t:o the latitude. . , It is thus 

possible to evaluate R and T fL~,d hence· the performance of 

an inclined plata solar stilll simplY from a knowledge of 

· the ord1na·tes of a partict:tlar s::t ta·. The values of roth 

R and T vill obvious~y cl'ac~ease, with lntitude md from 

Gqua.tion (6) it is clear that s11ch decrease 1o1ill involve an 

increase in_ the si:z~ of stiJ.l required,. Thr:~ siz~ of still 

required, determines its cost, Gtt.d henea it vTa.s calcu.lnted . 

thnt the cost of solar stills to be used at lntitudes gmater 

than 40° would be excessivs. 

~~ me values ·Of. R .arid T 1rrlll generally be lX>l'G . 

conveniently and aecu.rately interpolated from recordn of 

SUch do.to. is contained 

in table VIII, which· is re;produc(!:;d by c.ottt'tecy o.f. Hr. A.J .. 

Drwllmond (50). .. · 

.· 
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TABLE VIII 

To"tal Annual Radiation received on a horizontal plane 

l' j . Height 1· Radiation in kcal/cm21 
Country Station Latitude . Longitude above sea I s ur· t ' .I 

level in ft •i ummer vnn er, Annua..~. 
' 1 

Jnion of Pretoria' 25°45'S. 28°14'E. 4490 I. 101.4 73.1 1174.5j 
l South Africa Bloemfontein 29g07' S. 26~11' E. 4664 j 94.5 67.7 162.2 _1 

I !Cape Town 33 54'S •. 18 32'E. 56 112.1 55.7 1167.8j 
South West I 0 0 I ' ! 
j Africa !Windhoek 2234'S. 17

0
06'E. 5700 I 109.7 . 87.0 f·l96.7 j 

~enya !Nairobi .1°16'S. 36 48'E. 5970 
1 

102.4 f 75.9 ~178.3j 
p.s.A. East iV!ashington 38°56'N. 77°05'W. 397 I 79.5 I 38.9 · 118.4 1 

tl West IRivdrside (Cal.) 33°58'N. 1TP28'W. 1051 I 95.7 53.9 149.;6 
· , I 

;Central i i 
1 America !Mexico City 19°24'N. 99°06'W. 7585 i 85.3 77.4 -162.7 

Sweden !Stockholm 59 17'N. 18 03'E. Near S.L. 62.2 13.0 75.2 ' 0 0 ' ., 

United Kingdom 1London 51°28'N. 0°19'E. · 18 70.8 16.3. 87.1 

Germany Berlin 52°2}'N. 13°04'E •. 197 65.9 17.9 83~8 
Switzerland Zurich 47°23'N. 8°23'E. 1620 74.4 26.2 100.6 

France Nice 43°44'N. 7°14'E. 60 ~ 95.0 38.2 133.2 

~ava Batavia 6°11'3 106°50'E. 26 I 69.8 1 71.9 141.7j 
--·---- ---~ ·- - -·- -'--~-·-- - -- .. ---~----··--·----.~--- --'~·--- ----.. --- ·-·-----·------1--~--.--· --------....1.. 

,_. . .,--..... -

/ 

......, 
? 

·-~,~~~~ 



D, 4. ~e {to:;!: of So;tar Dis~i.;t,J.o.t~on. 

'i'~1a cost of solar distillation i.s almost wolly that 

of rede'?.rnihg the eapito.l cost ·of construction. The anotmt 

of la oo:ur required for cleoning ond replen.1nh1ng of saline 

waters· on moderntaly sized stiJ.ls such as w111 be required 

b.r individual households, will be negligible. It ~111 

probably oo performed as part of other routine duties. 

The cost or construction \dll obviously depend upon 

the facilities availnbla to px•ospecti.va Utlf>.rs. For. the purpose 

6r the. follot>rlng oalculat1ons it is assunled that a still of 

4' x 20 1 is required by a household and thut it con ba 

construeted on tl1e site. · The total cost will be composed 

6:r the following 1 terns: 

_ ..D,41 ·(a). ~e eva.norntQt ba.;tn, '\•lith distilla.ta collecting 

troughs on the sides, oay be constructed or concrete, 311 

thick and s·upported on a sUitable insulating ·layer en thick. 

About 1 ciibie yrd. of concrete and two cubic yrds. of 

insu.lat.ing bricks \\IOUld thus be required. W1 th. building and 

finishing costs add$d -the bath should cost about £1~. · 

· ..D,4,(b). Ibe Ca.;opz. standard windoM i'rS.~"J~s :3' x 3 1 may be 

. used. for the longitudanal sides or the canopy. Fourteen 

such. tdndows will be required . and. two trinngu~ar windovrs at· 

the ends will have to b~· specially made. With a::mem.bly the 

canopr shOuld cost about £50. 

· :D; 4;,(c). Th<:! pan. must be pa:lnted uith sev~ra.l lo.ye~s of 

waterproof, plastic, paint and the rest of the apparatus 

also requires p~ . .int protection against corrosion. In addition 

sponge rubber ga-sketn, \·tater inlets nnd outletn and various 

. other contingenc_y i tt!l.ms \dll be required. These might well 

add up. to £10,. 

The total cost of an eighty sq. ft. solar still tvould 

thus amount to a.bout £:75 or just less than £l per sq. i"t'~~~ 

Under • .-/. 
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Und~:r. average c~uth Afl-ican conditions~ refer tabla VIII 

and equation (5)' a.oove, .n still of 80 sq. f't-. will produce 

about {).gallons of distilled water daily i.e. about 1800 

gallons annnallf .. Interest and redQ!nption: of the capi to.l 

· involved t.x)uld amount to £6 per annum or about 4 pence per 

day'.. This. cost might seem high '\ihen counted agfiinst · 

gallons of water produced but as an indittidual 1tern of cost . 

of living) it is cert9:in.ly 1..rithin the .acope or any no:r:mal 

hou.sehold. 
. ' ~ 

The volum~ of potable wta.r obtainabls from a. ·solar 

still may be increasG!d by admixture td th natural sal!rie water· 

to y-ield a larger volume ·of poto.ble "tater, of low salinity •. 

The ·troublai"ree, oimple ·operation of a sr.'iall solar still 

rmd the. fact that· it operates ~best dur-J.ne dry. s:ur.my vea.ther, 

turtht:Jl., enhance its · attraction'ii, 
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As w~s .indicated r.nreviously a practical m.othod £or 

def'luorido,tion. ot · '\:tate:r Sttpplies is ureently needed in uum:y 

'!r,ferf thtlt dental' fluoros;,s l'iuS caused by exces:s fluorides .in 

dl?inking \rater, methods uer~ d~Vise(i for remoVQl of r.;ueh 

i'lttr:>rid.~ and numerous .aJ.ternnti~ or it!tproved :n:.ethod.s have 

nevertheless, at tha 

~resent time, vrary little pruetienl applien.tion hnt1 bean 1nade 

of r.rtr1 .of thes~ method~- or1 account of thetr high.· cost and th~ 

.f.luari-d.G eoneentrations al)()V'~ 1.5 p.~p.111. ocetrr it has g(me­

:r:ally l~e.n. more .eecnomico.l to de-r;elop a.lt~rnat.ive .sotn:·ces of 

supply, of lolrt fluoride concentrntio1'h 

supplies are litd. ted c.md the :need for deflno:t~id~tion of 

fluoride-containing -waters is a.cco.rdingly 001 .. ~ urgant.~ 

ii"luo:rid.~ may be :reJnoved trom 1.1ate~ by tJ.dsorption on 

.various flocculent p:r~cip1 tr'l tes or bY ion exchtmg0. · Suoh re­

t10vnl n-tttst,. hovteve;r; be &el,:eetiv~ s:tnee the e:&:tremely low 

re::;idual f'luori.d0 ·Concentr~.tion requ:tred \>Jould otherwise entail 

:almost complete demineraliso:tion, a.'ld removal crf all mnernl 

eonstitu~n'ts 'tltouid V$'r:J ::1oon eXbllust the exchange mec1:1.a~. 

Fluorides g~ernlly occur in fairly :snlino water, 1000 to 2000 

p,(i.p'!i~· salinitf and eomtr.l;ned rsr.1o·va1 or ru.1 mineral conctitnents 

of th~ present inv~.st.i€ations the rnost promising of th~ various 

detluoridants suggested in tha 11t(;lr:::rL1lre., trtere evalttated.. It 

;.;;a.s :f'atu1d tl'lot most o£ th~m did not me$t the cloims lt.aoo, uhile 

th:eir :p~eparntion v1as oth"!lbersorne and. co.stly li' . 1\'n nddi t:tonal 

lnrge .:tlUXnb~r of prGpnrutions ve:re tested ~xpe.ri~entnlly and it 

'tms observed that phosphatic materials ,,rel'e supe:rior defl.t.tori ... 
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A prerlim!nary reoort 011 this -. ~ 

finding hn:s ttlready be~n publish(ld (51). Tlle -crystal 

struotu.re of Apati t·e had previously- been studiod by Be~v~r.s _ 

and t.ici:ntil"e (52) \lfho eoneluded that the struc't'U.fie 'Has such 

that it would accom~.oda te .fluoride ancl l1ydrorlde, ions only. 

The latter study 9 together \:ti th the. pr~sent expe1'ii.cen.tn.l 

findings focussed attenti.on on apatite as o. sel$cti-ve {,\JXChe.:t'lge 

med1m:~ w.d tbe nm.jor part of the '\lrot-k tgns consequently devotaci 

to deVe·lo_prne11t o-:f a .suttt:lblt.::! a-patite material • 

. Attt3npts to ,Procluce apatites frOI!l n ohe~p and readily 

available:- ra:'iit material., lod t':) the d1-scio·very tno.t superphospha.ta 

of .lime cou.ld be converted into a rrJ.croef!yztalline a.patit€! by 

s:i.mply treating_ it t:i th an ttxcess of a dilutf.: solution of 

prov!.d~ su.ifiei(i~nt s-ttr.f''ace: nren, thGnce the preliminary degru ... 

.dation o.t :rock ph:osphatt3 to superphosphate 'Was esoc-1n.tial,. 

As a result of th1.s worl$: it v1a.s possibl~~ to develop 

· practict!tl methods .tox> defluo:ri,dining both con1l:tunn1 and. household 

A l.r;.rga-scale plant was subsequently -

denigned nnd put into ope:rution at the Hort:tculturo.l, Research . 
,Sto..tion near Pretol•in, sou,th Africa.· 

·;r,. -M E' T-. If .0 · D . S' _ 0 F. . F L U 0 R I D E- A S S A Y. 

In or-der to assess the efficiencies of various 

defluorid,onts; an o.cctu-nte metho<l ·of anoJ.ysis v:as reqUired. 

it'le var.ioas m$thod,s t!ihich have bean de~eriood, <aepcnd gener~.lly 

upon tho tadi11g c.f' coloured comple~e.s en.used. by fluoride com­

bination with a const:1tll~Jlt o . .f the former ... _ T'ne vn.rious .m~thod.s 

may 'be grouped tU1der {a) direct :t:ae•ti:lo-ds of t".t!ln.~y·si.s ilnd (b) 

t'l~1thotlo involving t~e diot:tlla;tion 6f the fluoride f.rom the 

·""''""' oJ' '""'"'1 ~-·""t. t:::\,... .,.,_..,_.-nnl· "" .. ~A-~f".t»~~.~··" W·~- ,,--;:;;_,. ~u.u . .t-L-""' ·o• 
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J\-, . DIRECT . METHODS • 

Se'tferal organ:ic dyes form eo1our~cl lakes td th 

thorium and zirc~mitm but thase mr;rtals also form slightly 

The colour intensity of the 

lake .:ts t.bus reducecl by the .rn:esenee of t"luorid.e· and the o.cr.ount 

of' :f'acl.ing measures the quantity of fluor.:1de pres~nt. 

The suitability of some 200 dyes as indicators :f'or 

the titration of fluoride 1if.i th thorium n1 trnte. wo.o :tnve~~t1go.ted. 

found. '~ere.~ ir1 oraer ·of (:Jffec.tiveness, purpu.t"in sulphonate, 

.Alizarin Red s., erioohromoyG.nin It, dic.:vanoqu~nizo.rin am:\ 

ehrcuns :a2'0:!'nl s. rhe best fluorescent indicators were, pure 

sublimed tnorin and querei tin.~ 

~·J.uorides. 'tdll also reduce the colour o£ ferric 

th.iocy&ltlate by virtue of the compl~x folt'1r!ntion. b~:tHeen fer.r1.c 

A method fol" determ:1nir.tg fluoride 11'3 

tlppliciltiO:O. of this pri1'1Clple has OOeD .. deso:ri"becl by Foster (54} • 

The ar:Dunt of fading ws measur-ed eolorimetrica.lly ·and allovranca 
4 

for inte:t"f'\':lr.ing elern.onts . such as sulpba.t<El; chloride; nitra:te 

er•itic1s<~d bY Doruff and Abbott (fX5) l:~cause the:re i4 apparently 

:O(:; constan·t relation betuaen the ruo.ount of .ferric and flttoride 

ion eolabin~d in the eomple:x,. 

combination v;ith z1rconi,tm, as an .incU.cntor tor the titration 

of fluori.<le tvi th thorium ba.s been, applied most gen&r31l'Y. 

several workers hnve investigated the implicntion.s o.f this method 

a.t'1d have suggested meti1ls for overco:Sirig the 1nter1"-~l'"ence caused · 

by foreign. 1cns. 

De Doer (56) tmd later r-·avelka (57); ~i.gl (58) and 

Alama:rin (59) dete::raine<i fluorides eolorinetrical,ly by· the use 

of zirdottium ... :'.llizari!1 m1Xt'ure, the eoloU:r of uhi,eh faded. in the 

p:resence of .fluoride~ 'Willard an.d Winter (60) :found that. the 

~: Any ion \vh.ich rorns a pz•ecipitnte slov •• "/ 
or a nond:issociated .nl)l't wi.th fluor.id.e 
or wi tl'l the tii tr,n.nt. in te rfcres \vi th the ti tro.tion. 
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use ot thoritim 'ni'tl"ate t, cmnbino \:Iith 14~e fluoride; .the 

tirc.onium-ali.znri:n. nixt11re th~n .indteat1ng the end point of 

the ti trJ'ltion. 

alcoh.ol solution 't..o :p!"etrent d~ssoeintion o.f thorium fluoride. 

Thompson ~~d Taylor· (Gl) boiletr the m!jtture ot · 
' . 

zirconiurn nn.d nJ~i:zarin ·With t11e f:luoride so.tlpl$ ::tn order to 

accelerate the .reactiorJ: batti<=len zirconium and fl-uor.id0-.·. un.e 
1nto1t .. f.ering effect of sulphat~ and chlo:ride was eot:lpensnted 

.for by a.dd.i tion. o£ similar (lusnt:tties of thest::l' ions to tht'!; 

Sanchis ( 62) developed this 

method :tor use 11titn .nntural iltaterE) but did not succeed . .in ' . . -

eliminating thG off~ets of 111ter.rer1ng ions com}:lleteJ;~t· 

In order to minim!.oe interferfl,nee.11 Reynolds· & Hill 

(03) used a buffer· to control the pH o1' the titrated solut~ion 

n.t about 3 •. 1. At this pH, ·plain all.zar:tn aye ws.s found 

s~.c'dtable as an indicator, viit:h a greater :S(;}:nsitivity., (F:rsviou:slt 
' . ' 

aimplifi.ed 1nd1otttor wo.s. too sens:tt:t:ve to change.s. in pit} .. 

i'bese work;el"S alno foun.d thnt th~ titration. or· f'luoi>ide td.th 

thorium nitrate ~y b~ :cttrr:ted out in aqueous solution. .(without 

t1dd.ition o:f ethyl o.lco.hol) '"1th a resultant sharper ~"'ld point 

and no exceosi v~ s:zsror. 

A further modific-a.tio11 of the lntts.r proeedtlre (63) 

was desct"iood 03" SteW.J'lS { 64) • · 'ibis method provides .f'o:r o. 

sil!iplified rat1!-d. ·dete:rninnt1-on of fluoride by ~lim.inating t11e 

·us0 of a l~ge nun1be-r of r;tanda:rds ror colour coriJJ!ll"ison. 

Jl..ccol"'d.ing to . this J.nethod fluoride :ts titrated in 

aqueous bttffereu ·solution. with thorium nitrate to .a standard 

The; snme quantitY 

or .thorium is then titrQ.ted "t·Tith strutd.a:rd t'lu:o.ride solution to 

t\ :matched colour intensity in ~mother tube. Half neutralised, 

normal •• ; . . 
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normal conochloracetic acid in used as a buffer, oaintnining 

the pH of the solutions at 2.8 \~There interference fron foreign 

ions, excopt sulphate, is clnimed to ba nt a minii!n.ln. To 

cornpcncate for sulphate interference an equivalent quantity 

is added to the back titration. It is thus necessary to 

firot detcrnine the sulphate content of tho f:iample. Durinc 

the present investigations thin method 'ro.s found to be very 

suitable for routine deteroir.u~tion of the fluoride in large 

numbers of tJater samples "Ti th constant sulphate concentration. 

The oothod or Stevens ( G4) wns critic ally revieved 

by Copemn:n (G5) vho compared it uith the st~'ldo.rd cl1stillat1on 

and colorimetric methods. Reproducible reGUlts were obtained 

and tl1e recovery of added fluoride was also satisfactory. 

In the course of the present studies, spectrophoto­

~etric compo.rison of colour intensity vas found unsatisfactory 

due to slight turbidity uhich sOI!letimes occurred in the smnple 

tube on addition of thorium nitrate. Visible comparison, 
I 

hov.revar, uas found suitable since addition of o.s ml. stando.rd 

fluoride solution reprosenting o.os p.p.c. or fluoride ion gave 

· a .diotinct colour chnnge • 

. Some analytical rerrults nre given in Table lX. 

TADJJE IX 

ACCURACY OF FLUORIDE DETEBl'·1IIlATIO!!§ 

. 
I • Fluoride addition to Total F- found .. • • 

tnp wnter(p.p.m.) (p.p.m.) 
. 

• : • 
: 
: • 

1111 0.2 • • : • 
: ' t o.5 0.65 : 
: : 
I 1.0 1.1 : • : : 2.0 2,0 : 
r • 

3.0 3.05 • 
I I • • : 
: 4.0 4.0 : : • 

It •• / 



It tota:o not<"~d 'that fluoride recovery "t-tns influenced 

by chrul,Ses in pH during ti trnt1on ns :ind1cnt~d in Tabl~ x. 

~~w~~~~-~--.--b1---.. ·~~o-~,.-;,;'l!ll ___ , , •• _.,_io+t_or_t.,..m'!W;-lltl•-.,•-•:llJI-r ---~~ 
:: ; "' •· ... • 
... 

,;»•· q'-

It .. 
... 

- .. 

• ' .. 
.. : 

FJ.uor!dt;l addi tio:n to 
tap '~atet" (p.p .• m.) 

1~11 

Nil 

tU.1 

2.5. 

~ 5 ;.: ... 
2,,5 

~ pll of Ttfbe o p.- found 
I t {P•Pt~t) 

f 
t· 
• .. 
·• F 

t 
1 

" .. 
·: 
·• .. 
" -~ 

' * • 

• • 
• · Jl ~ •. ·i~•••....,;lirl$'l'lllii'W~--· ...,. 7-nu• ---5 b-1 .,.jl 

a.E i 

:' 
.t} 95 k • """··- -_ .. .. 

•·· 
0 75 " .::..• - . " 

t 
3.15 .. • 

-~ .. 
a.o ,3[ l 

:. 
2!1>75 : 

- o.1 
0-.08 

o.4 
21 . ... 
2.7 

s.s 

~­.. 
J 

~-~-~~iii ,._~,-~, 

In orde-r to oi)tain reliable results, it \'ras ::found 

. neeessa.ry to- achieve exact neutralisation of' the sample and 

to ensure that th€1 ·oompa.!'ed ~elutions \itere equal~ ·,.,rell . bUffered .• . ' ' . 
The .method fails eompletely 1n the pr.e.sence of 

· phosphnte ions thus necessitating tna usf't of' th~~ disti:tlatior.t. 

procedtt1"e. 

.Iib:r control assays it is best to 

fully controlled ·distillation. 

in. th(.! distillnt~ is· then deterr:dned by a colo.ri~:"tetr:tc· .meth-od,. 

D.ISTILLAT1'0IIi • • ,./ 
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The sepa:ration o:f flt;;.oride as ltydrofluosi11eic ac.id 

:as gc-.nerally used today '\llas first deser1bed by \'Iillard and 

mined by precipitntiO'll (69, 70) or by volntilisntion in a. 

perfectly dey utoosphere '\>ti th silica a;nd sulphtt~ic acid (7l, 

The methods' were tedious and inaccurate .. Willard 

and \>lint~r u.st3d percnlot'"ie a.eid nnd glo..ss beads to ;distill 

fluoride quoot_;i't~rtiV'ely as hyrdro-fluos"ilicic acid~ The 

concentr-ation or the neid ntid hence th~ boiling poipt of the 

miltture ~ms maintained. constmlt o.-t •. about 135°0 by graduu~ 

-nd.dition of ttrater th.rough. n ct~p11la.ry.. 'The tluo:ri~e in tho 

distillate ws.s tnen determined D;G deserilx~d above under dirGct 

methods, all interfering ions havir~ been ~lirni.nated. 

Tnis method t.:CJ;.s l.n ter i¥::tproved on, b:V .Eo:rl:lff .Qnd 

1Lbbott (56)- ar1d recGn'tly Hill and. Reynolds(74) d~scribed a 

have been inetrrpora'ted :in the existing- standard rJ:!ethod$ (2; ?5) 

for the deteri;;i:nation of tl~:wrida \'1li1ioh nrc, ho\rottatt:; still 

ba:!;led on the original :method of \•Jil.l.ar,d and \-linter. 

Th~ separation ot fluoride by distillation does not 

eliminate a,ll sources ct :error ns was pointed out by Rey-noldo 

and Hill (63) ~ It wn..s sl'to\m. that the final ti trilt. io11 of - -

fluor3jie is irJflu®ced by tho distilling acid, the quantity of' 
- ' 

neid used, the rute o.f d1s.tillo.tio.n., the temr,erature of 

distillation and incomplete re.w.:ntio:n of t)ho.sphate, pyri·tie 

sttlphttr (t..nd hnloge.tlS• . It wn.s .tound that thEt blO::L"llr titration 

of the d.ist11lat.e of perehJ.o:r:to acid alone, in.creaeed on con-

tinued.distillation. on the otner hood th.e . addition of the 

evapornttJd l:>lanlt <13~stilla'te to a ltn:0\41 nmount of sodium fluoride 

gave rise to n slie;btly l.ot!T!~I·ed t.i.ter~ 
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Rickson (7G) studied t·H~ ti trntion of distilled 

hydrofluosilicie s.cid \dth thori.UO nitrate and explained 

the rennon for t:1e low fluoride values alway::; obtained as 

follows~- The fluosilioic ion hydrol.ys~s t() forn silicic acid 

and fluorida according to the ,equation below. 

Si F6 _..., 4 4 o:rr· ..... H2 Si o3 4 6F-:.J. II~. 

An acidic solution will therefore decrease the quantity of 

titratqble fluoride, nnd any acid which distill~s over in the 

fluoride separation will therefore tend to give a lower result. 

By incrcaning the pll t"!le formntion of fluoride is 

z:lOro col!lplete, but alizarin cannot be used abovG pH o. 5,. 

Riclcnon t!1er~fore recor:rr:ends the use of gallow-cyanine in a 

sodium ac~tat~-o.cet1c ncid buffer. 

Thase latter icprovcoents arr- ained at eliminating a 

maxtouo possible error of ].%. Such rm error was ir:t:Ul terial for 

the purpose of the pres~nt investigations since low concentrations 

of renidual fluoride (~1 p,p.rn.) v~re required to be detero!ned 

to t3e nearest first decimal only. The method prescribed by 

the South African DJ.reau of Standards (2) was thus found oost 

suitable and reliable. This method prescribes distillation ot 

the meauared sruople with perchloric ncid nt 13sPc. ThA acid 

sanple ni::1rture first boils at little over loo0 c, but t~e 

teoperat-ure rises With concentration or the acid until at 13s0C, 

fluoride is dintilled over quantitatively~ In ord~r to prevent 

loss of fluoride, the diatillnte collected prior to the boiling 

mixture reaching a tenperaturo or l20°C, is returned to the 

boiling mixture as dilution water at a rate which maintains the 

boiling point at 13SOC. Th.e final disti.llate is t~1on ti tra.ted 

with thorium ni trnto to a standard pinl~ colour of alizarin red 

ind.ico.tor using hydroxyln.oine hydrochloride as b.l1"fer. 

During the present investigations this method was applied 

as n.n intermttent check on routin~ ana.lysis by the Gtevans • method 

(64). Fluoride determinations were repeatedly reproducible to 
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o,,l p:.p.m. and r~·oovery of addeu :fluoride t18.s aq:u,a\;41' 

sntisfacmn .... 

l·i~. E .. V .A L U A T I ,O .. N. .0 F., .q D E F L U 0 R I D A N T' S'. 

it1E ,Qf:ficd,.(:111CieS Of ·1laJri..OUS dt.=:f'lUOl'i~ ts ee.n basi'; 

be ~luet~d irt :n column. ti1teJJ since th:ts is the g,en~ral nnd 

r;;Jti~et t~'f:f!c'.:~tt mstno:rl of u:s!t'l:g 10l~~exch~ge iJlrltrl:t-it!tl:s\Of,. ihe 

p~trf;Q~e'e of .s.uceh eo11.m1ns is of conrse <lsvendent upon tlt~: 

f:b.lO:tt1de :n:ff"it'd::ty ·o-f the ecxeh~e :media til~n used lmde:r 

:Speeir:-le ootldi tf.ans i.e., ftle tota:J. .at~t. of: flutrr!,de .remove-~ 

·bzt a oolu.~ ts· n f"'atlQ"titm ·of ·t.~~ ;::111Wllnt of tlnori®· v.n.i~h· n 

1mi t mass o:r \toltttr:Jll.! of {drs-tloor,.dan:t em . .abwrb. ·vnrfo1.1"S of111et" 

tfl~l'.s ,such ·as·· ~-ew~ati~ O:f' fluQrt,d,·~,. rats ot f'lolil} piT of· 

tb.~~ wtar,,. ur:d tempe;ratm!e:,. '§till &W.sc .a;tfeet tne 'f'~nlt ,· but :. 

the:s:e em·. ~ Q)!lt!'olledi to r~"'lin. ·eoustttnt .tor th~ pt:trpo:se of 

tbe ~xp~ll'i~t .. : A. mearrtt;rf.) or ths a{';'tfl'Ut,)tidiGing .otJ:ptto:i ~v 

.Qtrnei~ll in eqn111l:t~J;.'U."l'l ~er:i!rmt.-~ ~hould tberefor-.e tn:&cn~ 

th'S 1>0tenttnl value o£ a defluoridant l'lh:en it ill uiltast~l¥ 

c'Q,s~d 1n a eol'U'rnn. 

!hers 1iJef\e sette:«?al P~'aett(~ru. dif£1c~tlt1es oo1n:reeted 

\lith ·tb.:e ur..e of' ®l:~ (~) l~Y of tbe prepr;;mtJ.<)nS w~ra: 

povd~ttY ot" geJl:s;t5 .. 'DI.>ttn ~ ¢on.~quatl¥ wb.ollY uns'Ui tabl.e .for 

tiDe in a :c.ola~ ftlter,jj. 

Qnd, · ·(b) a. l'~lnti~lw large qu~ti.ty· of 

$W~-~1r..J. .and elabr.trate testing pr(.)Cedu:re are r:eq~1t>e4'€. 

It l<ias ·tn~J?efbre· ·OO!'l'S'id~!l'ed that ~J.~~v ·tes't:!ng 

of a larg~ ntunoor at preparatrons. eonld ':oos·t ba ea·:r:rie<l out in 

b::ttch operations so ~.!~ to c:ih~in a m:e$-Sl-~ of tb:t<!'i!" dsfloori· 

tU.tdn.g ·Cnpac·i.tl-" \rhi:le col~ -ev~:tua tirOn: \r.TOttlil -~ !'ese"~d tor 
ti:le -~-st pror;~~il'l;£~:, ool.v ~- Pr;a:U.m.tnary t~:;stmg involved thi9 

followiil!J -~ta~mi.!m.ti.;.on:~a ..... 

(n) def1~1.d:Lt;tng eapaci t"l" 

(b) low:St P:esi&lal ,flliO!"i&:r QQ~ootrtttioo l)bta:tm'b:J.e .and 

(-e) reg~nera.tion p:ot~1tWi tv .. 

it.e ~e o:f (a.) ecr:ttplc·d. ·~ th the vlllue o·f' (b) \'fGUld 

then be 'a oeoSt.1re of ~.1e f'lllOrJ,.d-s 



affinity of the material tJhile the va.lu~ 

of~ ' (c.) 'iOllld ind.ieo. te i.ts prnct.i cnl fens! hili ty • 

D~tel'r1li.nation !"f laJ .• 
llliilitJMiw .. ~·UW;I& 4 & - lLl..MOI~ 

test was thoroughly mi~~d (shaking fo:r 1 min., ) t>Ii th loo ml. 

of tap ~tett-er 'V.J:hich had tn"eviously bet=!n fluoridnted to eontnin 

10 l)•P•mif of tluor1de ion. After separa·tion. of the 

d~fluor1dant by ce:ntrifug:.tng, the supern~tf;nt t!Tater 1>ras 

·decanted and thA residuo.l concet'ltra1;1on of fluoride :.i.on in it, 

rap~ated tdth succsssi·v(:) 100 mlo of fluoridiaed t;,rttter until th.e 

rasidu.al fluoride c.oneentrat;irJtt of the superno.tent liquid 

deflnorido.nt was ;chf:n eal.cula ted. by adding togeth.ett the rlj.ll1· 

gr®s of fltmricle t:f'l.rzcived fron each suecessi ve 100 rnl. quantity 

gram defluoridnnt. 

ll.1 somt=t ¢ases~ 1 gram <rf defluot:>idont cr:.uld not -reduce ·the 

:fl.uo.ride, ion concentrt1tiot1 of ov~.n the first 100 nl. q:uantity of 

eases the .quemtity of ·rluo:r.id.EJ removed from the 100 ml., ,of 't~ater 

· tYas .reoordE:rd .o.s the defluo1~idising capacity of the nateria.J. •. 

Sine~) 

from the <tUtltd;i~y o·f deflno:ridant u.aed, vi2.1 gra.rn p$.r 100 nll. 

tifater; · thore t:ms no · ~que:stion or the d~.fluo:ridant 'beeond.ng 

saturt.ited; tho nio.gn1tude of reriidunl fluoride gave an itlve:r-se 

mAasu.re of the .fluoride affinity of the defluo:ridant,. 

. . 
by tne alxt.lity of fl110ride su.tura.ted defluor1do.nt to ex~ :regenerat~ 

'PY adJ'Jli.xi."Ul'$ -with ~. 1% solution or sodi.Ull:l eydro!dde. The 

deflUoridant '\W.S lmbmergad in the latter ~<"JlUtio:n for l hour anQ. 

neutra.ltsa.t:ton of! the defluoridan:t was obta:.tnt:Jd by further 



vashing with s11g~1 tly ncidified va ter. Subsequent 

)f?rcentoge of tht> original eapaei ty. ross of detluor1dnnt 

during re-generatlon 1nd1ent~d that :r('lgeneration would oo 
i:mre.cticable. 

'· 

f:.o.r.le 55 p!"fl'parations were tested by this ~thod. 

'lhe snlient t~aturt~s of a tr-w r~prPrrMtative defluoridants 

nrP recorded in Tn ble XI. 

IAP"LE 11· 
FIT~llwCJE§ Of YAI:liQY§ m;FI,UOUliQA~rl:§ 

Defluoridant 

--· --=. 
Lowest 

Defluori- residual 
dising p- con-

capacity centration Regeneration 
Physical 
nature 

mg. F/g. obtained 
----------------~-------~--~(~n.~n.~m~Y--------------+---------~ 
Mg(OH) 2 

Al(OH)
3 

precipitated 

Al silicate 
complex 

Silica gel 

Bone meal 
ignited at 900°C. 

Calcium phosphate 
(precipitated) 

Calcium phosphate 
(apatite) from 
ignition of 
3Na3Po

4 
• Ca(OH)

2 
at 900°c. for 
2 hours 

Calcium phosphate 
from ignition of 
superphosphate + 

lime at 900°c. 
·for 2 hours 

Activated 
superphosphate 

2.1 5 

2.0 2 

1.8 3 

1.5 5 

0.5 5 

9.0 Zero 

3.5 zero 

0.5 4 

2.5 0.7 

Impossible 

do. 

do. 

do. 

Possible 

50% 
with loss of 
defluoridant 

100% 
no loss of 

defluoridant 

80% 

100% 
no loss 

Powder 

Flocculent 
precipitate 

Gelatinous 

do. 

Granular r 

l 
Gelatinous l 
precipitat4 

Greenish 
powder 

de. 

Mixture oj 
powder anc 
granules 



'The variou$ defluoridants wich wnre tested :t:ta.Y 

be classified as (A) Adsor-bents l.e. 'those wi.th adsorbent 

stu~tace ac:t:tv1t'r.! s.nd {B) Ion exchange medin. In the: 

ltttt~r oatt~goey, sp~lo:l sttent:Lon ws 4~voted to an e;.teha'Jlgg 

:medin!'.l prepat-ad froo eome:rcial tmpetphonpbate.. .lt is 

therefore ~st d.oolt Wi.th separate1y under (C), Activated 

snpat'Phosph.ates,. 1he defluo:ridants listed 111 table XI 

ore li1seussed. und~r- the.s(;! headings • 

. A. Al'§QRfUY.I -RiELJJP.l\lDMil 
A rErVi:GW or lito:rature indieated that ~i,Sium 

bX,dtQ~§: llns ottft of the most efficient adsorptive 

de-tluor:i.dant:S; Scott et· .• nl. {'77) observoo that lioE.l•SOdn 

sott~.nL11g of' water t-~dttced i.ts fltloride ion eonoa:ttratian. 

'ihGY !'"und. tht~:t tltis rt:'Kluction ".laS a .function of the 

quantity of magnl!fsim WJ.eh -was p:Peeipit.at.ed and eonclu.tled 

timt tluor1de was adso.l.,bed on m.:agrH?Si.uo hydroxide. ~Y 

dGduc~it the following equation. froo th~.ir o bsP:rva.tions '""' 

r reduction= '?'$ of[Fj x Jtts. ?emoti~d 
nnd established f'l1nt fluorid~ :removal 'by tnis means \1a,s 

uneconomical. if tb.s original tt...agnesium co-ntent of' the 

wat~r l<~aS smll. 

zettle.coyer {78) ~t. al. studied this pht?notlenon 

furthe-r and dednee·d that ltlt'lgnesiuo oxide 1s partiall:T 

hydrated> :followed by tormntion or magnesium fluoride and 

sodium b.ydro:r.J.de by _ met a thesis. t~esi.um fluoride is 

th-e-n ad.sorooa on the nydronde forming perhfips an o=cyfluoride. 

i'he a"trerags 
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etfJ~ei·sney o:btnined; ·owas about 13 ·mg ,~ ret'i.OVed per g:ram cf 

m~~a:ia •. 

Go~t~ :and ~igef> ('fl9) tiled a pa:t~nt <ilt!tlu;Qrldatton 

.llttoee.s:s· Tf.J~lsetl on tbe ~bove· p.raeiple. ·~y .SUft&Iested 

~nricb!ill& ·t-ne 'l':ow ·wtiter wi.th ~slum ·by miXing ;it \~th 

ea,lein~:t:~: dolo~.it~ .• 

During the pl!e:s(:>.n·t- ~er.f.~nent:s ,, it ·ws' fotmcl that. 

nngneisiult h:$il~oxt.de had. a 11tt4J~ed defl.uoridi:sf:ttg co.pae;ity ~;.il.oe 

it-s r:allttre · to :rooU'ee· ·tn;r; fluoridtJ cor~Centttation of ·wa;clto.r ·to th·~ 

opttf';)J;tn ~e-vel :r'ande:red 1t tm'flld t;s;ble ( t'Qf,er' table Xl) 

~-.Ii~~~ ·tbe 'U:s~ pf' a:tnrutnint"ll ,snlts to. :torn ·tt 

flOe fo:r· c.ortgu.l.:a:ting i:mpuriti:t;·s, i~l ·common Piractic~. in ·wat~r . 

trea;tamt anti ,it i:S th~mfot'{!} :not sturpr..tn~ that a.sfr<loridatlton 

'by this ·m~thou w,s ·inv(t;stigc.'t~ hY sertternl "Worl~et's (eo,,,:Ol.~.as,.as) 

·!fhs restdt:s ~pcrr~d. ·indicate that the defiuoridi:Sit?<S c~patd.ty 

o'f Q!W..iniQm b;lfdrold.de; floC, f"{jr~: frot:.t aluminium Sull')hO.te .end 

.a. stltJ.rCe -of lillimlini t:-.; ,. mttY 'Vary tren .5 to- lO mg. c~f tlur:rride 

Dn-rlng the prctsen't. etudJ;es (~ible Ja.) a'l.:til~'Utl 

silie~t~s vgr~ ];tt"~p.n:red: 'b1 ~f.ng _sol.utions o:t iUuJ:dn1lm 

sulpbats and sotiiuo silicate to n rero.tont pR 1ttalue· o:f awut· 
'7·if>; The t."asrred. f.lOcoUlant proo:tpita:tt-.i tw.d an: avel"t.litte· fluo:t"ia:e 

;flil$0:rption ·C~lJacs:ty .o.f l-.s 1l(!: .•. pet' grQr:l... 'fh-s· fo·rmntliorJ; of 

a.lnrr&.riitttl fluos11ic~'te '\tOl1ld ~nho.n,c.~ ·tha eapao.t.ty o£ ·th~ rmtE>.1'"1al. 

wt s.s b'i.ll. ~ :not·~'d from :F.igure II, the- l"f?mve.l of fluor1d~ 

~-$not. m :stoi.J~hio~t~.;i.c: <;t~'Ult!ties·,:!ndteating ~~y stn;•;tnce 

activity.. ·'!be -(l"~~.ac1tv dropped, off 11l·tn. lQ-tlietlrlo.ng o£ :fluoride 

ion .concsntration of 'th-e t.~ter Q.ild. below 3 p,. p.o.: t:Yf flttor~de 

rJ.O f\tl'tller: rl'!:!d:u:etion cottld be o'btained. 

!b·t;n $11lminitttl hyclrcxtde and ,a~mitlet silictt:ten' M~r~ .. 

tl'l\ts founil mattl!'a<::tive defltttr~1cl$.t~. 
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Silica get wa_s prepared by slow acidification or 10% sodium 

silicate solution. The product could not_ remove f.luoride 

froro water which contained less than 5' p.p.m •. of tluo~ide ion. 

· Activated cax:gon ( 84)- require_s ·preliminary acidifi-

cation of the tluor.ide bearing water to a plt _value of' 3• Such 

· excessive ae1dlf1cat1on and subseq~ent neutralisation render · 

the process. impracticable in consequt:moe of which this method 

_ was not .investigated • 

As 1$.- evident £rom Table XI .as well as the previ-ous 

_di~cussion the adsorptive defluoridants all bad comparatively 

low affinitles- f()_r fluoride~ · In addition their gelatinous 

consistency rendered them unsuitable for use 10 a filter column 

and f.inally the.ir 1nab~11ty to be :regenerated success~ully led· 

to the_ dec.isio~ to suspend their investigation in favour of 
" -

_ion exchange def'luoridants. 

B. ·.tON EXCHANGE DEFLU0£1IDANTS• 

Commercial anion exchange resins remove fluoride 
- -

together with all other a.n:ions.present in a·water. Such 

complete dem1neral1sat,1on is, however, not required for domestic 

use and· the high ,cost is thus not warranted, particularly in 

· view of the fact that fluoride bearing waters are generally 

highly mineralised. It appeared, therefore, that economical 

defluoridation by ion exchange ·requires·media which have a 

high seleotivity_for fluoride :tons. 

Def'luor1dat1onw1th bone meal and other phosphatic 

materials had previously been· stud1.ed by other workers" ( 8;~91) · 
' . . . . \ 

- . . 
They attained v.arious degrees ot succes.s but apparently_ did 

not real~se that they were in t'actusing a selective ion 

exchange material. . In any case, this is not mentioned except . 

by Smith ::(87) who. suggested that the fluoride absorption of 
' ' . ' . -

bone was accompanied by formatlon of fluorapatite. - No further 

·attempt was made,however,to investigate the implications or ion 

exchange •• • 1 
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' ' 

exchange by apatite. The present studies ilidica.ted that 

· a{>atita formation was of' pr.1mary importance for ef't1c1ent 

def.luor1dation and detailed investigations, as are described 

in the following 'pages, were" undertaken in attempting to 

develop suitable materials. 

E1l,i. Bone. Mfa~ was ignited at 900°C and thereafter soaked 
.. . 

·. in l%' sodium hydroxide solution tor 24 hours. Samples not 
. . ' ~ . 

'ignited previously) were soaked in 1% ~nd S% solutions 

respectively. The def'luorldising oapacit.ies· of these 

preparations were small (Table Xl).and became negligible 

v1hen ·the fluoride concentration or a water was near the optimum 

·limit • Its possible use was thence ignored. 

.:81 2~ fteg1g1tatgg PhSUiPbite&:i 

~ha princi·pal chemical constituent· of. bone, tr1calcium 

phosphate, was ·prepared synthetically and used as a 
•' . 

defluoridant by Elvove (86), .Adler ·et al (87) and others 
' ' 

t88, 89, 90).· Vander Merwe (9l).recommended the use of' 

freshly precipitated tr1calc1um phosphate prepared from a 

soluti,on of superphosphate or lime and milk ·Of lime. 

None of these recommendations have as yet round any 

practical application, primarily on account of their high cost 

and cumbersome procedure •. 

The results of initial trials with precipitated 

calcium phosphate (refer Table XI) w~re nevertheless so 

:promising that further detailed studies ensued. 

The .results of def'luoridation tests with various 

phosphates-which were prepared in the laboratory are recorded 

in Table XII. .Except where otherwise indicated, all.preparations 

were precipitated in aqueous medium by mixi.zlg 10% solutions 

or suspensions of the reagents in the recorded order. All 

precipitates were washed free of electrolytes before they were 

tested.· Crystal structure was deter.mined by means of X-ray 

diffraction,. in order to indicate the presence or absence of 

hydroxy apatite~ 



No. 

1 

2 

' 
7 

;8 

9 

9• 

108 

15 

12 

tt.AReB X11 

l?U'LUORil?ISil!O PROPBHIJCS Ol DBDIPI'l'ADD PBOSntATES 

Preparatioa 

'l'ricaloium phosphate (B.D.H. Reagent) 

2 ca3(P04) 2_: reagent + caot2 + 4 ao11 

Physical 
Properties 

Precipitated 
powder 

Colloida·l 
precipitate 

D~04 + o.r. .. silicate + o.6 oac!.2 .. I Gelatinous 
. . i aci4ic 

0.15 A12(")' I 
1 o~4 + o. 7 • silicate + 1. 5 cact.2 + 

0.15 A1 2(so4)J + 0•9 CA (OH) 2 
I , 

0.7 •• ailic,\llte + (D2P04 + 1.5 0801 2 
Jaixture) + 0•5 ca (08)2 

6 m~4 + 10 pa (mr) 2 

6 m~o4 + 10 ca (OH) 
2 

Driet at 160°0 

2 m~4 + 3 OICJ~2 + 4 xaoa 

I 

:2 0~04 + 30.C1
2 

+ 2 JaC* 

3 ca(OH) 2 + 2 a
3

Po4coac. solution 

11~ 

&elatinollll 
alkaline 

Gelatinous 
alkalille 

ctraaular ana 
. brittle, 
alkaline 

Amorphous pow4er 

CJelatinoua 
precipitate 

Granular acidic 

(l'ramllar 
alkaline 

A.Dalyaie r:Detluor14lainc- 'Lowest 
~ by weigh~ capacity mg.F I r!situal 
++ ~ --- ca/ i gram ., con-

ca 04 po4 i eentra-
1 1tion ob-

-
.! 
I 

I 
I 
I 
il 

I 
I 

·I 

i 
J 
! 

~I 
j 

ratio! jtaine4 
i lp.p.m. 
! 
i - I 
i 

I 
I 1.1 i 7.1 

I 
t 
I 1.1 4.4 

____. 

2.1 5.4 

3.8 2.8 

T· If 

II 

i 

I 
I 

!\ 

q1.3t44-9 .94 
! 

26.3\5!h~ .442 

-

5.2 1.0 

2.4 0.2 

'2.1' 1.4 

4.6 0.2 

Wil {P04 4iaao1Tes 
in water) 

3·1 2.6 

12a jNo.12 Dried at 160°0 Amorphous powder ' - ' - 2.6 3·2 

13 3 cao1 2 + 2 :tt3Po4 + 6 .. OJf .. latinoua 
precipitate 

40.3\51.3\.786 
I ! 

3.4 0.2 

1 

I 
I 
I 

' 

1AW4.A. ... t1J vv 

be regene­
rated with 
:Ja()l{ soln. 

Partially 

partially 
solUble 

8 9. 

Remarks 

'unsuitable on account 
ot colloidal nature. 

t ImP<:laaible !Drying 4eatroye4 

I 

l 

ImP~•a.ible · 

/ 

Imp+asible 

" 
PArtially 
aol"ible 

-
I 

par.J.ally 
aoltl'ble 

par~ially 
so liable 

partially 
soluble 

Partiall7 
soluble 

actiTity 

completely 

Low recovery 

Reaction slow ana 
incomplete. 

uaauitable on 
account ot colloidal 
nature 

14/ •••••• • .•••••• 

·'I 

~I 

~ 
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PIJ'LtlQR;(PISII9 PROUBl'l'D§ Ol . PQCIPITATBP PBOSPfiATIS 

I AM17•l• 
i I S;rweliB Ph7e1oal 

~++1Pe4 ~. Bo. J'M:pa:retioa Propeptiee 
· zratio 

i 
I 

i 
! i 

f14. 4 cac11 + 2 ¥ 4 + e ... Alkaline m1oro•j39•.3 5.3.8 I .721 
&J&tite 

1 i I_ 

' 14a lfOe14 Dr1e4 at 110°0 i A..•tite ' 1 I :_ ;• : - I 
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.QJJ1li:.UVATIOlJS: The attempts to imbed phosphate on silicate com­

plexes by mutual precipitation did not produce ef'f'icient 

defluoridants! Especially the introduction of aluminium 

seemed to reduce the capacity (see preparations ,,, 7 and 8). 

Tr1calc1um phosphate reagent had only limited de- . 

fluorid1s1ng capacity (refer preparation land 2) 1 but fresh-
·. ' 

ly precipitated phosphate~ showed muc·h h1gher aft:f.nities 

{reter preparations· 9 to 14) • The original combination or 
the reacting ions used to form the precipitate did not affect 

the res~lting product materially provided that their ratio was 

such-that !'ormation or hydroxy apatite was possible. 

Best aftic!encies were obt~ined when the· media were 

precipitated in. decidedly alkaline.solution with a pH-value 

·above 12. · Under. these cond1ti.ons a microcrystalline apatite 

structure and a h~gh Ca/P04 .. ratio was obtained. Excess- calcium 

reagent and/or high alkalinity produced a colloidal precipitate 

which could. not be used satisfactorily. These results 1ndi• 
'. ' . 

. eated that high·det'luoridising capacities were obtained only 
. ' ' . 

· 'when the precipitate contained microcrystalline apatite •. 

Hodge et al (92) reported that themode of mixing the 

reagents· de.termined the crystall1n.e structure of the precipitated 

calcium phosphate •. -. Experimentally, however, . the variation .in 

defluoridising capacity or such preparations was insignificant 

(ref'er preparations lla., ·l), ·c, · d and. e). 

The capacity or tne material prepared f'r.om super­

phosphate solution was relatively low (refer preparation 25 a_. 

and d). 

-The average def'luoridis1ng capacity of' the precipitates 

(10 to 14) compared favourably with .that reported by Elvove and 
' ' 

·others, 1riz.5.3 mg/gram as against· 3.7 mg/grm. · This was 

probably due to additional fluoride adsorption on the gelatinous 

precipitates •. All the preparations were, however, unsuitable 

. for· practical application due to -

(a) •••• / 
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·(a) th~ s.oft powdery na.ture of the precipitates 

(b) the lo~s of activity upon drYing or· ·ignitio.n, and ·. 

(c) innbili ty to be :regenerated after sn.t"tlration \d tn 
fluoride- . 

. R~genc_r~: 

Extens~ ve · regene:tlation t~sts were e~u·rled out Wi.tb 

t'w'o preparations lbich were selected because of theix· high 

defluoridisi11g capacity. A suspension containing o.s grnrns 

o£ freshly preeip1tat;ed defluoridant. was repeatedly saturated 

,. with fluorid.e nnd. therettfter 1·eg~nerated. . Se11ex•al regenerm1ts 

· were used ns indJ.(!ated. in Table XIII. Fluoride and. phosphate 

co.ntain.ed in th~ npPnt regenerw1t antl was·nnes were d(!'termined 

. \ . 

; . 
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R~g~ner:atton io.f ·the ,(lefl.uortdants resa.lted in sueh 

oove~ lo:~a Qf -etfi:c1en:ey ·that .5.t rc~df'red the pttoeG~s 1tqJrae• . . . . -

·tieabltl ev€!1 mder tne mo,st· favourable· oon<Uttons~ 1b-<:i rodac• 

tton iti eap~e.i1ty ·was in d;tre.et relation to ·t~:1e p·eroenta.g,e · af 

.tlooridli\l ·racervtlt"na:. ·&trtng ·:regen~,.rati~n.. 1tt.\he :dls·sQltltion ot 
phas,pha~· UI• the· ~egene:rant. eause:d 1£1 considerabJ~e loEts ~o:f 

cittt~:1ii•al and: itt&crJted that. ~n. more stabl.e. st~~eture ·waa. :requi:mtl 

1£ tb.e .~rial ·wer:e: to be :tegm~rate4. :sucoes:sftllly,. .It t~teE 

®n:stder~ that 6rymg or igniti;On tlf tb!l!· gelatinous phosphat~c 

prec!pitate.s 'WOUld ,aehiexm ·tt:d.S'; but t'b$· e:;;psrlt~~ts t>eca:tded. in. 

tabl~ XII suo~ ·that .dlWing attenu:..1.te:d ·thetr· ~ffief<?.:ncy~•· 

~1:1£,.~~~.~· "rae 1rlhet-zmat 4fiill.ficieno1es ot preeipitat..atl ·trlca:lc!tura 
- ' .· ·~ 

~re· }'lerl~s ·t;ns main ·raa$;ln .tol' tne. le.ek of .~plicatitJtt of t.l}G· 

;r~eo~:&l'ttons o·r pra"Violls w~kers in ·tni~ :field (8~9l)i. lt.s 

.illns.t-rat#zd 1~ tabl~;- XII, most etfloi.ent: ·oofluor14a:tion was. 

obtained \lii·ell: ·til~ ppeetpi tates oo!.ttainad m1.c~er,ystal11na 

h:y·aro:l\Y a:pa;t.i:te.. Since we:ll-tigfin.a'tl .a.pati~ Cll"Y·stt'lls: -are 

'itlsolubl~ .in. dilute: allml.:ic, it vas ·thought ·th:at ;tt .d~f:t.uo,r1dtm.t 

ltbj~cb conststed ot :sucb. crystAls .onl;y., 't«luld brii :free- room the 

ah.;fve tief!e1ene1~'S• .A c~eml. .r:aview ·o.f literatur~ tm:&; 

espe'Cially ·th,a· ;ptlbliea.tion of ~ers and Mcint.i:;.>e (52); 

confi:rmed that pure ,o;pattt.~:s should b·e autmbl.e excht.U:tge .~d.h~ 

for ·d-gfl;u.oridatton •. 

Ti:'le latter 1W'Orkel"t3 stud1e.d tne ·erys tnl structure .of· 

natumJ. apa:tite:s G.cetttri.og tn various rock toi"nm·t$-ons ,a;na <:oll(!luded 

'tbat .tn blTdro~ :ap.ati'te, ealc1~;:\ ph~aphorns and O)~get! n~tom:s \~rere 

~rrsn.g~d to· .fbrm har~nnl tubes .along th-e !CQ(anis. ·of the e;rysta.l 

~.0 
Jvl:L'V 

_partiettlar :lin!m.g:e ·of· c'Gl,oi:im pnospho1r1.ts MO. -ox.ug.en Ja:toms a:fford.eii 

ca. ~aey rigid ;stru:etu:re waer;etts. tbe hydm~de ~:tons trtao sometmat. 

l.oosel..y batmd... Ren:ce,, 'the. hydro~d:e i:ons could ·b~ ;r{ll:plac~a, bUt 

'Olll:Y ~~· lo:t'l's -of slmi14:1~ t\~ignt, chat>;g~ .az:ld e:r-recti ve radius... . T'ttu:s) 

:int-rodnetion ,o:f fluclrid0 ions W'ieh .rree ver$ ,slightl.Y :srnnll<er· ·thnn 

h,.:d:to5dde ions) eaus~..s a sltg_ltt cont~ct1on ,or· th.e str"actuJila \ihich 

fac1'11 tnt~Js,.,oi:~ I 
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facilitates the exchange. 

In view of these considerations, further work was 
' . 

undertaken on the production of stable apatites. 

]
1
3. . Ignit~g Pbo§J?bates 

In oi•der to produce a stable apatite, .i.e. one which 

could· be regenerated efficiently, various stoichiometric dry 

mixtures calculated to produce hydroxy or. fluorapatite were ignited 

at 900°C for 2 hours. The ignited ·material was ground and 

then washed a.nd tested as before. The .results are· recorded · 

in Table XlV. 

<..._ -



,_I 

'lABLB X1V 

pPLUOBIDISIIO PHOPIRTIIS Ol I(fflmp PHOSf8TB8 

lfo. Pl'8Plrat10ll 

21& I . ,3Ca3 ( P04) 2 + Cal' 2 _, 1Cai'Oa4 ( P04) 3 

21'b I .311&3(Po4) + JCQ2 --> caPCa4(P04) 3 
+ ,... 

210 I ,..,tP04) + leea(OB)2 ... 0&1'2 -) 

c&PCa4 (Po4) 3 + 8traOK + JIU 

214 I 311a3Po4 + 5Ca(OH) 2 _, caOBC&4(Po4)3 

+ 91'aO!t 

24 

31 

.J4 

.33 

32 

(.3Ca(a?o4) 2 + &:aso,. + c•2> + 70&(011) 2 
(Kala 1ngN4teata or "SU.per"} 
-> apatite ~. aolu't.lea 

•supe•• + 7'WIAfJ03 _,.Apatite + aolubles 

"Super• + 1a/'03 + ca(OH) 2 _, Apatite + 

aolublea 

•super" + 3.J lafC03 + 3·5 ca(o~) 2 __ , 
Apatite + aol~lea 

"'Super"' + 14aaOJt _, Apat1 te+aolublea 

Jetluor141alng Lowest residual p- Ab111t7 to be 
P~aical leapacit7 ..,-; oonceatratioa ob- regeae~tel 

Propert1ea ~ ta1Del P•P•~ with NaQI 
aolutioa. 

Soft powder 
apatite 

Ptlaed. manr 
no de1'1nite 
c17atal 
atru.ature 

:rua•4 •••r 
ao definite 
oeyatal 
structure 

son green­
ish powder· I' 
11101'0 : 
OJ7stall1ne 
apatite 

Soft green­
ish powdel' 
apatite 

Apatite 
powder 

Yellowiah 
powder 

.Apatite 
powclel' 

J'use4 ••• 
apatite 

ll 

lfil 

I'll 

o.4 

,., 

o.s 

o.1 

o.2 

Nil 

o.1 

(Could not -. waah~ tree o~ 
fluoride) 

(could not be waah~ tree or 
fluoride) 

5.2 

zero 

4 

3 

4 

-
4 

-
Reseaente'x 
without lo•• 

I Poaatble 

Poaalble 
i 
i 

I 
1 Peaal'ble 
I 

. Poaalble 

Possible 

Mottl ttsupertt means OO!JI'Jl8Pilal auperphoepbate ot lime. 
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Rearta. 

Reaction incomplete 

Reaction incomplete 

Xo regeneration att.-pte4 
on account of low attinit~ 

zxoeaa cauaticit7 aeutra­
liaed with JJ.Cl. 

Difficult to waah tree of 
so-· ana.,-

4 

~ Reaction incOIIPlete 

Reaction incomplete 

Could not be washed tree­
of rJ04-~ 

-

~ 

"-(\, 

·,.:-

" 
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The use of superphosphate as source or raw material 

was attempted since it is available at reasonable cost in 

South Africa. None of these preparations, however, were 

satisfactory defluoridants although they all contained apatite. 

In most cases incomplete interaction of the ingredients occurred 

with the resultant powder losing phosphate during washing and 

defluoridation. Whenever complete fusion or the ingredients 

occurred, the product was unsuitable on account or its non­

porous large crystalline structure {refer 2lb and c and 32). 

Only one or the preparations, 2ld, which consisted or partially 

disintegrated apatite had efficient derluoridising properties. 

Ion exchange is obviously only effected on the surface of 

apatite crystals. Micro crystals are therefore essential for 

efficient defluoridation. 

Preparation 2ld could be regenerated without loss 

of efficiency but unfortunately its fine consistency prevented 

its use in a conventional filter. 

it on carriers were unsuccessful. 

very high. 

Various attempts to imbed 

Production costs were also 

c. ACTIVATED SUPERPHOSPHATE DEFLUORIDANTS. 

Previous experimental data indicated clearly that an 

apatite of microcrystalline structure was most efficient in 

exchanging fluoride and hydroxide ions as illustrated by the 

following equation:-

CaOH.Ca4{P04)3 + F-~caF.ca4{P04) 3 ~ OR-

Since superphosphate contain• partially decomposed 

fluorapatite, it was considered a possible raw material for the 

production of microcrystalline apatite via direct neutralisation 

or its acidity. Such a synthetic preparation would probably be 

a fluorapatite, on account of its derivation, and hence it would 

have no further fluoride absorbing properties. If, however, 

excess alkalinity is used for the neutralisation, it may be 

expected •• • 1 
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expeeted that at least ·part. of the fluoride ions in the apatite 

structUre 'Will be replaced by hydroxide ions i.e. the above 

reaction \<rill be from right to left. 

Th.e feasibility of this hypot.lJesis was borne out 

by subsequent experiments, while the relntive~y low cost o£ 

superphosphate in South Africa,enhanced the attraction of its 

direct utilisation as a de!luoridant. 

C,l •. fteJ?,,e .. raJao~: 

Activated suporphospr~te was prepared by soaking 

superphosphate o.f 19% P2os :tn a solution of nodiuo hydroxide 

.for 24 hours 'Utith intermittent agitation. Various con<:ent:t."ations 

or sodium hydroXide ~re used - nltm.ys providing sufficient for 

both neutralisation and ex.cens enusticity.. Abo1lt o·.32 grams 

soclitun hydroDde was used: per gram of' superphosphate. After 

decantation or the supernatent liquor the solid material was 

washed free of alkali nnd tested as described before. . Ground 

raH phosphate roclt, as \Jell as a mixture of "s"fl;psru and raw 

phosphate" were treated. sim1larly for purpose of comparison. 

c)2. J?.EJr.f.or!!}~<;~: 

The r~sults of tests carried out are recorded in Table XV. 

Best results 'tvere obtained when. n 5;1 solution of sodium 

hydroxide t•las used (refer No. 35) •. Such a concentration also 
'· . 

·provided a convenient volume ·of liquid (6 ml./g.) for immersion 

of the oolid material and ensured excess causticity squivalent 

to l% sodium hydroxide~ For eff1ci.ent activation it "Was 

essentia.l to neutro.lise all· acidity of the superphosphate by 

providi.ng sufficient time of reaction and adequate agitation of 

the mixture. When these :requirements ware not complied with) a 

product was obtained vhieh was partially soluble o.nd inactiv·e ns 

a. clefluoridant. 

The def'luoridi.sine cnpaci ty of the praparations ~taG 

not o.s high n~ that of sor.1e of the precipi ts.ted phosphates (refer 

Table XI) but their ability to be regener~ted together with the 

simplicity , ••• / 
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,U.L.&..&. lll;::t "V 
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-

•SUpe~egenerated I Inefficiency due 
aolu'f times with- to alkalinity not 
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ross 
i 

· Activation caused 
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_[_ 
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O~j 
If80H1 

S 
>ose1ble 

uper 
(3:Z 
Naon 
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simplicity and possible low eost or mrutufaeture wa$i most 

attractive. 

It tdll be obserw:~d that tren.tment '"ith sodium 

hydrox:t.de converted superphosphate h.~ck to an apatite, •. Although 

phonphnte rock · trom which t1 S'llpert~ .1s manufne tured collt.ttins 

fluorapatite, the former could not be used for the p:repn.ration. 

of defluor:Ldants by ·the present method (:refer . No. 41). It 

vould seem that the initia.l degrada.ti.on ot the apa.t:!.te struc'ttn'e 

caused by acid treatmen~ is an osse.ntinl preliminary to the 

production of a defluoridant. A mixture of nsup~ru and raw 

phosphtit~ cot11d similarly not be activated to the same capn.ci ty 

a.s pure superphosphate (refer no. 42). 

A comparison of the analysis of sttperphospnate before 

and a.ft(lr treatment .showed that mo.st of its sulphate cont~:mt 

was removed \>lhile the ratio of.. ca.leiv.o to phosphate ~'tis increased 

from 0.69 to o.76 due to initial nolubility or phosphate, thus 

favouring the formation of npat!ta. The averag~ overall loss 

in weight ronoun,ted to one third of the original \veigb.t of' ttsup~ru 

used. 

Ana"lysis ot the activated phosphnte indic:nt~·d that only 

a .small portion of the fluoride I>l .. esent in .superphosphate had 

been removGd by the treatm$nt. Apparently tlu.orido ions inside 

tbe tubUlar structure (52). of the apatite crystal could not be 

Thus ion-exchange is prasmnably 

only effected at .the ends of these 11 tll'basu :1.a. on the surf'acG 

of the crystal-. It is obvious therefore, that n micro-crystalline 

.structure is raquired for maximum exchange co.pncity. X-ray 

d1fi'ra.ct1on studies of the activated superphosphate indicated 

such a micro-crystnlline apatite structure, almost similar to 

precipitated apatites. 

· C,3 .• S1gn1D<t.ru:tce of Pli~. 

For eff'iclent def'luoridution it VlaO f'ound n.ecesso.ry to. 

l!k'"dntain the pH value of tne medium o.n.d water to ~ defluoridnted, 

between ..... ,,J. · 
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batt-teen 6 and 8. Below pH 5 .• 5, phosphate 1tras partially 

dissolved and abova pH 8 th'-' efficiency tiropped rapidly as 

illustrated in Figure L~. 

This rels.tionr;hip betvreen fluor3.de and hydroxide 

concentration or n \Jnter in contact tsrl th a defluoridant is 

denonstratad if the lat·r of tnnss a.ct~ton is applied to the 

/m ion-19xch:ange of this t;YPe is essentially 

crystalline and the apat:lte cryatc'll is ·therefore not sub3ect 
- . . . 

to the s\ .. 'Glling effect normally encountered "lith resinous ion 

e~change materials. :Consequ.antly, While roth hydrO~ and 

fluorapntite are present in solid phase, the mass-action 

equation ~Y be approximt.itely used in the simpla fot"mf-

[r-J = K [OHj 
It follows that at high pH values the rea.etion uould 

. . 

proceed to th~ left, i.e. fluoride 1n the apnti te t-till .~ 

· rt::placerl by hydroxide and pass' int .. o solution as ions. Gi..ularly 

lot1 pH values 'Will f'a-vou.r defluoridation, i.e. fluoride ions 

pnssine into solid phase, The particular structure of apatite. 

(52) favours absorption. of fluoride rather than hydrorlde ions 

because of the forme.r 's smaller effective radius. Consequently 

a. large excess of hydroxide 1ons is requirt?d to displae~ the 

equilibrium in th£> direction of regeneration. 

On the otlu~r hand it 'vould follow that defluoridnt1on 

should proceed ilt relativeJ.y high pH values. This doen; in 

fact, occur 'but the extrPmely low concentration of fluoride ion 

required in n defluor1da.ted wuter 11ecessitates a liberal 

reduction of pH value. 

It was ·founcl experimentally the. t the fluoride ion 

concentration of a water cou.ld not be reduced to the opti:mutl 
. . . 

value of l p,p.m. if the pH value of the medium t•:ras above 8.5 

l!Jhile at pH values above 12 regeneration' of apatite occurred 

rapidly. 



. 3.-
111. A b T I V A T E D S y P E R P H 0 S f H A T E 

F I L T E R s·. 

The tr.eatment of a water supply is most conveniently 

performed by. passage throutih a conventional filter with a 

· granular bed.... The activated superphosphate used during initial 

experiments_wasa ~ixture of powder·and granules such as is 
' . _.. . ' ' ' 

normally_ sold• When _superphosphate was- graded by careful 

screening the various fractions responded equally well to ac­

tivation. . It' was thus possible to prepare defluoridant granules·. 

suitable for use in an ion exchange filter. . -

A. PREPARATION OF THE FILTER MEDIUM • 

. Superphosphate (19% P20;} granu:les of -201 + 48 mesh, 

were found. .. most sui table for use in a column filter. such gra-­

nules· were agitated intermittently wi'th excess sodium hydroxide· 
- -

·solution (6 ml. of' 5%- NaOH per gram -of superphosphate) for 

about 24 hours. Fine particles· or phosphate resulting from 

attrition d~ring agitation were decanted wit.h the spent· sodium .. . 

hydroxide ·solution._ The. granules were then-washed repeatedly 

· with tap water to a pHr value 'ot 1 o- sulphate and any soluble 
. /·' . 

phosphate being washed out simu~tane,ously. ·About 10 washings 

were required and the-turbidity which occurred was decanted 
' .. ' . . 

with the waslkings .• 

This method of preparation resulted in a gross loss 

1n.we1tJb.t of 40%. The bulk density of the. prepared granules 

was o.ss grams ~r ml.· '.rhe g~anules were hard ·and porous and 

ready for use. 

The behavioul' of this det'luoridant was investigated 

in a· laboratory .filter c·olwnn, as a ·preliminary to pilot plant 

studies. 

B. LABORATORY FILTER STUDIES. 

A filter bed·of 2 em. diameter by 20_cm. deep was 

· used. to def'luoridiee water containing 10 p .• p.m. of fluoride ion • 

. Twenty ••••••• ; 



Twenty .. eicht r,rarl:s of defluoridant granul~s were 

· . : used in ·the filter.· (Figure 13) • 
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1
1. ,D~tfly,grtdatioru In o~d0:r t~ mintain the pli vo..1J.l~~ ·Of' the 

bed, at an opt1mwn value (about 7) the influr.mt to. the filte:r . . . 

tva.s aeid1f1Eid to a pU vnlue or s, via the introduction o£ 

earbon dioXide (r.efrdr :ttAc1d1fieatiori of Feed \tlatGr" Item III, 

· "' ·~ .IK·,c. th1is. Ch.apter.) v J :14 :""·;!;. 

· I·1easur~ments of' rate of fiov nncl quality of effluent 

was taken. at :regulnr in tt=!rvn.ls. Table XVI gives the resul t!l 

of such. measurements in a typical cycl~. 
. ' ' ' . . 

·~. 
DEFJ..-UORIDATIOl~ WITft lABORATORY FILTER 

T:Ntiint5~ii ~·-;-'"~~£e. I ~-;- ae"slmrar- .i I. • ·;·~· • : • ·-......... , ............ ~ • · • ~--

tor litres : of' . t. F"' in ·t. :S0,4- :P04--., 
:pa,ssed t flotf : p .• p.m. : pihp.p;m. :p.p.m.: 
:. through. : Mins/ · : ·. : : .. ·•· • .. 
t\·ihen t~stsd t 250 ml. .; : ; t • " 

'" .. 
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t 
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• ·~ 
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; 
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·• " • . ·• 
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• ~ 
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• 
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: .. • 
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" 
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"" 

. ... 
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·•· 
"" 

# '4 rn• ..... Ji 

:• ' " 
"g "' •· .1. ~00 
• ' . 'll 

•. it 

" Nil " .. * :1> .. 
: .. ! ; 
:'1.1; 180 t 20 ,Initia~ . . 
: t· , . ·:solubility of 
• ··2 .· • . .:P04"" ... -- b .- l . :7.0! 140 ' .. o .· pro nb y 
' · · • ~ . . :due t.o ill com ... 
-~ · ·! . -~ · &ple~e neutra.ll-

·~ · · · ' sa t:a.on 
· !7-.o: · 110t Nil ~Co11trollsd rate 

.. .1 : • r r..; 
·.! r. 0 .. .LOW • . . ~ ~ 

;.?··· l.l -!l 
- -~ :. 

7,0 

GO 

GO 

" • .... ,. 
~ 

t 
~·Nil 
:r 
* }\Jil • 
t 
• Nil .. 
.. •. 

tDefluoridnnt · 
.=b~corn;tng .. . . 
tso.tu:Pated. 'With 
tfluori.de 
~ 

_-··· ...... 
·A eo1nposite sample of' eftlue:nt had a fluoride ion 

concexl.tt•at:ton ot ::t.2 ·p.p.m~ \1hich meant that the filter .had · 
'. '. ' . 

. a defluoridising brealr-th.:rough oapnci.ty of 3.5 tng. F"'"/g~ of' 

defluor.i&l:nt·. · The defluorida.t~ed \lla.ter 'W.lf.i pnlt\ta.ble and had 

no foreign tazte or odour. .Vnriotion of' f'lov ro.te through 

the filter <lid not affaet thci; effici·ency of defluoridation. 

· 1h~ fik'il.ltimum rata obtained vrlth the particular grrmu2en used 



was GO tnl./nin .• · 'lhe residual fluoride 1on conct>.ntration 

in the effluent decreased during the initial stage of the 

r1.1n. as a result of the decrease in its pH value. Thereafter 

it increased gradually from 0.5 to 2 p.p.m. due to saturation. 

of the media.. t~!hen the latter value was reached, the filter 

~s regenerated. 

It was found that sulpha.tG was dissolved in the 

filtrate dur~~ the first two or threa cycles of using a 

freshly prepared defluoridant. Complete removal of sulphate 

coul.d be obta.in€'d by exhaustive ·vashing during the preparation 

of the defluoridant but this ~rould be unnecessary since the 

slight increa$e in sulphate concentration would not aff~ct 

the potability of the '\..rater~ The dissolution of phosphate 

could be overcome by adequate neutralisation of all acidity 

. 1n the superphosphate grnnulos .. 

])2. · Reeeneration: 

After the material had been saturated. with fluoride 

ion, it tms regenerated. in the filter by upvmrd displacement 

with a 1% solution of sodiun hydroxide followed by n water 

rinse. It t-ms found tho.t B mL. of solution per gram of. 

material -was sufficient to raise the pH value of the. filter 

betl to 12, at which Value .fluoride is ex?hanged for hydroxide. 

(Refer figure 12). 
. . 

The quantity of wash water required to re!!!ove 

excessive alkalinity was nlr,o about.~ ml. per gram of material. 

It was not necessary to use dafluoridated water for this purpose 

because the pH wus not reduced, sufficiently to allow for 

excho.nge of f'luoride.(Refer .figure 12). Although complete 

.neutralisation of the f.ilter ~was not attained by this degree 

of washing, dE>fluoridation or influent (adjusted to pR value 

below 6 with 009 ga.s) commenced a.s soon as the pH of the t?f'fluent 
v 

dropped below 9. Th.e defluoridation cycle could thus be 

started While gradual neutrn11sat1on of the f~lter bed wns 

effected. A considerable saving in wash '\/later resulted· from 

this procedure. 

c. . •. ./ 
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FIGURE 14 
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. C .• PILOt PtANT-.STUR-IES.• . 
Activated superphosphtite gran111es (2S lb. t -10 

·-4< 48 mesh) l-tere introduced 111to n filter col'lUDl'l (5!N internal 

diameter, 7t4n long). The filte.r shell. co11nisted of t" thick 

nperspex:tt and the 54u deep bed of defluoridant wns retainf:d on · 

a ''perspexn plate perfornted ~dth 1/16n holGs. The apparatus 

(Fi.g • .14) proVided for introduction of cnroon dioXide, i .• e~· 

ac1d1t'lcation or th~ feed. wat~r, a.s ·w~ll as for ba.okt·rashing the 

·filta:r d~ring regeneration. · 

c., : 1~ P~luoriga t;ton 

·re~c1 wat~r containing varying concentrations up to 

100 l'•·P•mvt of' fluoritle_ ipn _was first ncidifJ..ed to a pH ·vnlu.e 

of .appx_-on.mate!y G in two· 50-galion tanks ~hich. were usad 

nlternately. · ·Defluoridation .. ~ls accomplished by grnvi-tntional 

filtration. throUgh 'the col'Ul!in. · A,verage sar1ples of influ~nt · 
. ' ' ' 

and effluent :for each successive· batch o:f 40 gallons lte:r.e 

a.naly,sed. Table" XVII contains-data ~elative to the fourth 

dof'luoridat1on cycle~ 

obtained thttoughout the testsll · 

~DYliYil 

RDil~~.ORIDATl.OE., ~J:ttU A ~;n.OT .SCALE, .. l'll·XER .,CQL!Jlfi 

~~4iir.llolii1!<Wto:a _, j( •• . "). ll:l!~h .. r_ll Cl 1!2 ... ~.. li 'Pill"ll ¢ IL-··- .b! 1lf~·- IIIIi'~ 

r ~ Rate of· :_, J;nt.:J.\lm.t. ........... , ifiJ:.;qoot ... 
tNo., of i filtra• :F-conc. ~ :F*Con.e •. : : :: 
,batch ·. : tion ... · = (p.p. m.~>: pH : (p.p. m~) : .pH :so4 ... : . Remarks 
=i!(?, .!$al): ... P,¥1(.19J{al: ... ··. .~J •. ..,~.. .. . ... : ... 1... .... ;, • n 1 I .... 

. :: : I · I : : : ~: 

· : l : · 70 . c 45 :: 5.8: 2.6 :8.9 ::No in• High pH caused! 
: t : .f : ·.· : 'crease inefficient 
:- : : • : t • .. ., ~ 

• 2 .t 80 t 46 : • 
: .. '* 
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~- 3 .. eo ' • 42 .J .. " • 
t • .... .. .. .. • 
: 4 : 70 : 70 : .. .. f " • " .. 
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.. • o.G c7.2 
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o.7s :7.2 

• • 
• • 
: .. .. 

* = 
I 
• t 

... .. . .. . .. 

do 

. ao 

do 

1 .. 1 · :7.3 : do 
. ...... -- .. t -*" .. L. 

• " ·~ Controlled 
• rate of .flow " : 

Ualdnrllm 
gravity flow 

.. 
··• · ~ · •r·"~..., e ·· ' it _.,._..... 

Average .... / 
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~BISLMi ~ontd.•) 
-·-·--~----·-u;f!R'I-r.-"111-9 2! __ .......... ~·-.· .,_,. Li:Mo_w_•-• at.., ___ rd_i_f., _______ . -·!i-1_;,..., . ..,_, · -·---~~ ••-• -·-• ..... ~--!*--•-_-..,..., .. 

·~ . ' . 

:Average fluorid~ ion concentration· of inf.l.uent • 65.5 .p.p .• m. • • tA;verag€ flttori.ds ion cone~ tration c>f effluent -= o.s p .• p!rn" 

. . 

;t.0-li o.ooss lb •. F"'/lb. of ciefluor.1dant o·:r 5.5 mg./~· or· 

~·.19. lh./c.rt .• 

.. 
" 

t. . . - -- -"' I ••8 __ ,-._i'III!J ........ ;-~-ia&l_, __ ,.,.._looilio-**;IJ*-ii-5&;""'"'"_. ____ .,.;._ ___ ~ 

0 bserva. t.1ons . 
I I ~ . t . 

{a) The performance of 'til is filter '\v-as in· accordanee 
' . 

with tha.observations made on the labortJ.to.ry filter.;s. 

(b) .. · ·Fluoride ion concentration of'. the inrlu:ent did not 

.affs¢t the ~f£le1ency of the da£1uoridant. 

(¢) At.· the start of a deflt:toridati-on cycle fl:uor:Lda ion 
. . ~ 

cono~mt)\o.tion o.f. the eff'1u.e.nt ·was relntiv·Gly high (2.6 p,.p.m~ 

and higher) Since at trio high pii V.alue (8.,9) the remval of · . 

fiuoride from solution is incom.pl~te. . The high pR value was 

dilC to a.dsorl,ed alkalinity of the ood, on. important factor to 

oorisider in acid!l,fying the influent. 

'(d) 

·(e) Repeat~d use of tb.a def'luorido.nt.reooVt:d·nll 

soluble phosphate and. sulphate. Fro!!l the fourth cycle 

onwards no inc:reassd concentration of fuese ions could be' 
' ' 

detected in the .effluent. · A slight increase o:f bicarbonate 

· eonc~,ntration · persistad. du-=·{ to .it'ltroduction of soditun 

' hydroxide during regene:ra tion s:nd earbon <Ltoxlde during 

idefluo:ridation., 
. ' 

.. 1 • 

(..f) !the ra:t~ of tlOiit through the .filter wriod according · 

to' the ¢0ht11 tion 6t. rin~ . particles on. the upper. <sur:t"a~e. o.r the 

fi.lter. It was. found. t~ , be from 20 to 40 gallOns per b.our,. 

Variation. oi the fiow ro.te did not .aff~et the effioieney ot 

the defluor1datio1l process!" 



C,~. As,id!firuatigr~_Qf' Fe~rl_lv,!\t:r~ 

The axcharigf! reaction of apatite w.i. th fl}lot:ide . ap.d 

hydroxyJ. ions, vi!\'>,-

requires a low pH value for complete . :rE>..mov;al of fl'tloride ions 

.f~om solution. Alkaline na tttral wu ters · th~t:>efore requS.re. 

ae1dif:tcat1on to a· pH value .of about 7. 

· .maintain an optimum pH value dUring exchange it ·1s further 

neesssa.rr to provide :nreserve aoidityn, und1ssoc1ated aeid, 
. . 

·· for. neu.tr~lisation of sdsorbSd alkalin:t ty an the defluo:rldnn t · · 
" . 

as well ao of hydro)..?l ions 'Which. ars liberated. Th.e acid -· . -

req:uired for .. th~ ·latt~r purpost=) tfould be proport1ona.l.-;t;;O the · 
· fluoPide ·content of t~he inf'lue:.n t w:tle adso:rood hydroXi.ds 

\·rould b~ ne'tlt:rali.sed or convert~« to bicarbonut~ dul-ing ~the. 

initial • stages of n d.efluoridnti't:)n cycle. 

:m. order to. assess the most praet1cal me~t.:to:d of 

providing tt1osEi o.eid requiremtmi:;s, influent ··,vas. ncidified 

\d. th some eot.JrOOn acids .and carbon dioxide as indi a·ated in 
. ·.· . . . 

'.fabl~ XVIII. Untreated "tater had a pH value of 8.,3 and acid 
' . . . ' .- . 

addl tions W~l'~ limited . SO QS not to reduee th.e p!i Valu~ to. 
" . . 

less thoo 5.5 since apatite ~n.ds to dissolV'e. at lot-t~r. pH 

va.J.ttes. Figure l5 depicts pH reductionn obtain~d by btt.bbling 

carbon dioxide through tap :water. 
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T.ABLE _}(;VIII 

~ % -===r ==- :==-=- .-.- J - - ~-;:;;;;,;:;:-= == ;;t·~ -- --- _,...-,_, ·=r- - ~ ..... :;.:.::..i 

!
1 \ Quantity added to i !1 Percentage fluoride removed by l i 

1 40 gal. feed ! 1 defluoridation of feed water ; ! 
! Acid L water . i Final pH ~ ·with -1 Remarks 1 

I · ! Weight 1 Gram equiv~ of feed ~· - - . ;- , I i 
in 1 alents of I water 10 p .. p.m. of LF-1 100 p.p .. m. of i F-i I I 

1 ! ·grams i acid ~ .-~ L.. J i I 
!-· I ! +- ---- '"" ·- ---1 i I i I I 

!
:Acetic \ 10.5 1

1

· 0.175 ( . 5.6 \ ?O i.e. <1 p.p.m 50 I Filter blocked easily 'I 

1 i i ln effluent i 
i ' ' • l ! I I . 
jHydro: j I ! j ! Vfuen defluoridising I 

lchlorlc 1 5.5 ! 0.151 l 5.5 i 95 40 l 100 p.p.m. pH value of I 
: i ! ! ! effluent rose to 10 with! 

1 
! i ! l ! consequent inefficiency 1 

: I : I I 
!sulphuric 8.1 I 0.165 i 5.6 I 97 - 1 
I i I • • I . I ' I 
I i ' ; 
iNaHSO 4 35 ! 0.292 [ 5. 9 ! 96 50 l Addi t~onal bu~fer 1 

! · ; 
1 

i capacl ty provlded by 1 

l 
1 I 1 ! .la::ger c<:mcentration of 1 
I I ; I acld equlvalents 1 
I I I I I 1 I 

!Carbon 1 i j I 1 
jdioxide 260 , - ! 5. 9 , 100 100 !: )Acid equivalents cannot I· 
1 I I , )?e calculated be~ause of, 
1 do. 220 ! - 6.0 i 100 · 100 

1 
)lncomplete solutlon of I 

, ! ' : )gas I 
I ! ! ! i ! ' . 

,.. 

,..- {' •""llf:"'··~,, ~ 

_.... 

--.. 
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Observgtio:g.§ 

(a) Efficient defluoridation was obtainable only vmen 

the acid equivalents available were sufficient to neutralise 

the hydroxide ions liberated. Thus at 10 p.p.m. of fluoride 

ion in the influent the type of acid did not affect 

defluoridation materially. Defluoridation of water containing 

100 p.p.m. of fluoride ion vlas, hov:ever, accompanied by 

liberation-of more hydroxide ions than could be neutralised by 

the acid equivalents ava~ble from the stronger acids at the 

critical pH 5.5. As a result, the pH value of the bed rose 

rapidly with consequent inefficient defluoridation. 

(b) Results recorded in Table XVIII clearly illustrate the 

advantage of carbonic acid over other types of acids, 

particularly \•!hen the fluoride ion concentration is high. 

The carbonic acid does not react with the alkalinity of the 

water and its reaction '-ri th hydroxide ionJ in the exchange 

columnJis to the bicarbonate stage only. In the higher ranges 

ofduoride concentrations tnrefore, the presence of dissolved 

carbon dioxide in the influent is essential for efficiency. 

Although addition of any acid to alkaline t·rater, such as is 

generally obtained from underground, will liberate carbon 

dioxide in solution, it is obvious that except in cases of 

exceptionally high alkalinity the quantity of acid required 

for the desired decrease of pH vdll liberate insufficient 

carbon dioxide for defluoridation of high concentrations of 

fluoride ion. During the present experiments acidification 

by means of carbon dioxide 'Has found roost convenient and 

effective. Moreover, the acid requirements can be obtained 

vdthout a lowering of pH value to the critical level as in 

the case of the other acids used in the aboro tests • 
. 

c.,3. Regeneration of E;xh.austed l-1edia . 
As indicated before (refer III B 2 of this Chapter) 

1 t •• • I 
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it ~ras necessary· to raise the pn value of the filte~ bed 

in order to_. nm.k:e ~he defluo:r1dnnt exohange fluoride ions to1! 

_hydroxide ions. .For t.O.:is -pu.rpo.ss a dilute solution of .sod111m 

' . 
drained from th$ filter 'before introducin~ sqdium hydroxide' 

. . .· .. 

·solution nt. a !'t~·te of about 1 gallon/minute.. The upt•tard 

passage of t~e s~ltltion eause.d a 407$ ~xpr~sion of the bed l-:h1eh 

was found essential .f'or ef.ficimt contaet. Whm the· requisite 

amount or solution had baen pnssed through, it wa.s followed by 

a COJ.'ltinuous -vrater rinse .... tho sodium hydroxide so.lution being 

. displaced ~p~ro.rds. /my L'U.rbidi ty which occurred,. due to _ 
. . . . 

a.ttr1 tion of th~ · def~uoridant granules, was removed in th~ . 

- otrertl0¥1. On recomrnencing d~fluoridation a volUt<ne of wat~r 

·equivalent ·to ·the l:i.q1;dd content of the filter t~ras 1~ tc.> 

Th~ rosults a.re raco:r.d('+d in Table .xrx. 



1 ' 
' ... 

I • j 

~i-
No, of i laOH1ci- Remarks 
cycle. 

1 
-. 

! Quan1 
I sall~ 

{ 
1 ~re~ Shallow filter caused 

I inefficient defluor1-

I 2 I 25 dation. 
I. 
I 

' 

3 I 20 Deluoriaant traas-
~ 

I ' 

ferred to long per-
I I apex filter. 

,I ! I 
! 

4 201 
I High alkalinity of 

5 I 20~ 
i 

bed caused 1neff'1-
l ciency. 
: 

6 
I Filter easily 
: 20 
I blocked. 

I 

I 
I f 

I ' 

t 
I I ,...::: 
' ' 7 15; · Def'lu.or1d1s1ng 

I 

i I 

! 8 ! 151 water containing 
' 

I 9 
I 100 p.p.m. of 
'' 101 

1 

i 

i 10 10· fluoride ion to a 
I 
I ' 
i 
" ' j concentration of 

I 
11 

. 
15: 

12 i 1~> { 1.4 p.p.m. while 
I 

f 14 investigating 

I 
I 29 .. 

15 15: most efficient 

I : 
method of' 

' I 
I 
I 

I regeneration I 17 20 
t I 

I 18 15 
I I 

I 
! I 

20 I 2q Low copaci ty due 
I to inefficient 

2~ 
1. regeneration. 21 

,. 
I 

' 

I 
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C:J,(u) .. etrelJcSt:h., wcl .9.!!9ll:tJ,.~.:i£f .. 13F!s~n~tml:tf., 
Efficde-.11t reg~nera.tion was o btnine<l ·w1 th . t:.1. 1~ 

solution of sod11llli hyd.roxide,- subsequent dQf'luoridation · 
. • .. •· ' • . h··._ . . 

eyelea yielding an average cupao;tty of 3.8 mg.!f r par gram 

or defluoridant. -The 11se of r.~ra concentrated solutions -

·l>raa ur..necessnr:r since .the. pH value obtainabl.~ t.ti-th a 1% 
. -

solution was suffici-ently h~gh ( ~_12) for disple.ce:moo t of 

fluor'lde :.tons from tb~ -de;tluoridCUJt (:t>efe1" Fig. 12) • 

Regene~atiOll w.t th. 0.5~ Solution of' Sodi'tlltl hydro~da ;reduced 
·- ' 

the subsequent dcfluo.r:J.dising capacity of_ th~ bed by more 
} .. . 

tho.n half\ IJ.be USe of sodium · C~).rb:>nate solution, for -

regeneration .,is sirrJ.larly riot advisable, insufficient ri.se i;ri 

pU value of -the bed being-. ob'l;:ained. 

Abou.t 15 gallons of reg~.nerating solution, 

equivalent to 5~6 r.U./g. o£ d.efluori.dant, ylt~ldad mo.ximum 
. . 

' . 
. su.bseque:-:nt defluoridisilig capacity p~r unit of sodium hydl .. O:R'ida 

' . ', . 

tlsed. · The use· of ohly 10 gillons ot regene:ra:ting solution 

result.ed in a tt'ed:action in eo.paci ty -which vas not eomnensurute 

v:lth the sav1ng :tn :r~genernnt. · on 'the· other hand, the in.crea.sed 

co.pac1 t:r resul t1ng from the use of 20 gallons \·1as not in· 

- Pl"oportion to the in.creaned corimunption of' regrmara.nt. 

c,3;{b). ~thru~.o;Jmd ~~~eg~~.m 2L~~.r~.ta.oo .. 
Sn.rn.p.l~s of the regen.ernnt a.nd wash 'WO.ter ovortlotdng .. 

from the filter W$t>G taken at 4-ogallon intervals (the: 

.appro!dmats inte:r ... spacia.l .liquid vol:ume. of tl1e filter) and 
• I, ' . . . ' ' I. " ~ 

.. axmlysed for fluoride co11tent,. a.J.ltalinity antl pH va1:~1e,. - . These 

vall:tes '1e:re plotted against vo~umE:J of lj~quid- passed ·through as 

·indicated .in F-lg. 1.6. 
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JJbS1i;I:WP1>!S.t! 

· {i) on introdUcing tho regenerati!'..g solution (a l% 

solution of' ood.:tum hydroxide, :t,.e. 10, ooo p,p.m. NaOH), the 

pH ·value o£ the bed. rose rapidly, the hydroXide alkalinity­

o.f' the regeu1era.t:tng. solution tv-ns reduced by 85%, while the 

flttori.d.e ion ·concentration of the liquid reached n mannmm 
itnmediately, in a.ceordanc~ wi.th · the reversible reaction for 

reganeration·:-

caF.Ca4(P04)3 4 ·· Oir ~ CaPR.CQ4(P04J3 J r 
(ii) .,~ith the introduction of mor~ ~egene.rant,. fluoride :ton 

coneen~rat:ton decreased ·and httlrox1de nllmlir..ity increas~d, 
. ' . 

indicating that sup<:>rf.ic:ta.l re;g~neration of the de:f'J:ttoridnnt . 
. . . 

. . granule.s· had been accomplished "11th conseqt1en t decrease :in the · 

rate o.f ion ~~change,. At this .. stage fluo:rid.o remo'(ral :r:rorrt 

solid phase could, or eourse, be en:hanced·cy alloWing .a longer 

contact tlme llett>~ef">.n t'~generant and deflu.o:rido.n·t. · It wns thus 

found o.dvan·bageous to ratain. the final po;rt~ion. of rt71gP..n~rant 

in the filter for one hour oo:rore the water rinse was commene~d. 

The .resultant inc:r•eas€1 in ~rl:uor1d~ content of the r~gensrant is 

c·l~arly dep:i.ct~d il'l Fig. 16. (See also »Effect of Contact Ti!!1en 
<. 

III~ c, 3, c or tl'tis chapter") . 

(iii) :Du.ring sn.bsequent ba,e!t\>rashing with wa.ter a.t the :rate 

or 1 gallon per 1ninute, the pR ·value ·of the overfloWing wash 

vmter ·(l?ig" 16) decreo.sed very slot>rly. · · It wus ~iffiettlt 

to remove adsorbed al.kalin1 ty from th~ bed, ·tv•herena o.bout 8 ml. 

of 'W'ash ttater/g:ram of defluoridan.t 'Were used in. the laboratory 

tr:lal.s, the. pilo·t plant filtet> required at leazt 40 gnllono, 

~rruivalent to 14 ml./g. of defltlo:riik'111t• .. 
(iv) The vo.lume or tvash t.;a.ter v.tas subsequently r-educed· 

by· effecting·th~ final neutralization· or adsorbed alkalinity 

via erm.troll(!d a.ciditication o:f tho feed. tm.ter as indicated 
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C3 (c) F.ftect of Contact Ti~e 

A longer contact tine between defluoridnnt and 

regenerant increased the fluoride ion concentration in tho 

regenerating solution and resulted in an improved defluoridisine 

ca.pa.city. (Ttlble XIX,- Cycles 4: & 6, 7 & 8, 11 & 12). During 

cycles 16 & 17 it tins attempted to deter~~ne the optimum 

contnct time for regeneration. Regenarant b~s introduced in 

5 gnllon batches - each consecutive batch displacing the 

previous batch upl-mrdly · after 1 hour • s soaking.. Snnples of 

each batch of regenerant uere \trithdra.w from the filter shell 

nt intervals duririe the soal~ period. The totnl volume of 
. I 

regenernnt used \'Tas 20 gallons, ond the results of analysis 

of the regeneratinG solution at various stages during cycle 17 

are recorded in Table XX. 

%ABLE XX .. -

QU.AI1TITATIVE RLCOVERY TESTS FOR FLUORIDE MID HYDROXIDE 
DUijmG REGEl'mBA TION 

13o.tch Uumber I ~ . An a 1 y s i s 
(5 galls. i CDntnct • : ' c . 
regenerating : Time : pH t ~kalinity : r- p.p.m• I 
solution) • (l1.in) I . i ., llaOH 1 ! . 

1 • Nil I 12.40, o.768 I 222 I • 
' 

. ; 10 ' 12.441 0.560 I 630 ' . t 20 I 12.47: o.54_a ' 690 : 
v 4{) I 12.45: 0.541 z 680 I 
f 00 t 12.43: o.s~ I 740 I 

2 ' Nil : 12e50: 0.905 245 I • J • 
:·· 10· 'I ·12.501 0•813' I 480 t 
I 20 * 12.49: 0.771 I 550 : 

. I 40 I 12.45: 0.724 I 610 I 
r 60 : l2.44r o,69z.._ 1 610 I 

3 • I1il I l n /52• , 0.970 I 140 • .. ,:,. .. . 
I 10 ' 12.521 0.953 t 244 I 
J 20 I 12.50: 0.941 : 276 I 

I I 40 • 12.49: 0.926 ' 300 I • -
I GO : 12 .. 48! Q!9~5 I 325 I 

4 I tai I 12 .. 53t 0.991 : 76 ' • 10 I 12.531 0.995 i 133 : • 
I 20 I 12.491 0.978 • 162 I • 
I 40 I 12.60: 0.982 I 180 I 
I 60 : 12.491 0.971 : 190 I 
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:t\'le pH values or· all .the satnplss showetl ne, sitnifioant 

fluctunt1.ons1:1 ~e alka.linit.y of th0 regenerating. solution 

dropped rapid.l.y during th~ first. and . HGCOnd fills dua to i1 

high rnte. of .fluoride exchc:~e ~s t·tsll B..<; due to adsorption 
. . . . . . . ' 

of liydroY.ide ions on th~ filter bed~ 

. ' .. 

taken as' a rough measure of the a~<:mnt of regen.erution c:)btained. 

When flliOl1ide ion eoncentrntion in the reg~.nerb.nt is piotted 

against. ~ontapt tiro~ as in figure I7,~· it is obvious that a 
' ~ . 

minimum o.f 20 . rn!m1tes should. be allot.red for each rspla.eement; · 

· of. the filter. Equili'brimn is not attained w.:t thin th:i.s 

periocl but further increase o:f time· is ·not justified by t..he 

·exte.nt of furtb.~r fluoride ren:oval ob'tai11able. 

'Th~ small .amount of fluorid~ ion containet1 in the fil'lal 

butch of regenerant ix'idicnted that it might wsll. be dispensed 

\d th a.nd. eo:opensat~d. for by an. ex~ended cotrtnct time i'Or the 

'third batch. 

On. the basis of these ·raoults it was ·concltt.dad that 

m~~r.mm regeneration. could be obtained by introducing regene­

rant in 3 suc¢ess1 ve batehtis, · the· w.lume of ench batoh bsi..'lg 

equi\ral~.nt 'to the oleru:. space _pluo the interparticle voids 

of the f11t~r. !rhe first tt-10 batches should ltove .a oontnet · 

· time of ·20 rtd.nutas. eaeh and the iast. bat<:h 6 >nours. · The 

sffieiener of 1;his msthod_ of rogent!lra.tion was borne out_ by· 
. . 

S"tl.bsequent cycles" (.Re~~r cycles 17 and 18 in: Table Xtx).. It 

'van not feasible 'to introduce i;h.e' regen~:rrott at a. continuous 

slo'H rate, t:lq_'Uivalent to a eontact time of 20 minutes · 

sin..oe insufficient e:x:pc,nsiort of the filter bed as. \rell as 

sol:ut.ion at n rate of 1 g.,p,m, was used throughout. 



~ 4. capacity of the defluoridant. 1 2 2 . 

. 
For 20 regeneration and defluoridation cycles the 

average fluoride removal capacity of the defluoridant was 

3.5 mg./g., taken within the limit of critical fluoride 

ion concentration (1 p.p.m.) in the effluent. The exchange 

capacity of the material is normally higher but as the latter 

becomes more saturated, it can no longer reduce fluoride ion 

concentration sufficiently and reg·eneration therefore ensues 

before complete saturation. 

On continuous use of the defluoridant a slight decrease 

of capacity occurred. (Refer Table XlX). Since a quantity of 

defluoridant had been lost as a result of attrition, this de-

crease was ascribed to the reduction of volume .of active material 

rather than to a net reduction of exchange capacity. 

Chemical degradation of the material can hardly be expected 

because the exchange reaction involves no change in the crystal-

line structure of t:~e defluoridant. ~oreover, the structure 

is such that it csn only accommodate hydroxide or fluoride ions, 

hence its high selectivity in exchanging ions. 
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n.. ATTRITION . J.~OSSES~ 

Turbulence which occurred during backwashing, caused 

abrasion of def'luoridant granules. The disintegrated particles 

were removed in the overflow during backwashing and represented . 

a los.s of active medium. over the first 20 defluoridation and 

· r.egeneration ·cycles of. opettat1on, the loss amounted to about 

0.46% pex- cycle. In order> to determine the loss mo:re.accut'ately, 

several further·tests were· undertaken:. 

D.l •. Pilot Plant Filter •. · 

The fluoride saturated defluoridant was baekwashed 

cont1nuosly.without intermediate defluoridation.. After passage 

ot a quantity of' liquid representing one regeneration cycle, the 

granules were allowed to settle for 2minutes and their volume 

measured. Tap. water, in some cases acidified with carbon dioxide, 

was used for baekwashing at a ~ate of 1' gallon per minute. The · 

results are depicted in figutte 18. 

The total loss of defluoridant over 59 cycles amounted 

to 11.2?jt or 0.19% per cycle, •. The lose was inverse~y proportional 

to the number. of cycles. indicating that a hard gra.nular core is· 

left after initial surface attrition:has takenplace. (The average 

loss over the last 39 cycles was only o.9G% per- cycle.) It would 

seem feasible ·that granules consisting of such hard cores only, 

. may be prepared by providing adequate agitation· during manutadture. 

The use of acid1fieid water with plf values of s.5 to 

6.0 did not affect the disintegration of.the granules. 

n.:2. LaboratorY· Filtep. 

A quantity of defluoridant granules was prepared from 

.·superphosphate in the usual manner. but .more violent agitation 

was employed. The mixture of superphosphate granules and excess 

5% s·olution of sodium hydroxide was plaoec1 1n bottles. · 

and/••••••• 
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and ro~'lted longitudinally at 19 r.p.m •. for 24 hours. The 

·purpose or this. tr-eawent 11as to t?.nsure that. any soft 

superficial ls.ym:· on the gra.?J.ules would be reooved, thus 

yielding defluoridant granules .with n high resistance to 

abrasion., As a result a lower yi9ld of' defluoridant granules 

lvas o btainoo~ 57% as compared. w"i th 66% by . the usual mathod of 

int~rmi tt(;'..nt gentle· :ag.i tn tion. After .ad£Jquo.te washing, one 

part of the prepared granules v1ns airdried at room te.mpero.ture 

t-thile the ethel,. portion t>rn.o tested directly. 

For tsst purposes o. filter was used which had 

appro:xil:lately the Sflf'le rntio of dia.."Ieter ru1d depth as the plant 

f'ilter. T\1enty-eight grams of the defluor;idant were filled 

into o. tube of 2 em. d.iameter to a depth of' 20 em. Ten litres 

of distilled ·water were circulated upward through this bed at 
70 ml./miri. At this rate of bacla.mohing the bed expanded 6 ern~ 

After circulo.tion of a quantity equivalent to 175 regeneration 

cycles, the granules wcz·e transfel'red from tha filter ~.ntl dried 

and t1eighed. The loss incurred amounted to 18.3% or 0.1($ per 

cycle. The circulation 1-rate:r acquired turbidity equivalent to 

1.5 p.p.m. Si02• 

The air""dried grnnulfls hnd a moistutte content o.f 9.'7~ · 

. and "Vrere testoo in a sintlar manner. Attrition loss {)Jnounted 

to 19-:~ over the equivalent of' 48 rf!generation eycles, i.e. 

0.41~ per cycle. 

n) 3. §tand.ar,d At.tri tip,P_Test. 

The rnethod of the American Water WOrlw Association 

. Com.'nittea on specifications for zeolites (9~i) tins used. The 

test is based on ncasuring the turbidity produced by agitating 

5 g. o£ mediua with 50 rnl. di.stilled watE:~r on a t·:rheel rotating 

at about J.7 r~p.m.. . In the pres~nt test 2 samples. eaehJ of both 

wet and a:t:r-dried defluoridant granules, were used. The 

miaturesof granules and ~rater were oontai.nad in bottles of. 2" 

<:11amate:t~ x 4:-tu high ond wer€) rotated longitudinally at 18.(j2 

r.p.m. • •• / 
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r.p.m. Tu.r-oi<il.ty t.,ras m~asurr>d at 4 hou:r intervals v:ith a 

nnellige turbidimeter!! ns p.p.m. of SiOg. After 16 hours 

agitation the granules W$!'e recovered, wached, dri~d and 

weighed. For purpose of comparison, samples of t'Perl!JUtitn 

b 1\ 

natural zeolite (green sand) and••zeokar ·Nn were tested 

similarly. The results are recorded in Table XXI. (average 
values are given) 

TABLE,,.]gg. 

ATIRI110!1 .. LOS§F.S OF .. ION, FJCCUANO.E i·VtTERIAtS 

: ' Turbidity of sup~matant • ' • 
: • ... \-7ater. as lh q .• JJl• or §i02 • t. 'fo loss in I • : .. J ! : • ~'eight • • • • : Sample : t • : : or solid • .. 
• t 4 hrs. t8 hrs. tl?_,ht:sa :;L~_.br{h :. :zJ,gCU~..e : • - .... 
: .. 

' : = t 
• 

" .. 
~~fluoridant • : t ' • f .. "' 
• (wet) •••••• : 180 : 260 ' . 380 t 470 t 6.4 ; .. .. ,. • s .. 1 • : .. • " 
: Def'luorido.nt .. t I t • i • • 
• (dry) • ••• : 240 l 385 • 4.85 t 550 .. 15.5 • • • .. .. 
: I : : : • : • 
I Natural : : • • • # .. • " 
l zeolite .... ! 47 ~ 68 : - J -· : o.2 = 
• : • ' s r :: . li 

: Zeokarb Na. : 600 ' 800 r ... I - t 7.9 • .. 
t. • I e 1 ...... • l ' .. 

I . , ..... .• 

D • 4. llis.cus.sio,n~ 

~1ese ·tests indicate. that the core of activated 

superphosphate granules is very much hardar than the po'Wdery 

·surface layer. If, therefore, pro~ision. is made in the 

preparation of these granul€s to retaln only the hard cores,· 

n product is obtained Whose resistance to abrasion compares 

.favourably. with that of 11Permuti t Zeoka.rb Na". Cuch 

B;brasiol1 resistant g;ranules mtty .be prepared by continuous 

agitation with the activating solution in. a rotating container. 

Passage of water acidified to a pH value of 5.5 did 

not effect tha disintegration of dE>i'luoridant grnnules in a 

filter bed. It may, th~refor~, be concluded that attrition 

losst'-!s are entirely dul?l to mechanical abraslon. .Repented 
,· 

def1uor1dat1on and regeneration cycles have also n.ot revealed 

any chemical det~riornt1on of the defluoridant granules. 
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Drying of the granules causes a definite weakening 

of the structure. It would therefore be best to store and: . 
.... 

transpot>t 'the defluoridant und.er damp conditions. About 60% 

moisture .content would be -·suitable. 

·. The loss in weight observed in the laboratory filter 

and the stana.ard abrasion test seems· unduly high for the slight 

turbidity produced. The discrepancy is probable due to dissolu­

tion of calcium sulphate which is· .retained. in freshly prepa.recl 

defluoridant granules. In previous defluoridation experiments 

(refer 111 B• 1 of this Chapter) it was observ-ed that sulphate 

was being diss~lved by the filtrateduring· .initial ·Operation of 

a cleflU.oridant bed. ' 

The net loss in weight attributable to. attrition i:s 

·.therefore cons.idera'bly les.s. than ·the· recorded values• Calcula- · 

·tions based on the solubility of calcium sulphate suggest a 

50% r~duction of the latter. 

lV. ffO USE H 0 L D D.E F L.UO.R·I DATI 0 N. 

From the previous discussion under part lll,.it is 

clear ihat defluor1dation .filter 1nstalla:t;ions .necessitate con­

siderable capital outlay as "{ell as skilled supervision. As such, 

it is more applicable to large%- communities, rather than to in­

dividual households. For the latter tsurpose the us·e of defluori­

dant additives· would. be pretel"able. Fu~hter disadvantages of 

activated supe:rphosphate ·filter~ are,·the large .losses· incurred 
~ ' . . 

during separation and manuf~cture or· granules from commercial 

superphosphate, the irregular size· gradation, and the low mechani• 

· cal strength of .'the granttles. In Ol'der to .obviate these difficul­

ties,· tests· were :undertaken to evaluate the efficiency of defluori­

dant powdere which could be used as additves. ·For filter instal­

lations ihe use Of "Saa1t:ostt was. investigated. "Saaifos" is the 
. . 

trade name.for a granular fert11iser·produced by partial neutra-. 

lisation of superphosphate of lime, v1ith ammonia. It· became 

available in South Africa,·only, after completion of the wo:rk 

already 

described/ ••••• 
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described, rut its special featureo viz granular form and 

partial n~tra11sation i.e. partial activatiozl, encouraged 

its use. 

A, .ACTIVATED BA:AIPOS . FILTERS. 

Gra.n.u.les of. "Saaifosn ·10, 450 mesh
1 
1vere treated and 

'tested 1n simil.-lr mrumf'lr to superphosphate. It 'l..;as founcl that 

11Saaifost~ responded equally well to activation and dei1.uoridat1on, 

although its defluor:i.dising capacity vm.s sometmat lo1,rer than. tbo.t 

of actiVtl.ted sup~rphosphate viz 2.0 and 3.5 mg./g. respectively .. 

This lowered enpacity was probably due to the less porous 

n.~ture of usauifosn granules which res~..mbled l"olled .spheres. 

These gl•a.nu.les ¥Jere much harder t~an the incidental superphosphate 

granul$S and consequently they guffered very little attrition 

loss dUring praparation. and reg<:>..neration~ The ~.haviour of 

this mediu.m wa.s idantiea.l to that of activated superphosphate in 

all .other respects. · 

Since tna acidi cy of nuperphosphate is partially 

neutralised during manufacture of nsaaifosn, it vias conniderad 

. possible to activate the latter in situ in a filter column" . It 

was found that the· low po~sity of thG granules necessitated a 

longer soaking period, a.oout· 4 days, in a 5% sodium hydroxide 

solution. ConsidernblG adventnge is ,however, to oo gained 

from this method of activntion. 

On the 1-t!ola the superior mechanical. strli?XJ.gth of 

"Saa.1fos•1 grnnules coupled H!th the tact that it :ts com.n.Jercially 

available 1n granular form, makes its U5e most attractive. 

This material was subsequently used in the lnrge.scale 

defluoridation plant mentioned in the introduction to this chapter 

It was activated in situ in a filter column of 15" dit'tt1ater x 14 

feet high and proved to be most satisfactory. This plant has. · 

been operated indepE>.ndantly sinee .Ta,.ll.uary 1956, It supplies 

2000 g.p.d. of de.fluoridated \·rater for domestic u.se. 

B ..... / 



B • ADDJTJYl!L .DEEn UO.R.iDAN:P£3., 

.Phosphatic de.fluoridant powders, prepared by 

three ~trteretlt. methods were evaluated.. fheoret1eally 

any of the preparations listed 1n Table XII could be usea 

tor baton detluorida.tion, but edonomlc ·eons.1dernt1ons 

neeessttate tbo use of corm:nel"cla'l staperphosph.ate der!vatl:vas only. 

B, 1.. fl:,ti}Al:fAti!D• Activated superphosphate and "Saatfosn 

media were p.repars6. as. described under li, c, 1, or this 

ChaptGr·, OXt"'.Spt that tb.o uter·ial Was finely crushed before 

act1vnt1on and 'that it was a.l.lowed to settle completely before 

decanting the ~npematent activation liquor. During activation 

the materials sustrd.ne4 weight. losses on e. ary basts of 30ft and 

25'~ respect!vely. 

A. tb.bti meaium v;-ru1 prepared. by adiU.ng an. aquenus 

solution ·of supe:J'phosphate to tbe requisite amount of m!l.k of 

lime tlith constmt stirring. · fhe :resultlng; precipltat~ was 

then we..sbed free of soluble salts. By thls metbod ·of 

preparation 100 grams suiK'rpbospbate 71elded )4.7 grams 

prec1p.ltate J..e. 65'.3$! loss 1n weight· was sustntnetl. 

All tbree media were kept under moist condl.ttons 

after preparation, since d.rytng aestroyed the1.r actlvtty as 

indicated under Il, .B, 2, of' t:his Chapter .. 

B, 2 •. Qgf.llolit§a.ti.P.D• 'fhe df;tferent. media were lntimat~l:v 

contacted vdtb the water to be defluoridlsed, by instantaneous 

shaldng. fhey wer1: thElreatt-er allowed to settlt"t Bnd the 

elear .supematent liquf.tis were 4ecanted and anal.ysed tor 

fluoride ion. About 4 grams ot each medium were tbue mixed 

with successive 200 ml ... aliquots ot tap water containing. 

10 p .• p .• m. of fluoride ion and suff1clent aetd to control the 

pH value or the mixture at an opt.inuw. between 7 and 8. The 

res14u.al , •• l 
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residual.fluoride ion concentration in the supernntent wat~r, 

did o:f' C()urse increase gradually with succesnive batch~s and 

'When it ~xceedad 1,5 p.p.m. thElf dafiuoridant \Tas considered . . 

to be saturated. rio atte.mpt was made to regenerate the 

me;dia. The results of these tAsts are recorded in table XXII. 

~B;LI~ m1 
. n:c:rcmofliDJsn;tCLQAPti.cm oF APDITtB D;t?Fl~o..arnw,g 

, _, · ··- :Activated #. Activated ~ · 'Prec:i.plt:ited'"·: 
t: Pl~oper~y : super- : "Sa.a.ifos" ~ tri ... cnlcium : 
: • , , .. , # 'DhOSJ!Qllt9 I I Jl00SJ2Q.fJ:!f_'=L_: 
t · : ·I : : 
:rowaot Re~idual [F*']p.p.m.. 1.2 1 0.7 1 o.s ' 
t ' : 

.. 
* • • ·· :Capacity (mg.r/g,. dry a : 

. : · defluoridant) : 3.4. : 3.8 
• . ' 

:Ca.po.ci ty (og,.?/g. of 
: ra'..r "super u) 
: 

• • 

• . 
;Acid used for defluori- : 
t dation (g.HCl/1 •. of t . 
: raw wnter) 
t f 
:Average pH of supernatcntr 

. • 

0.045 : 
• ... 

a.o : 
0.045 : 

0.1 : 

o.045 

: 
, . .. 
: .. .. 

.. . 
·------------------------·~------~----------~----------._: 
Q.Ds~ryp.tionn: (n) From table XXII it is cleat' that ill three 

preparations could be used as ac1ditive defluoridonts .. Their 

order of efficiency i.s as follot>rst (i) ·pre-cipitated tricalcium 

phosphate, (ii) nct1vo.ted nsanifosrr, (111) sot:tvated suparphosphnte. 

(b) 'lbe high defluorid1a1ng enpa.city of the 

precipitnte was largely offset by the high loss sustained during 

its praparntion. 

(c) Itwo.s necessary to acidify the rawwater prior 

to o.ddi tion of defluorida:nt. T;ests showed that nny acid could b~ 

used for this purpose provided. that sufficient reduction or pll 

value was obtained. 

(d) :.che pH 1\Talue of the treated wa tGr t-1as alwnys 

"Within th~ potnblo range. 
' ' 

(e) The quantity 0 f defluoridan t to 00 added to n 

batch of wnter hnd-·to b.~ in proportion to the quantity of fluoride 



to be removed, so as not to exceed the capaci.ty or the . . 

defluoridont. 

(f). The daf'luor1dnnt had to be stored .ond added in 

.. moist .form. A pulp w1 th about GO% moisture was found . 

r.uitable~ 

C • RECOMMENDA'r..!O!IfS.; 

The ·most suitable n~thod of defluoridation of a 

specific 'Wn.ter supply d~p~nds la.rgf~ly :upon its quality. Tltus, 

·hard ·tm.ters which requir~ eonvent1o.nnl lime-soda. softening will 

generally have their· fluoride concentrntion.reduced to potable 

levGls by the softening process. (77, 94 ond II, A of this 

Chapter). High fluoride concentrations \>.hich a.l\m.ys occur. in 

soft waters can. s1oilo.rly be reduced to values of laos· thun 

lO p.p.rn. by simple addition of' lime, fluoride being precipitated 

as calciun fluoride. However, thA fUrther renoval of. fluorid0 

to less thon 1.5 p.p.s. r~qw.res treatment by tbe metho-ds of the 

pr~?sent investigation. 

For defluor1dation of fairly large supplies (;:==-lo,ooo 

gallons p~r day) a .filter it1.stnllation utilising activated 

superphosphate or "Saaifos" granules and equipped with 

reaeneration facilities is recommended., The cost of 

construction and supervision is in such cases Justified by 

the vol~s of water to b~ treated. 

For smaller supplies especially as are required by 

individual households, the use of defluoridt:.nt s.d.ditiv·es iS 

preferable. Such l!led:tn cay he made available 1n packaged form, 

eo.ch package bAing sufficient tor a definite voltll'!le of \-ta.ter. 

By.· t.lJis method o.f treatt!u:mt the risk of 1neff1cien.t defluoridn­

tion \dth an ex.ba.usted fiJ .. ter would be largely eliminated, since 

eac~1 batch of water would require a ·fresh addition of 

defluorida.nt 'IJhareas a small deflu6ridnt1on til ~r may be 

easily noglected to the stage whex-e defluorido.tion will no 

longer proc~ed. 

Defluoridnnt ••• / 
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Detluor14ant media may be. prepared as described 

. in th1s thesis and ma.de available as a. commerc1al commod1 ty t . 
,, ' 

so as to be used wherever .1t 1s required. 
: • • - : . • ••.• ' - •• ' ' . • ljj - • 

!i.!d.!• Pate.nt cover for the manufacture a.nd use ot this activated 

phosphate has bef!ln obtained and the patent rights have been . 

ceded to the s.A. Council· tor Scie.ntiti.c and. Industriaf Research • 
. . 
D. cos:rs • 

. fhe .most important result of the present investigations 

1$ that e:n' economtcal .method ot detluoridation ot water has been 

developed. Estimates of the cost are as tollowss-

!rhe cost ot superphospha.te in South Africa 1s about 

£12 .• 1o.o. per short ton, wh1lt;t sodium hydroxide costs about £'4<> . ~ ' . 
per sho.rt ton. The raw materials required. to produce 1 ton of 

activated superphosphate detiuor1darit would.thus cost 

(£12., -t- 0 •. 32 X £1;()) X .J. .. · -. .. . . . ;o~ 

where 0.32 • grams NaOH used per gtam super 

& ~o~ • y1eld ot defluor1dant. 

i.e-. cost • about £;o. . 
lt it is assumed that labow and marketing would cost 

another £~ per to.n the final cost of the .d.efluorid.ant need not 

be more than 1 shilling per lb. this compares most favourably 

with the cost ot alternative defluoridants which are estimated 

to cost about 10/- per lb. in the United !Stlites ot America (95'). 

A further detailed .investigation (96) of plant. 

construction and .operational costs has .indicated that large 

.scale detluor1dat1on ot water by means .of a.ct1vated superphosphate 

t.ilters would cost about 1.3 shillings per 1000 galls. This 

·oost should be well within reach ·Of most South African co:mtDUll1t1es. 

Small scale batch 4etluor1da,t1on ha.s been estima,ted to cost 1 .• 5 

pence per 10 gallons of water• 

Detluor14at1on· of water has thus become a practical . 
tea,s1bil1ty to all who have hitherto suttered the. 111-etfects of 

excessive fluoride 1ngest1Qn. 

oOo -------- -------- I 
I 

l 
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SUMMARY 

The demineralisat1on of saline water is receiving an in­
creasi.ng amount Of attention all over the world. 

In south Africa, fresh water supplies are ltmitecl and at 
present saline waters containing more than ·2,500 p.p.m. 
of_die~olved salts are being used by at least 150 com• . 

. mu~1t1es and numerous individual farms, with possible 
'deleterious effects upon the health of men and beQ$f.s. 

water.fcontaining harmf'ui. ooncentra.tiona ot fluor-ide 
( > 1.; p.p.m.) are also being used ·extensively due to 

· : the unsuitability of existing detluor1dat1on methode. · 

various m&thods of dem1neralisat1on and defluorid:ation 
_were critically re~eicved, especially with regard to 
cost and practical feasibility. } · ·' 

.__:· 

In South Africa., :dem1neral~aat1on by means of solar dis­
tillation is attractive because plenty ·Of sunshine is 
available in the many arid taegio"s~ where small house­
hold supplies only, are required. 

A programme of research waa undertaken with an exper!menta.l 
solar- still of 16 sq.tt. pan area, in order to correlate 
dist1lla.tion eff'icien~y with local ·climatic conditions. 

An average daily yield of 0.762 Imp. gallons wa.s obtained, . 
equivalent to a 30/t. utilisation ot the' solar. radiation 
impinging on the still. 

Ambient and saline. water temperatures were found to have 
an important bearing upon the ett:tciency of ·tts·ti.llat1on. 

· This observation has appa'rently not· rec.eived the attention 
of workers elsewhere. · · · · , · 

An equation, based on expett1mental data, was foFmulated. to · 
relate the thermal efficiency of the still wi-.th atmos­

pheric temperature. 

The influence of winds··, rain, humidity and pressure·· was 
mainly indirect as·manifested in tempeJ:~ature and radiation 
changes. · · ·· 

Improved ·disti-llation was obtained f'rom the use of mirrors 
and artif'ieial'cooling of condenser surface but their 
coat does not appear ~0 b.e warranted •. 

12.8: sufficient data was obtained to 1ndicate·a suitable design 
of household still and to estimate costs. 

13. Theef':fioiency of various methods of detluor1dat1on were 
asses·sed. . Por this purpose the numerous: methods ot 
fluol'ide determtnstion in. water, were critically reviewed. 

14. The method :described by stevens .. was lfound most suitable f'or 
direct routine estimation of fluoride .1on concentration, 

·While the standard distillation method was used as an 
inte:rmittent check on the t;ormer metbod. 

15. Flocculent precipitates will absorb fluoride from watert 
bu.t the removal was found t~ be incomplete and impracticable. 

16/ •••••••••• 
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16. Precipitated calcium phosphates were excellent defluor1dants 
, . but seV'eral d.isadvatages rendered them unsuitable for prac­

tical application .. in columns, 

17. A cheap and efficient· ·d·efluoridant was prepared by simple 
treatment of superphosphate of lime w1th excess dilute 
s·odium hydroxid.e solution. 

1S·.f such activated superphosphate consists chiefly of micro• 
· crystalline apatite which exchanges· hydroxide ion selec­

tively for fluoride ion. The exchange appears to be 
effected only on the surface of the crystals. 

19. Granules of activated s~perphosphate were used suecesetully 
in conventional ion exchange type filters for defluoridation 
of fluoride bea:ring water.. The average detluoridieing capa­
city of the material was 3•5.~· p- per gr~Jtaken within 
the range of fluoride reduction to the optimum ;u.mit. · 

20. The. ion e:tehange p:roperties of the defluo:ridant are critically 
controlled .. 'by changes in pli value. At pH values above 12 
fluoride i.ons are exchanged for hydroxyl ions and at pH 
values between 6 and 8 defluoridation of water in contact 
w·lth it proceeds rupidly. 

21. Aft~r saturation with fluoride ions; the defluoridant may be 
reganera ted with a 1% solution of sodium hydroxide. The· 
method ot regeneration which was developed restores the 
fluoride capacity ~Jf the material and no defluoridisedwater 
is required for rinsing.· A. considerable saving of de­
fluor1d1sed water is thus attained. 

22. Def1uor1dation of both household end public water Auppliee. 
bir: means. of activated. superphosphate should be e. practical 
t•ea'Sibili ty. 
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Prero-rat on 
Method ot Reaeneration 

~Preably pr"pared material 

1st Repaerat1oa 40 ml. 51' lfaOl 

I 
2ad Regeneration 40 ml. SCJ' Jrael 

- 1at Begenerat1on:20 ml. ,_ oacl2 ~ 
+ 1 • .5 lltl. ~ • .,. 14 

i1 I 

2ncl J.epaeNt1on:20 ml. ~ W.OH 5 
I 
C\1 

+ 1st. :Regenerat1on:20 ml. "' xaoH 

( 
• 2nd Regeaeret1on:20 ml. "' NaOh 
N -+ 

C\1 31'4 Regenerat1on:20 m1. 59& lf&O!f ,.... 

K .., 

"' 4th Regenerat1on:20 ml. ~ lf&OH • 
"" I 

preahly prepared matePial 

,...."'2.::t e- 1st Regenerat1on:10 Ill. 1·% NaOR 
i "" • 
0 --~ 2D4 Reaeneratioat10 ml. 1~ NaOH 
.n-..-14 

.31'4 le~t,~oDt10 IDle 1% NaOJf 
"' + .il 

-··- ., 

TABLI 1111 

RJOBJ!DATJQI um 

f1J:1 N- 1 Detl\lor1ct1atng 
oo~ered capa:ity mal 
during pea 
Regene-
ration 

10.8 

11 2.7 

49 2.0 

.11 o.6. 

l 

'C)' i 2.9 

I ' ! ! 

I 23 2.8 I 
I 
I 

91 2.6 

104 3.0 

68 2.7 

: 
11.0 

80 I 5.4 i 

65 1.8 

.53 0.9 

9 3. 

Low eat Dieaolution 
residual ---- ot P04 F eon-
centra- R._rks 
tion ob-
ta1ned 
p.p.m. 

zero 

3.2, zero I 

4.8 zero D1acal'de4 

I 8.4 zero Regenerat1•n oauaed 
oollo1ctal liaperaio•> J 

. ''j•·' 

~:~~ \!,.. I 

w 

2.8 + D1aaolutioa ot phoa-
pbate rend~s process 
impractioa ·le. 

I 
I l 

3.0 + D1uolut11 ot phoa-
pbate rend rs process 
impa-aotioa 'le. 

' 

3.4 + Diasolutio~ot phoe-
I phate rend a process 

impractica le. I 
I 

2.4 + Diaaolutio ~ ot phos-
phate rend In'• process 
im.praotica ~le • 

3.2 + Diaaolutto'a ot phoa-
phate rend~a prooeaa 
1mpraot1ca~le. 

0.1 

1.0 + Dissolutioa ot phoa-
I 

1.0 + phate rend.re process 

1.4 + impracticable. 
' 

~ 
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