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SUMMARY

The demineralisation of saline water is receivinq an in~ -
- creaging amount of attention all over the world.

In South Afrieca, fwesh water supp]ies are limited and at
present saline waters contalning more than 2,500 peDelie
‘of dissolved salis are belng used by-af loaat 150 com=
munities and numerous individual farms, with possible
deleterioua effects upen the health of men and be&3t85

‘atenscontazning narmful concentrations of fluaride
(;71.5 PsDelMe) are 2ls0 being used extenasively due to
th& unsuitabilitj Qf existing defluo"idatlon methcds‘:

Varioas ‘methods of denlneralzsation and defluoridation
were critically revelwed, especially with regard to
cost and practical feasibility.  Most of them were . -
found unsuitable for South African. requirements which
ares

- {a). a procesa for demineralisauion of excessively saline

water in small quantlties, say 2 to 5 gallons per

o day, end = :
"(b; a procesgs for defluoridation of fluoride bearlng

water in- quantitles from 5 to 5000 gallons per. day,

. In SOHuh Afwica, dcmlneralisatlon by meansg of salar dis—

tillation is attractive because planty of sunshine is
available in the many arid regions. whnre emal] house—,
~hold . supplies only, are required.~ -

A pvegramme of resesrch was undertaken w1th an experimental
- solar still of 16 sq.ft. pan area, in order to correlate
~dietillation efficiency with loc¢al climatic conditions, .

'An average daily yield of 84762 Imp.'gailéné'was'oﬁtaihed,-

-equivalent to @ 307 utilisation of the solar radiation
impinging on the ati?l. ‘

Ambient and saline water temperatures were found to have

an important beariag upon the efficiency of digstillation..
- This observation has apparently not receive& the attention
- of workers elsewhere. - , . :

An equation, vased on experimental data, was formulated to )
relate the thermal erficiency of the still with atmos-

. pharic temperature¢

The influence of winds, rain, humidity and presu¢e ‘was

mainly indirect as manifested in temperature and radiation ,

Chﬂflgeﬁo .

Improved diatillation was. obtained from the use of mirrors
- and ‘artificial cooling of condenser surface but their
'cost does not appsar. to be warranted.:j; .

Sufficient data was obtalned to indicate a suitable dusign

of household still and’ to pstimate ooste.,

'The efficieney of various methods of defluaridation were -

asgessed, For this purpose the numerous methods of.

“_ fluoride deuerﬂ¢nation in water, weee critically reviewed.

The method desopiheﬁ by Stevens was ﬂound most suitable for
direct routine estimation of fluoride ion concentration,
while the sntandard distillation method was used as an
intermittent check on the formev method.

Flocculent nrecipitatee will absord fluorzde'from,watef;

but the removal was found to be incomplete and 1mpracticable{
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Precipitated calcium phosphates were excellent defluori-
dants but sevéral disadvantapges rendered them unsuita-~
ble for practical application in columns. They were
also relatively expensive.

A cheap and efficient defluoridant was prepared by sime
ple treatment of superphosphate of lime with excess
dilute sodium hydroxide solution,

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 crystalse

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 mge. F
per gram taken within the range of fluoride reduction
to the optimum 1imit, i.e. less than 1 p«pe.m.

The ion exchange properties of the defluoridant are cri-
tically controlled by changes in pH value, At pH values
above 12 fluoride ions ate exchanged for hydroxyl ions
and at pH values between 6 and 8 defluoridation of water
in contact with it proceeds rapidly.

After saturation with fluoride ions, the defluoridant may
be regenerated with a 17, solution of sodium hydroxide.
The method of regeneration which was developed restores
the fluoride capacity of the material and no defluoridi-
sed water is required for rinsing.

A considerable saving of defluoridised water iB thus
attained,

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

The defluoridant granules suffered some atirition 1loss
during regeneration, but it was found to be no more severe
than the attrition losses incurred by some commercial ion
exchange media.

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 defluoridising capacity of this material was sémewhat
smaller than that of the previous media, but its greater
mechanical strength rendered it a superior defluoridant,

The latter material was used in & large-scale defluoridation
plant, desighed by the author for the South African De~
partment of Public orks. The plant has been operated
independently, by the latter Department since January,1956,

For small-geale defluoridation, the use of powdered defluo-
ridants, also prepared from commercial superphosphates,
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,
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27, °  Petent cover for the manufacture and use of activated
superphesphate_defluridants ﬁas been obtaiued._

28,  Estimates of cost, indicated that defluoridation of both
-~ household and public water supplies by means of activa-
© ted superphOSphate should be a practical feaaibilitya

:295 The present investlgatmons, have thus provideﬁ practical
c - means for rendering both saline and fluoriﬁised waters
pOuable.
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 INTRODUCTION.

By far thg.largest portion of_the w@ﬁexé of the globe
is unfit for humen consumption, agricultural or process use, on
a&c@unﬂ of excessive sslt content. | Up*ﬁo‘the present timo,
natural fresh water supplies have heen sufficient to meot moaﬁ
important needs, aend development hae been concentrated in areas

where fresh water supplies are plentiful. Continuous expan&ion$

however, has accelerated the need for additional water resources

such as may be obtained from deminerslisation of saline waters.
In South Africs water supplies are limited end the need
for domineralisation is conmsequently urgent. | |
| Whereas the rémavallef’ergahie imyuritieﬁ from water
has élready beceme'eatabliéheé practice, eéénomia.demineraiiaaﬁion
has not béen.attaine& as yet, Due to the difficulty and cost of
total demineralisation, methods for removal of & specific haymful

ingredient only are often resorted to, - One auch ingredient which

: 6ften occurs in nstursal waters ané which must not eéxceed a ¢en¢en~
tration of 1.5 pérts per million (p,p.mq) in potable water,‘ié

fluoride ioni. Up to the time of the present investigationm,no

practical mathod of defluoridation had been applied,

As a result of these imperfections many parts of South
Africa, and in particnlar the West coast and South West Africa,
have suffered the ill-effects of & fresh water shortege.(1l):
Thé:develagman#Aof these and othar‘ragieha has been severely

handicapped but their valuable resources and potential value to

- the couniry as & whole, call for sérious counsideration of the

'-prablemg The present inveatigetions were undertaken in order to

clarify existing conditions and to develop economic means for
rendering saline waters poteble, It was further attempted to
develop avpracﬁieal‘égthod for defluoridation of waters which con~

tain fluoride ‘ion. only, in excessive councentration,

i
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2« -
After‘eareful review of various m@tho&s of ﬂ@minérel» -

of Eresh vatar by artificial solar distillationc It w&s found ‘

‘ that a relatively small. experimental sol&r still conld produce an‘

annual average of 0,762 Imp. gallona‘of’diatilled water per*dayf

' The yield of distillate was mﬂinly determined by the amount of
_~radiation recoived by the still, but the influenee of other

" climatic factors was also evaluated. Erom the &ata preaented'it:

‘is possible to design & still which will under South Africen
conditions brovide a apaeifié&‘quantiﬁyvof‘distille& water. Sﬁch

- & solar atill may be conatructed for, or by individnal houae- |

‘holéers at reagonable cost and will thereafter operate carefrea and
QQQthSSq o

| "nefluéridation‘of'waﬁar was_éocgmpliahed with sn fon-

exchange materielvwhioh,was prepﬁred from.a cheap-and'readily'

available raw naterial via. commercial auparphoaphate of lime. ’

_ The active ingredient of the preparation was found to ‘be micro- >

cerystalline apatite whieh reversibly and selectively exchanges

| fluoride and hydraxide fong. ﬁftar gaturation with fluoride ions

~ the material could thus be reganeratea suceessfully with a dilute |

solution of sodi&mrhydroxide, It wae found that pH centrol

during defluoridation and regen@ration was of primary impertanqe;.
an observation which had not been evaluatea before. _

Details of practical defluoridaﬁion are pxesénﬁed.séi
that the prcoeaé‘shoﬁl@ be;ameﬁable:té intqrested paztieé.;

The inveétigations were earried.dutvin the Watar-ﬁéééa:eh
Labovatory of the South African Couneil for Seientific and
'“In&uatriél Eeseéroh‘and occupied a‘periéd of f&ur years, from 1950
i1l 1994, Paperé on YWater Qﬁaiiﬁy}ﬁegui?em@nta, Daflubrid&tibn '
and sol&xgbisﬁ;llatioa‘vere publiahe& in_variaus‘journglafanﬁ
C+ 8, IR Reporta, (Sgavappehded iisﬁ of public&fionég) Theaé_paperﬁ

constitute the mein subject matter of this thesisw
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THE OCCURRENCE AND DISADVANTAGES OF HIGHLY

HINERALISED AND FLUORIDE BEARING WATERS

1. occnaﬁmﬁem OF SALINE wammﬁ¢ |
The unlimite& suppliea of watex contained in the oueana
are the moat common example of geline watere which have remained
unexploited. In addition all undergroun&_w&ters contain varying
‘amounts of dissolved mineral matﬁer, 88 & result of their |
‘ pereelgtion,thraugh.eﬁrata ﬁiﬁh_more_or Ieas-aolublemﬁlnaﬁél con-
Etiéuenta. Thm.natuxe'of‘ﬁndergfoun& waters ig théref@re'
dapandent on the geological farmationa fram which they ari&e.

- In high rainfall aroas th@ eoluble constituenta of rocks
are gra&nallyﬁlegehe& out and depleted, reaulting gengrally, in
low salinity underground water, In arid rogions, the reverse
takes plﬂce'since_:apid‘evagoxétioh‘of ground wétér ehriéheg»th@‘
" goluble minerals in the soil. Ugfértuﬁateiy it ia,ex&etlj*theae
_regiéna which have to relﬁ mqst np9n‘boreho1a3 gnd wells for wgtef 
supplies. | | | | |

‘During the course of thelﬁrééent stndiaa,aaurvey‘waa: 
undertaken of the occurxeace-and'physiqlqgiaal effects of ssling
.water‘in South Africe. Thavaﬁtdche&‘map Cfiguré 1) was compiled
from anslysis of various dome§t1¢ wétéfs ﬁﬁ“which s&mplés'wéré A

' éubmittaa. It was further supplemenﬁed by reear&a of the Depart-

ment of Public Health‘ Watera which cantained moré than 1000 pup.mt s

‘_ ef‘&iaaolved saltes only, were recorded since lower cencentrationa"
~ are within the specifications fb: péﬁable éaﬁexa;(z);
From figure 1 1t is obvious that water with excéasxvé »
]sglinity‘aécurs in allarge number of places in ali parts of South
Af;iouy | | .
Further information'reg&rding the conaumpﬁi&n of éaline

 water wag sought via questionsires which were gent to Town Clerks
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and Veterinsriane in aresp whers caline waters é&e pfeialenx. Thé
" replies indicatad that saline water te of noceﬂsity baing used by ‘
"a 1arge nuﬁber of peuple. | Gombined aata 1n&i¢ate that water
cbntaining more than 2500 p p.m. of dispolved salts (the maximum
‘allowahle aalinity for potable uater - see belav) ig nsed by at -

leant 150 ccmmunitien.

1.  OCGUREENCE OF rzvamn_@;s,_’w HATIR.

' 1he occurrence of fluoride ion in ground vater is
- dependent on the nature of the geological formations from which

>'the water ariﬁea. Minerals such en fluornpar. flunrapatite. topnz

and,fluocerite all contain appraciable quantities of fluarine.

while the varione micas. amphiboles and tourmline, ete. contain -

lesser amonnta. | |
The occuxrencavor:fruniide fon in wvater in SﬁﬁthﬁAfwica

: 1g'widespread'(l)“singefﬁearly all geologiégl fﬁrm&tibna éonﬁéin g

fluorine. Ockerse (3) aﬁrvayﬁﬁ_tha incidence of fitbiide in

B 3r91atioh‘td enﬂemib:flﬁbroain and found tﬁﬁt &8 many &s 805 areas

._lée}é affocted. i£Wa§{moé£vpr§vnlent in the following a§eaa =

Saltpan, Traﬁsvaalslvxaikhéuvel ?raﬁsvéalﬁ ‘Pilansberg, Transvasl; -

Warﬁhaths.‘ﬁransvaal. Yanhardt. C.Pe3 Gor&onia, C.P.; newetadorp. o

:OfF.s, and shanhnp. O.F.S._ In theae arean water containing'up

to 40 p.p.m. fluoriae £s uped fcr domestic purposes. -In addition

. nearly all-the up&ergrqﬁﬁa.wate; regnurcén‘ot the nortﬁswestarn

| , Cap‘a,' an ’weili_aa bouth _Weslt'kf':"icg._cbr;t‘.ain varyling qu&ntit@eﬁ of

fluoride.

ST

All salts in solution change the physical and chemical
' 'proPerties of water. Soms salte may have deleterioua phyaiological

'f and toxic atfects while othera my be quite harmlees. but they all

. /b&veoooon
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. have the common property of changing the osmotic preasure»of'iaﬁer,

the latter being of prime importance in all bi@logieal processes.,
Since specifie uses allow for different toleranoe limita, the
objections to saline and fluoride bearing waters are beat discugsed
in relation to the major benefieial uges of water vigsy 4+ Domestic
water supply, B. Industrial water supply and C. ‘Agriculﬁural ’

wétér‘sﬁppiya

namestié,mater an ly. (Human consuaption.)

ﬁaximum permieaible limits far the concentration in

_ ﬂrinking water, of certain substances such a8 lead, araenic,_

selenium, barium, ato.; have been prescribed by thé South African

Bureau nf Standards (2) The toxic offacts of these subatanaes

- are well-known and need no further elaboration.

The physiological effectw of fluorides has only recently

been elearly establibhed, although mottléd dontal enamel had been

,noted end deacribaa as ¢arly as 1901 by Eager.(4). Despite the
intensive reosearches of severanl investigators, it was ﬂot'until 1931
that mottled &ental enamel was correctly attrihuted to fluarides,
almost simultaneauely by chunchill (S), Smmth (6) end Velu (7)+
Since then the ineidanca of flupriﬂes in drinking water has been the
subject of much study. ~ . ’ '

| From 1935 onward Bean et al; (B, 9, 10, 11@ 12, 13) have
reported that £luoride caneentrations below 1.0 pepente in drinking
water pfadnce ﬂé_gignifi¢ant mﬁttlﬁng. Above this concentration,
hcwévér; fluorides é&e harmfuia An important feﬁnit of their work
was the obﬁervation that the incidence of dental caries was cone
siderably lower among children with mottled enamel than among thaee
with no mottling.

Since thon, the appliaation af fluoridea ae a earies

eontrol measure hae been stu&ieﬂ extonsively (144 15, 16) As B

resnlt.many public water suppliecs in.the United States of America

/erecese.
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are at prosent enriched with fluorides i@ a mean concontfétioh of
approximately 1 pep.m. (17, 18, 19). Preliminary reports indicate
that & eonsiﬂérable decrease in carien rate hag been<aﬁtained‘amang
éhil&reﬁ belaw'la_years'of age « the period ﬁuﬁihg which the
parmanent<teeth‘are being formed. 'The'increaae& registance to
dental caries is carried 6Vér into later lifelte‘an‘app:eciabié
degrae. | | |

| in South Afriéa Ocka§se (20) mede simiiarwoﬁaervatiuns in
regard to the caries = mottied enamel relationship. Tha cariea

rate amongst children suffering from mottled enamel was 28 per cent

| 3“éampared with 69 per cent for normal children. It was also found

that the fluoride content of teeth of low caries inoidence was very
much highér than that of teeth bf‘high-cériﬁs incidence. -

| - The ecn@umﬁtioﬁ of fluoride in excoseive quantities may
glsa édvereéiy affect t&e entiie hone}atruéture {3) and there is
evidence that it may be & causative factor in goitre (21, 22).

_ With regard to the eonsumption of water eontaining non=
tamie'gaits such as §aCl, Kclg.Mgso4, MgCl,, CaCl,, ete., the
implicetions are not ve:y:cleara Limite for the total dissolved
solidse ccaeenﬁiation have been ﬁroposea (2) vig. 500 papems fér'
 class Avwatar and 1000 f;p.m, for clase B water, but éonsiderable
controversy and speculation still exist. The objections to high
zaalt coﬁc@ntratians in potable water supplies are based on two‘;'
fﬁét6r§g7viz. taste ana‘physiologiaal'éffécté‘_ |
(a) Taste. | |
| 7 The presence ef' high salt -conée‘ntratiéns in water is
@aaily aéteetéd'and'the ébﬁaetiunabl@‘ﬁaate'curtailsvcoﬁeumﬁtion at |
1evéis which‘iﬁ‘géhérally weli.below thﬁt et which any:seriaua_' B
: physiological effecta can be expected,
| Several workers have studied the limits tatwhich the

palate ¢an datect galts 1n-Waterq- Thus, Richter and Haeleanv(ZB)

/ii’hméai
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in a study of 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 detosted at 200 ~ 450 p.p.m.
Potassium chloride " " %60 - 600 "
Sodium sulphate " " 250 ~ 500 ".
Magnesium sulphate " " 400 - 600 ¢
Fagnesium chloride " " 200 - 750 "
Calecium sulphate " " 250 - 900 "
Calcium chloride " " 150 - 350 "
Sodium nitrate " " 450 « 800 "
Sodium carbonate " " 15 - 75 ¢
Sodium and potassium

hydroxide wooon l -« 5 v
Caloium carbonate " n 50 -« 200 n

.From these results it is apparent that neutral salte are
perceptible to the taste at concentrations of from 300 to 900 p.p.m.
and water generally becomas unpalatable at concentrations of 1,000
to 1,500 p.pem. Alkalis such as sodium and potassium hydroxide and
podium and calcium carbonate can be detected at lower levels and
would become objectionadle at correspondingly lower concentrations.

The palatability of saline waters, however, will not
always restrict i1ts use because it is well-known that acclimati-
zation of subjects using such water will reduce their ability to
detsot the salinity. ©Phyeiological effects rather than taste
should thus receive priority in judging the suitability of a water

for domestic use.

(v) Physiclogical effects

As may be expected, the non-toxic neutral salts produce
major physiological effects only when ingested at concentrations
above their isotonic levels, At these concentrations they produce
dehydration of the body tissues and if ingestion ip continued it will
result in death. For most neutral salts the isotonic oonoentfationa
are between 6,000 and 8,000 p.p.m., dbut obviously such exceseively

saline waters are rarely consumed, even in emergencies.

/The..... ~



8.

. Thé effﬁcts of the consumption of water eanﬁainihg.Iﬁwer
eoneentrations of these salts have baen reported on by several
‘1nveetigators (25, 26, 27, 28) In South Africa the @ubject has
veen studied extensively hy Steyn and Reinach {21). With- regard to
thé'parmiasible éélihiti-@f\a ﬁqméstié‘water, fhey agree with 61&9%
authorities in Englend an&'America that the extreme 1imit of the
total salt content should not exceed 570 peyanie '

. The consensus of opinion is that minor physielogical
effects such as gastric disturbances and catharsis may be causeﬂ by
drinking of saline waters. These offects are particularly
' experianéeé'iy‘pérsﬁné'who have been aeeuﬁtnmeajtg_water of low
'§aliﬁity@ " However, no petrmancnt damage 19'proéuce&4and tolerance

 for such water is soon acquired. »
Magnesiﬁﬁ, gulphate and phoaphaie iona are specielly active
- in producing catharsis, but Sollman (25) states that below 1,000
p.p.ns they are harmle&s} :Eannougal (26) found that water cohtaiﬁa
4ng up 10 2,500 pepsm. of dissolved aalts‘may ﬁe used for manj days
without serious aiééaquft; 1f theﬂsaliha‘ﬁontent is inoreased to
S,BOO:p.psma, oniy‘hﬁrﬁenéd‘subﬁeéﬁe ma& use iff?hilé-ﬁg@ﬁ@ DePoelis
" i inimical to health and comfort, though it might suffice for & fow
hours oy seve the life~ofia perﬁén who h&d‘been‘ﬁﬁoily without water.
 This suggests that the iimit 6f‘t51eranéé for drinking waters could
'be?raiﬁe& abovevl,ooo,ﬁ.p;m.;»perhape even to the'vi¢inity of 24500
'p;pamivwith@ut adverse effects for those accustomsd to thome. The
”human Séay always groteéts itsalf sgainst adverse conditions and any
illse¢ffects caused by the drinking of saline waters are thue most . |
. 1likely to be of a chronic rather than acute nature.
It should be yointea outy; however, that poesible
| ajnergiétic or antagbniatie interactions hatwéen‘mifeﬁ salta in
golution may oauge‘ﬁifferant effects from those of the separatevaaléa_b‘

;Ig-udaitinn there sare Séveral_oiher faotore such as quantiey of water

/Gdnmﬁaﬁ bess
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consumed,
/elimatic’ conditiens and individual resistance which will influence

- tolerance limits. On the whole it may be taken that water, contain-~
ing more than 2500 p.p.m. of ﬁissolved aolids should nat be used for

i drinking purposea.

B, 1nag§£ria1nwaxerwﬁgﬁalggge

The gquality réqairemaﬁts of industrial watéf aﬁpglies‘a&a

E'éf necesaity varied, in that they depend on the use to which the
- water ﬁillﬁbé puts  With regard to ﬁiséolvea wolide content coensider-
' ab1é7£oieranea is possible when the water is intended for ﬁéshing‘and
H similar‘pnrpaSQQ;' On the ather'hun& exaesaivé diacolved solids ¢an
; cauaeffoémiﬁg in boilere and intorfere with cloarness; colour and
? teate of“the finished products. It ds therefore desirable that some
" 14mits of salinity should be exercised. -
In Tablﬁ 1 éame‘major iﬁduétrialiuéeﬁ have beenlliﬁ%éd
. togather with suggested limiting concentrations of dissolved svolids.
?<The figures are by no means rigid since thoir valuss depend Iargeiy
 on individual aircumstancea¢~ They do,hcwever,inaicate that
industries generally roquire water of lower salinity than is needed
for humén‘ebnéumpﬁion@ | _ -_

' The presence of finoride ion in the low congentration which
generally occur in'water, will not interferevwith industrial procésses
| wiﬁh'ﬁoSSibly two exceptione. The firat'is in cases where the wateér
 is concentrated in a product intonded for human eenauﬁptinn and the
é second is in ice manﬁfeéturéw Sevaeral reports heve indicated that
' fluoridation of water has rendered the 1ce made thersfrom,more

brittie and consequently difficult to h&ﬂdl@b'

€. Agricultural Water Supplies.

High salinities of irrigation waters may be deleterious to
' plants directly, or indircctly through their effects on tho soil.

 High concentrations of sodium are especislly harmful in that it

Jeanoeses s
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TABLE I.

WATER FOR INDUSTRIAL AND AGRICULTURAL USE. - -

Purpose

Meximum Selinity (p.p.m.)

e Rm e

Food Processing

Domestic Standards

Authority

FPeed for boilers
at =400 pe.s.i.

50

Jour. N.E. Water . .
Works AssS.,

54, 261, (1940)

O T

mEHRERHEY KRao¥u

Chemical Depends on product -
Indugtries

Cooling Water Sufficiently low to -~

' prevent scale formation . ,
Textiles 200 ' " Thomas, JeFedss
. Water & Sew. Works,
86, 21 (1948)
Plentics 200 "Water Quality and
‘Treatment® 2nd. ed.
Am. Water Works A8S., |
, (1950)
Pulp and Paper 500 Miller, L.B., Paper
Trade Jour.s TAPPI
: Sect.110 (1940) B

Steel No limit ‘ -

Selt Sensitive 1. Chapman, H.D. et
Plants e.g. , a1, ale., Report of -
Fruit Trees and 500 to 1000 Internal Comm. on
most Vegetables Water Pollution,

Plants with moder- ' zz:iig;ni?igzg§e
ate tolerance embly S
€.8+ Coreals, 2000 2. Journ. of Agric.
lucern and of Western .
porernial grass. Australia, 27, Seriecs:

Salt Resistant 2, 156, (1950)

Plants e.g. Wild 3000 3. "“Water Quality
grasses and ' Criteria" State.
sugar beet. of Californis Water Pol
lution .Control Board,
Publ. No.3 (1952)
Poultry 3000 1. "Water Quality
Criteria" as above.

Pigs 4000 2. Personal communi-

, & cation by Dr.

Horses 6500 %.C. Visser of the.

Pl d Agric. Research Labs,

Cattle _900°' Utrecht, Holland,

Sheep 12000 (1952)

wnter & Water Eng.,
56, 132, (1952)
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cauges diaintegrabion'of goil gramiles with consequent low soil

poronuity and permaability. - 1% is hot posnible to fix absolute

o limits for permiaaihle concentrationn of salts in irrigation

watars‘niane their"effects ey be_moﬁified by & nusber of factors, .
uuch a5 concontration of the suluta in the soil due to evaporation.;
chaxacter of the soil, drailnage conditione, typea of nalt present.
the kind of erop, © climate, ete. Bomo 1n&i¢ation of the . maximum
allowable calinitias for irrigation of varioua planta is. howsver,
'given‘in,mable I. The fisuree are avernges of the valnganuoted
by the suthorities listed. o

The quality réquiramenta of yﬁter used fﬁt stock foeding
ara far less exacting than for most other purposes as will dbe scen
- from Table I. The figurea quote& are aeain aVeragen of tha i |
v'various auxhorities linted. |

Flﬁorides. in the concantrations normally found are
generally not as objectionahle for animals or agricultural purposeﬂ
~ag for human consumption. Cattle may suffer fron dental
| tluorosie.but they aré genarallyvslunghtaré&.béfore'aavere

‘caloification and embrittlement of testh and bone aah‘occur,'

. EE mpx,;cammrs OF_IONIC COEAKIHMED wémm
I SOUTH ATRICA.” ,_

YThe lov average rainfall of cartain regiona 1n South.Afrlca.
'nacoslitatea depanﬂence on’unﬂergrannd wator which &8 often heavily

| 10&&5& with minoral salts, inoluﬁing lesger quantitien of flnoridas._
Such waber is unuuitabie for the major beneflcial uees, dut in many

: cases it conatitutea the only uvailnblo ﬁupply. with conseqnent
deletarious affectn upon consumers. There ic_therefora an urgont
need‘for a reliﬂble anﬁ_economic;msthoﬁ of deminarailiation;_

v o The primaiy need 6b#idnn1y'1s for thoée usagesbﬁhiéh ars
alroady oxictent viz. human eonauﬁﬁtion"ana vavterin-g of stock. The

. quality rpqﬁiremonta of'wator for the latter purpose ia, however,

/not..-..
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. ‘Mot ‘8¢ eritical; as was pointed out above. The prcblem‘may thus be

[

condensed to that of supplying deminerelised water for humen

-eonpumption only. Since aria‘r@gicnSvafe ¢f nocessity extrémely

thiml& populated, it is essgential that any proposed process should

cater for the treatment uf‘small.quantities of domestic water, such

as may be ﬁse&'%y individual dwellings snd expecislly farmhouses.
In cases whers water of suitable salinity but excessive
fluor;ﬂe coneentrati@n is available it will obviously he

.advantagesus to remavevthe fluoride ions selectively. Such water

"i8 at present béing used by & large number of individual farmers,

by some isolated communities and by a few amaller towne. A

deflusridation process should therefore provide for treatment of both

smell ané large quantities of water.

It is thus c¢oncluded that the basiec requirements are t
Agl & process for demineralisation of excessively saline water in '
small quantities, say 2 to 5 gallons per day, and B. & process for
dofluoridation of fluoride bearing water of suitable total salinity -
the process beling hd&ptable for treatment ofy from 5 to 5000 gallons
of water per day.

These two aspects of saline water purification are

| reported gseparately in the emsuing chapters.
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TABLE II

 THE COST OF DEMINERALISATION

Desalting ] | CQSt par 100@ galls (from Sea Water)
‘Pethod .\ Claimeda | as used in S.A.
Ion Exchaﬁge; ‘ Not suitable above 2000 P p.m.,
| ; T.D.§.  Bstimated cost £7:0:0. -
Evaporat;on o 12/L (Triple—effect) S  £110:0 (G-effect
e . |st Imderits) -
Compresslan Still ' : ' 9/6 L ;’ £1=10=0 o l
_ v 3Power - 100 K.¥.H, /1000 galls. | |
Freazing _ ffjhf-zv-‘ R ' Ho costs ava1labla
oy T T s T e e e
Distillation | »1‘3/6 R 7“_}'-3&‘5’9
. LR ‘:-,..-_--_..—:_4_»_: __g_‘ Tl 2 ,_,,_: s . ,,_.....;I_._‘-- TSI AR Rl AT ‘-—-—Ji
Electrical | Power COnsumption ' ,
"Kethods L -“L’ . 1n K.7.H. S Total COSF;’ .
| Eleetrolysis (30) - 180 o 15/~ (For partial
o - o ' "~ {%treatment -
) S e e § (iny.
" - (36) - 540 | : £1:10:0 _ |
_Electrodialysis , . T v T |
IR (:,_,8._) e ,L.;:,._,.;., - :ZQ P ’ . ,_(._‘_,4,:./,'2_,_,
" (36) | . a0 S a/a

A. . CHEMICAL PROCESSES. -

Aqlgl- Ion-gxchange _fi?st became an accépteﬂ method of

demineralisafioh as a ?esult of the work of Adams and Holmes (29).
The‘proeéée 151bé§eﬂ oﬁ the feversiblé‘1bn4exchange.pr0perti§s of
-certain organlc res:nei Thus acidic gronps, particularly _ o
‘7 sulphonic groups attached to aolid organ1c media will ezchange
eations in water, while syntha%mc r?sinous materials containing
:basie gronps aspeclally amines and quaternary ammonium groups will
reversibly exchange anions.,v When saturated, the exchange meﬂia
are regenerated with di;ute sélutiens of sulphuric'acidjand.sodiumf

‘hy&rpxidé-éolutians respectively, followed by thorough rinsing.‘

; /The c.cvnc-
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 The more fecent‘develqgment-ﬁfimixed bed'ioh;exéhangers hés médeJ 
i%poésiﬁie thé éomplete”ééminefalisa¥iéh bf ﬁ§tera ’ |
The cost of demineraliaed water produced by ion

“ excn&nge is dzrectly proportional to the quantity cf salt ao be |

| removed from the raw watea 1.9. its salin1ty.~ For high
salinitleo eege seg waner,.the proceﬂa becomes eompletely un=~

v economical siace 20 to 30 times the amount of water produce& 13
then require&, juat to wash the rageneratipg‘sclutions fromvthe'¥
- bed.( 3@) R‘ebeht ‘ﬁork m’ Paléstine (31) indicatés ithat.th‘e
econonmic limit 01 ion exchange demineralisatlon is reached when
the raw water contains 2 000 tc 23500 PsDete total salines Wthh

ie less uhan on9~tenth the saline concentration of sea water.

52. ' Prec1pmtation vof dissolved salts with silvér aalts fbllowea
by lime troatment hasa been described and pauented (32, 53) but
‘the cost of sueh tréatment is qulte prohib;tlve-(iﬂ)
Convenﬁional 11me-so&a softening of water involves pxeclpitation
of the calcium and magnesium ions and it constitutes the only

economic method of purtial demlneralisation by precipitat1on..

e

'f743;1u Médérn ﬁeveiopmeits.
More receﬁily work sppnsored.bylﬁhéjSaline:wgter v
icoﬁvéréioﬁ'?rogramme;bf.fhe United_Stafes Depértmeqtfof th§.
:  In£prior, hﬁa focﬁééédfaftéhtion on*éolveﬁt-Extraction»(34)~and
vthe ‘use of csmotic membnanes (35) | ;v | |
| Desalting of salnne water by means of solvent
-.cxtraction ie belng investlgate& at the Agricultural and Mechan»'
| ical College of Texas undor direction of Dr. D v. Hood.‘ The'
““prznciple steps in the prooess are ag follows t- The saliﬁe
 water is mlxed w1th an ocrganic eolvent w1th whlch 1t 15 only
.partially mlscible. The resultlng ternary mixture then forms

fwenliquid phaaes,,the first a‘qonceﬁtrated brine,-contaxnlng 3

/little ¢ 48 e o
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 '1itt1e solvent'ané the second a mixture of water and solvent
contéining'iittle aél%. The former is rejected While the 1atter
is geparated and. its temperatﬁre changed in such a way that two
_phases are again formed. The solvent phase is then recycled and
the water. phase i§~purified so as to remove the small amount of
solvent which.i§ contains.

. ?a&ticulérvéuCcessvhas been ébtaiﬂedJﬁith the‘use of
2-ethylhexylamine. Calculations indicated that the salt concen-
fration 6f'saiiﬁeywatér canld.be>ieducedlby B9%Iin a singie'cycle;
Althbughuthe yield of water is as &et.small, the technical
feasibility of the ﬁrbeess;has héén démansif&ted. - It remains to
be seen, however, whether 1t will ha economically feasible.- In
any case it is doubtful whether the prucess will be- applicable to
Bmall installations since the complicated plantvagd:operatzonal
v proceduré would.rendeé;it_unﬁtiractive to individualjusers;

' Beéalting with qsmoﬁic ﬁehbraﬁés is heing.stnﬁied'ét the
ﬂniversitiésfof California, New York'énd.Floridé by Drs. G.L.
‘Hassler, G.%. Murphy and G¢E3.Eeid-reépective1y; “Tho procéss
utilises "reverse-osmosins” i.e.'artifici&l preséure in excess of
osﬁotic pressure on'thé_salutefsiée-of g semipermeabie membrane.

. The use of fluid osméﬁic‘filma, ﬁafm-seleetive membranes and a
numbaer of plaStié ﬁémbraﬁes arecbeing studied'reébgctively bj the
@bové workers. | .» | |

In.its preéent state of devéloﬁment the use of cellulose w
acéta£§ memhraneévhas been found most efficient. Saline water ie
féréed tﬁraugh the membrane unﬁer.c}a, 706”p.3.1.tﬁressure, ﬁpnaraa:
of 90% of the salt béiﬂg:remQVed thereby, bat the rates éf water
transfer are véri low viz. 1 ml /sq.cm/day. :'Thg membranes brdke '
down after 36 days of continuous cperation.

This work remains for the present rather speculative and
'in.any case much time will be gpent before practical apglicatlon

- can be contemplated.

JElectrical Processes .....
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B.  BLECTRICAL PROCESSES. .

Byl. Electrolysis. ,In_the welluknawn'proceas of

-electrbiysis,cations migrate towards the caﬁhodé while anions
~ move tbwaréé the anode. If therefore, a porous diaphragm Sé
' interponed Eetween the two'electrddés some separation of ilons can
~ be effacteda " The process is 6f’cauree fﬁi ffombcomplete on
account of diffusion taLing plaoe in the reverge daraction.
Briggs (30) developed such an apparatue‘which'haa found soma
"fapplication iﬁifﬁe_treatmenﬁ'of‘hoiler‘watér. ~In fhis_application,
only the catholyté Strééﬁ,_whiéﬁ becomes alkalina-&ue to formation
- of sodium hydroxide'&t thé cgﬁhode; is used. The process is
s ﬁhereforé rather w#stefui #ﬁd for high concentrations of salt such
‘a8 exist in seavwatér it is iﬁpraetiCabie.' | |
| - A more efficient épplication ofveiecfrolysis utiliées
"revéféible aiiver;*'ailvér'chloridé éleétrqdeé separatod by &
-pordus diéphragm (36). | Invthié caee.the anolyte is demineraliSed,
) the chloridea being fixed én the electrode while cations migrate
-'through the diaphragm into the cathode compartment. "When the
.anode is saturated with ﬁilver chloride the polarity of the
electrodes is reversed. The process involves éeveral practical
difficultiés such as insufficient adhérencé of éilvgr chloride to
_the anode and it is obviously 6h1&:appiicable't0 the removal of

'halides.

B,Q; “1ectrodialys1a with membranes Wthh are selective 1n

vthe ions wh1ch they will pass, constitutes the most recent
development in the field of yat@r demlngralisation, . The success
, infhiavprocess dépends 6n the use of @embrqneé with ionmexchahge
: propertiéa (37) ’7va'éuch oatibnic and aniohie membranes are
LE.arranged alternately and an electrlc field be 1mposed acroaa théﬁ,

ions w111 migrate. aelectively and consequently water in al*arnate

/cbmpartmenis cnaes
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‘éompaftﬁénta will respeétivaly:bé mineraliced andldeﬁinefaliséd.'
- The flow thfough the fespectifaimémbrane compartments is then
arrangeﬁ 80 that ‘the concentrated brine constitutes sbout one -

- fourth of the»input water. Using. a battery consisting af some
_5200 méhbrgnes.it'has been ﬁoaalble to effect demine;alisgtion.ofA
-éé&'watef at 8 cufrent cénsumﬁtion of . ZO‘to 40 K;W.H; ﬁer'1000

 ._gallons of fresh water produced (36 & 38) These figuiea

compare favaurably with the energy conaumption of the most

': advancea demineraliaatlon unite at present in ua8e (vapouru |

;; recompreasion stllls requlre 80 to 100 K WoHe per 1000 gallons)

it is thus clalmed that the cost of eleetrodlalytlc deminerallsation
will be 1eas than “half that of the most economic evaporation of

'i~saa water., 

s The c05t of electrodialysia as in the case of ion

'”exchange,varies with the concentration of salts in the raw water

(5ee figura 2)-3 Deminerallaation of water with salinites less

_3:than that of ses Water‘should therefore be even more economieal.

”_:Natural waters, however, generally contain appreciable quantitiea

w';of calcium and magneslum salts, whlch preoipitate in those ;-f

; compartments where the ibns,are concentrated, with consequeﬁt 
 {‘in3ury to the seml—permeable membranea. Thiu ill—effect wes

| only diseovereu very recently by the Nat;onal Ohemical Research
‘Laboratory._ It is thus necessary to soften natural water by
conventional soda—lime treatment prior to electrolygis and
i'eonsequently the ‘total cost is agaln 1ncreasad.
| The naln dlsa&vantage of the process of electrodialysxs
: is that it requires a regular, 1arge supply of electric current

_as well a8 killed supervis1on and regu¢ar replacement of membranee.'

As such its applicatlen te 1solated Scuth African commun;ties and

o 1ndividua1 householas would. seem remo«e.

/Thermal Méthods.t
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c.  1EEREALMﬁETB0DSa,' .

'iﬂvcontfaafwto'chemical and eleéfrical méthods'ﬁhere j
aalt is removed from solLt;en, thermal meth@ds remOVe water
molecules Irom the saline solution, ”he cost of produclng

»freah water-by these latter methods ie therefore 1ndependent of
’thp ealznity of ?he raw water, but higher galt concentrat;cns
- will influence mainten&nce costs slightly, in thau, for example'
addxtion&l acale formation wmll necessmtate more frequent

"vicleanlng.

'.'lel "Therﬁal Evaporstion i the only methédvof'demineraln

isatich'that hésg éé yet, found limited practical application..
1 During the last 20 yeare conventlonal multiple effect evaporators
have nean ﬁupercedod by vapour-recompression stllls, for which
- remarkably hlgh efficﬁencies are slaimed (30) ~ The ;a&ter type
vqghas thg gdditional edvantage of compact»aesign_@n&’automatic_
chération. . - | o A |
in Ssuth_Afric&;’conventibnaijé&&poratoré;haﬁe been

. moze éuccesgfuli(i);rmainly on account of the high cost of die@el_

fuel, and of maintenance, requiredfby vapbur-fecémpression stills.

Alternative forms of motzve power mav be . used, but dlesel driven
"‘compressors are obvxously the only posslbility in 1solated
lacationa.v - | | .

- Distlliation at yressures above tha critmcal value for
vwater has been aaggasted by von Platen (39) who showeﬁ thermem
" aynamically that far 1ess onergy is required for diatzllation at,
_or.ahove the eritieal pressuze. There are, howevvr, practical
'difficu]tles involved in the conetruction and. operatlon of such
equipment and it rem@ins'to he_aeen whether any realxeconemy w;ll"
v_'resultc | . | |

' 0n the whole it seems unlikely that any substantial

- /improvement se.e.
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[1mprovement can e effected on the present efficbency of
.'commercial disti]latlon plants.. It has been calculated that

the minimum "honeentration”‘energy to d1v¢de a»a wator into

B 7.-brine anﬁ frash water, apprcxlmates to the free energy differance

.:between sea water and frosh wate e K-WVH, pexr 1000 gallons
"kpf fresh water (40).  mhisg eatimate of absoiute ninimum energy
“;réduiiei-makeslﬁo éllowance'for fr;ction, heat or other losses
which would necesaarlly oeeur in any actual procass that could be
_ aev1sed, | |
‘ The best effioiency obtained with distillatlon plant
_‘thus far, has peen- c.a. 100 K. W}H. per 1000 gallons vhich is very
  vmuch higher than the above theoreuical minzmum.‘ Some other |
processer, however, are aven moﬂe W&steful of encrgy while those
:vwith 1owar enprgy conaumpticn' emain impraeticuble. It is

obvious’ tnerefore ‘that mechanical &istmllatzcn can only be

o resorted to when a chaap &ource of fuel is avel lable or when

-sheer need of fresh water_necegsxtatea its use,

(,2+ gggggﬁ_g, provides partial aeparation of fresh water
"as ice crystals and may therefore be utilised for the prcductionf
of fresh water. | The latent heat of freezing is of course much |
1953 than thau of distlilation but the cost af refrigeration ie
-_again very much higher than that of heatlng‘ -In addition the .
"practical diffzcultzes involved in ensuring fine ice crystal
formation and subsequent removal of these crystels, have thus

«'far preventéd any sucress vith the PTOCesS .

CZB. Utiliﬂation of Solar. and other Hatural Sources cf Energy
such a5 winde tades and tbermal differencea in the oce&n, are |

- often mentionad in 1iterature (30, 43, 44, 43) aB means for

.v ’reducing tha coat cf &emineralisatlon, but up to the present,

only ﬂolar distlilgtion has been proved to have practlcpl

. /poseibilities ..e..
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possibilities. The latter process is deslt with more fully, in

part II of this chapter.

i, .. SOLAR _DISTILLATION.

_ he various methods of demineralisation roviewed in ﬁm‘t
1 6f_this chapter, my éach find specific -appiicationé 8.5, ion-
exchange is usnfui vhen'watar' of reletively }low walinity is
availeble, electrodlalysis again, vill be practicable when the
necaséé,r‘y éerviéaa are a{vanabie while ﬁherml evai:omtion 'vrepres’ants.
a conventional and raliable method of producing pure water from
' highly saline souvrces. The latter procags would obviously bave
, aclved the agmineralisation problem. were :Lt. not for its costsly
consumption of fuel - a primary natural TEROUrce. . m_he ,,heat_ onn'rgy _
' réquiféd- for diutﬂlation*of water, can of coﬁrsa be piovideﬂ by the
sun' s radiation and 48 in foct used axtennively in the well-lmovn
natural procesn of rain-making. It is tharetore. not surpri.sing
| that a.rtiﬁcial aolar distillation has faaeinated man's :lntarest |
for the pest century. |
_ thificial;solar distillation was first gﬁ@auysa

commoreially in 1872, _’oy'.a Chile mining campanyvhich cqhtinﬁéﬂ

its operatibﬁ for 35 !y'earﬁ;._.‘ﬁ .ﬂgﬂériptim record (k) of t;’r;_i‘s

- installation indicatés .:ti:aﬁ it conﬁmted of -ghallow wobdaﬁ ﬁréﬁghs
" vhich were covered by inclined glzmi pancs.  The highest water

© yield was approxlmately one pound par equa.re foot of pan ares paz; |

” day. but no record of salar radistion was taken uo that correlation
of distiliate yield.'with-ra.dmtion received by the atill se¢-
impossi‘lvale.} | o | | |
| SQIar disbillation vas thareafter ‘spasmodically atudiad f.
and found unaucceaeful on account. o:t‘ low heat efficiency and high
eapii:al cost. Buring worla War n. the need for mpplying fresh

watar to life rafts stimulatad mtensive atudy on: collapsa‘ble. '

/ flc#ping.‘;
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floating typs. salar_'stilla but no informntion regarding this' wark: :
wag aveilable é.‘t the time of the 'presé_nt in@géti’g&t‘ions.‘ B

A preliminary unpublished report on solar distillation
oxperiments conducted in the Virgin Islands ves i:repared by the
Britiéh vé-omcm_w‘e‘alth‘ Sclentific ond Industrisl Resesrch Office in
1951. 'J.'_hiavr“epo'rb indicated that about 1.5 1lbs. of distillate were
'oﬁtaimbie por sq.ft. | por day. This yiold would prodbably cnrreaponﬁ ‘
to an -emc&enc;} of about 70;’! utilisation of $ncident solar rmiat'gon.
but no aeﬂnieefre‘sultavwere recorcie&.  The pract‘ieaa, appliention of
solar diatination ums remained apaculative on accmt of
uncertainties ragarding cost. relisbility, t.echnical vorkebilit cmﬂ.‘
performancs undar varioua clima.tic cunditions. »

_v '.t‘htaaratieal considorations indicated t}mt the capital cost
of & golar still would. be com;nratively high aua to the following-
inh@rant characters.stics of snlar energy 1

(l) its :intermittency ami variability resultinp- in
only 257 utilisation of the continucms capaaity
of oquipment; ana - o C
(2) 1ta relaﬁvely low concentratinn (550 calories
per en.? per day, nt best as compared with
300,000 to 800,000 for steam hoi.lers) requiring
| large heat azchanga aurfacea.
It wac thus estimateﬂ that mter prod’.uced ‘by art;iﬂcial sular .
aiatiuatien would ‘ne dearer mstead of cheapar than thnt producad
By convantional ﬂiatillation. | -
» Kotwithstanding thosa aiaa&vantages 1t wag consi&arai ‘ | .
thzzt solar Matilla‘bion hel& ;promise of uucceuful applicabton in N
South Africa. 'I.'he fonowing fo.ctm-s prompf.ed this decision '
| _ (1) ‘¥o alternative domineraliﬁat‘ion procasa can be
.voparated trouble -free and uithout skilled. mperv&sion. .
(2) Local reqnirements are primrily ror sma.ll. aelf-v
‘contained, houaohold units. for which indtisl cost of conatmction

i should be moderate. Mthough the sctual cost per 1000 gauona of

dintnle& water produced mi.ght be compamtively high. it mst be

/remenbered.....
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remaﬁbarea that. thousands of gallons are‘”g_ raquired by individual

hnuseholds.

(3) In arid regiona whare fresh water s acnrccat.v
thera is also an ahundanca of eunshine since humad atmoupheres.
the' chief ahsorbant of ealar radiation, muac of noeeeaity be at a8
minimuﬁ in South Africa eapecially, the long and glentiful hours
: of wunshine favours utiliaaticn of solar diatillation. Witb_auchv_

froe ensrgy. running costa could be kept at a minimum.'

» (h) ;The.absanée of yelisble data-pﬁ‘thé performénca*

of Boldr stills indicétea‘the hﬁed'for a'pfograémekéf_research.
Ih ndd;tion;all'previdus'éplaf.asiiia-hﬁd been operated in
' eauhtriaﬂ‘wiﬁh different glim#tes'ta that‘of Sauth.kfricﬁ and since
loeal cliﬁaiic aﬁ&7environmenfalicoh&itiona wéu;d-hav@ a profound
sffect uponjth£ use-6f soiar-sﬁilla; it v&a,éonsiﬁated th#t local
experiméntation‘wga urgently required. | T o

‘The_p?ééent invgstigatinua were thua;uﬁdartﬁken to
gupplement the"deficiency of qﬁﬁn&itasive aﬁd:eomparative date on

. golar diatillation techniqpas. particularly with repard tc cotit and

’ 'afficiency. ‘The primary objectives wore :"'

1) Qnantitativa correlotion of distillate yiald with local

ﬂ'climatic conditiona. oapecially radiation.

"(2),3 DeveloPMentvaf means'for'improv;ng the rarformance of -

spiar‘stills;*

(3) -_Bevelopmant of" cheap and efficient aﬂlar stilla whieh can

' _if necesaary be home-maﬂe.

| :‘/(ﬁiiéﬂceésmsnﬁ;;é;;
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€4) Assocement of the practical feanib;lity of such stills when
used under South African conditions by individual howaeholds.

A.  TEE_APPARATUS.

 In deciding uﬁonvthe‘apparatus t0 bo used Tor Lhe investi-

gations, geveral slternatives suggestod themselves. The basic

"";n;requiraments of & solar distillation unit are 3 (a) & solar heat

;dollector in which @aline water is heatod, (b) an evaporator and (c)

‘  ]{Fa'@qndeneer$ These¢ requirements can be met by a variety of designsg

for sxample the“héat colloctor may be & foocussing or flat plate type

while the eveporator and condenser mey follow the décign of any of

‘the many types aommonlg‘used.

The choice of apparatus waa, however, atrictly linmitad by
the objectLVes cf the ﬁnvestigation, viz,. to develop the aimplest
and cheapost davice compatable‘with reaaonable efficiency and troubla-
frec operation. It ﬁas thua decided not to use focuséing hoat

collectors pince these must be rotated with the sun in order to

“strike" the heat absorber conﬁinuouély. The intricate mochenisn

reqﬁited fdz,éuch rotation would defeat tha above object. 1t was

further decided that combination of the thrae baaie components into

one unit would be most descirabla. ~Such a c¢ombination can be achieved
4in the epparatus which ig shown schematically in figure 3. This
‘apparatus consists of a shallow black pan‘which’c@htaina the saline

‘wator to be ovaporatod. This ﬁan ie cevégcd by inelined-transparent

(glgss) panee whick fis éhugly on the pans The panes are incline&
at an‘aﬁgle of 45°.ao.that condensaterwhich collects on ths inglide of
the hood, runs down the paneé 1nt5 eoilectihg.troughs,' - 8olar stills
of similar géneral deaign were a1ao used in Ghiiel(44} nnd”the Yirgin
Islends and this added to its attraction in view of poseible |
compariéoﬁ of results. _

| It was therefsr@ decided that &_conventiﬁnal 1hgline& plate
solar still woﬁld'bémt suit the purpose of the investigations. This

\
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 aeuiaion %as 5ubesquent1y (1954) affirmed by & report from Dr.

GO G‘ LST (45) whe reviewed the economics of solar distillation under
eontract for the United States Depnrﬁﬁent”of.the Interiors In

R ~ arriving u% the actual design usedy the principles unﬁarlyiﬁg the
cﬁeration of inclims&_platé.solar étiilu'wera firat given omreful .

consideration,

Ade Princiﬁlga_unﬂer;g;gg‘its_ﬂperationa
4 solar st411 of the goneral depign desoribsd above
'operatas‘beéaune thevglasa cover ia tranmpareht to visible radiation
. but OpRgUS to_long&wa#evheat radistion. Thus, solor energy passes
-fr;'reaaily through the glaéh tc be abaorded by'the bléck coaéing'of thé,
}  pan a8 heat snergy. This heaﬁ énergy then cennot ecompe and' |
'conaequentiy'héatevthe pan with its contents. At.tﬁa same time.the_.
glaes gurfsca; by virtue of ité'gontnct'with the stmosphere, feméinalb
;:~_,relativolyfceéi.f watér_vapoui.wgll thue diffuse from the pan to |
| _condenge againet the glass surface whence it is collected as
 indicated. . |
"Fcr7@sximum_éfficiéncy af.ﬁhis proceas‘the following
':_ factors are obviously of prima 1mportance ¢ “

-(a) The pan munt be meintsined at as high a temperaiure a8 possible.
This in turn implies that the pan must be well insulated, while
‘maximum rediation should impinge upon it, i.e. the pan cover
must be &3 transparent as posaible. . In addition the pan
'ehould have gogd 1ight absorbent prOpertiee.

(b) 4 aubstantial temperatnra aifferential shculd bo msintained
betweon the evaporating ligquid and the condensing surface.
The cover should therefore 53?@ & high diathernancy i.e. ehsord
-3 minimum of radiation so a3 to remain as cool as p@ssibla. '

'(c) Sineg the rate of diffnsion of water molecules insi&e the still
o is-slowgﬂthe condonsing surface should be close to the pan.
A'flat cover shouid thue be advantogeous but‘tha'adherenée’of
water droplots to glass is limited by the surface tension and
& aloping murface is thereforc esgential, . : '

(d) s@vefﬂ,vl/ 69 f;a,éi
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(d) Several practical requirements such as orientation and
positioning of the still, weatherproof construction and
collection of distillate without loss, must be complied with,

AR. Design of the Experimental Still.

From the foregoing considerations it is clear that the

constructiion eof a solar etill must satisfy & number of requirements.
The neceasity of providing a cheap znd simple apparatus, however,
limite the design to provision of only the essantial components.

The apparatus deploted in fi ures 4 and 5 was thus con-
gtructed in the werkehops of the Council for Scientific and Industrial
Research. As will be seen from figurss 4 and 5 the apparatus con-
sisted easentially of a shallow evaporating pan on whioch was supported
a removable glass turret,

» gvaporating pan was contained in a shallow wooden box

which was first [illed with a 6" layer of vermiculite. The box was

/ﬂppoﬂod ssoce

Figure 4
Experimental Solar 8till with mirrors in position.
Photographed at 8 a.u.
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North ilevation of Experimental Solar 3ti411 Photographed
(Note rapid condensation at this time of the

at 3} pem.
day)



| vsﬁppqrﬁed g" éff thebgroﬁnd so as to allow for reception of distil- _ 
}_1ate ai;dfor inspection of insulation. The pan fvaé made 4' x 4' %
3& deep bnd_a channel 2u wide}i_l%ﬂ'deép was provided rouﬁd its
porimeter. A»déiiVeiy pipe from thé.channellpasSed through the
rooaeﬁ baée into a receiver. The pan was painted piteh black and
the channel flat white. -~ | -
| The hood consisted of 2 wondeﬁ frame mounting glass ‘panes -
" of 3/16“ thick. It was attempted to position the glaas as close
| as possible to the pan and to provide a maximum transparent surface.
The_wepden‘aonstructlon, however, necessitated a height of 25"
from the §an £0'the a@éx while the cleoar aréaxof each of the four
panes was 23“ x 33" At the lower edge of the glass panes, |
immediately above the conﬁensate ehanﬂel, deflectors were provided
in order to1direct cendensate‘from the glass surface into the chaﬁnei;.
These deflectora con51sted of "perspex“ strips, cenmented on to the
l glass with a waterproof adheoive. : The turret wase maﬂevtq rit_
’ _snugly on to the base 80 as to comprise a sealed unit.
The unit was located on the grounds of the University of
‘the z;:itwatersram_i (.Laﬁtude_zé".n' 5, 1ongitude 28° 02" B, altitude
57db?). ;Itvwasbpi§e§d 6n a*level'cancretévsldb with the ridge
pointing due east aﬁﬁ‘west;:"Sufficient elear;sﬁace was available
~ around thé site tc'aIIOV for solar radiation of the still from
. 6 a.n. tb 6 pam; | ' o |

A3 Qperatian of the Still.

The still was put into operation in an, 1952 using
' artificial sea water as the medxum_evaporated. The pan was filled
7 t&_é depth of 1;2vinchéé'u51ng‘lo Imp. gallons of'water‘vhiéh“'
' contatned 2.65 1be. FaCl, 0.24 1bs. ¥gCly, 0.33 lbs. mgs¢4;- 0.11
| lbsvca0l2 gnd 03Q7'ibs.uKCl;_ The consistency of the 5qlution
was_képt constant by returning collected distiiiate»to the pﬁh
| daily, while anj loéseé due to leaknges of vapoﬁr and/or con-

densatea, were hade up with disiilled-water. The dépth of liquid

/in sasee .
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in the pan waa:kept constant throughout the run of the precont
‘exporiment. . Careful record of the daily diaﬁillaﬁevyiala wes kept
and the ﬁampérataravaf water in the pan was racérde&_at 2 hourly
| intervals duiihg'tha day time., The inner surface of'the glasse
" panes were well cleaned before aperation wan commenced and con~.
 seguently film-eonéanaaticu wae obtained thrnughaut tho' run of tho
Vexp&rimunﬁaa, It should be ncted,howaver, khuc-dirﬁy candensing
ﬁurfaced wiilxcause-“&rop type" condensation which may drop back
into the @&n an& soatter radintioa uneuly. On windy é&&sa duat'A
and dirt callacted on the outer glaoso aurfaces and affeoted tha |
tranapareney. It wga fcuna nocessary to clean the glass at least
evéry day.. | | | |

| In order to correlute ‘distiliate yielde with prevaiiing
ﬂ'ﬁenthar conditianﬁ, the following matearalogical ingtrumsnts were
~installed at the still

(1) & bimatallic radiation recarder giving the total radiant
' energy in calori&a per sg.cm, 1neident on & horiacvtal

gurface, »
(2) A mex,/min. the*mometero

(3) A "Steglite" barometer.
(4) - A hygrometor. - .
(5) ¥inds were rocorded by vieuval cbservation.

Tha_réaiaﬁianvrecaraei_was.first cal&frateﬂ by ths Weather
Burenu.nf the“Seuth African Department of Transport, end theresfter
'chéciacalibrated at regular inﬁeﬂvalm by eompariaon with a portable
submatandard radiometer. Only total ﬁaily radiation values wers
obtainable. Qther Mngtrumonts-weragread‘at two=-hourly 1ntefvalﬂ
'during the ﬁuy. | |

Operation of the still was thus ecntinued until 15th July,
'1954 when & vertical mirror was instelled on the south side of the
still to raflect»&dditienal'solar energy into the evaporating p&n¢
The mirroyr canuisued of thrse atainlesa steel platea cach 24" x 16"

providing o combired rﬂflenting surface of 4 x 2'+

/Mi;er ;tbsi

-
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After three months operation with the mirror in pasition,
an additionsl nid to evaporation was introduced in the form of
cooling of the sogth fg@ing'glasw pasnes. For this purpose, wator
'wasvc@nfinuougly aprayed -on to the glass at the ridge and ellowed to
run down into a ﬁrough ﬁheﬁeéjit was feciﬁbul&teda

Ade Difficultien ‘expericnced.

During tnitial operation of the still, the yicld of
diatxllata wag unduly low due to soma structural defecta whieh wara
subanuenﬁly rectified ac described below 1

(a) Soon after commencﬁng the experimonte it bscame apparant

that the condensate deflectors were unsuitable. Theyv.'
became severed from the glans in plnees,,&ue to differential
expaneion rpon haating. The thin f£iim ©of condensste thore-
after passed through the . openings onto the wooden frame and
was lont. It was attempted to rectify this defect by

- replacing the ° "perspex” with glescs strips, but leakages of
condensate again oé@urreds It was then found necesasry 4o
use meta) deflectors which were bent round the lower edge
of the glass so &8 to form a water neal. (Figure 6).

. Thie cxperience indicated that provision of efficlent

condensote collectors was most essential.,

(5) The bumid atmosphere of the still as well ae the leskage

- of condensate baasgd the #0bden frame to warp, with the

_'rmuulﬁlthat the cover no longer fitted the pan base nently.
The partial clesrance allowed air ourrents to paﬁuiin and

. out of the glass enolosure, , carrying with.it water vapour
which was thus lest.. In order to oblain a draught-proof
aé&l, sponge rubber strips were inserted betwasen tho baaeva
and covers This proved effective but in practice 8 further
improvement may be oblained by ueing o metal frame instead
of wood. . '

{¢) A final dif*iculty oxporienced in eperating the still, was
~ the failure of the bitumin paint waed for blackening of the
svaporation pan. The salt water tcgeth@r with wide temper—
sture varistions, of cource gubjected the paint to severe
straing but a plastic paint, used with a auitdble pricor,
proved effeotive and retained ite jet-black colour through‘ '
out the experimento.
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During the first year's operation the data
obtained were unreliable on account of the difficultiss
experienced, but the results nevertheless gave a
qualitative indication of what may be expected under
local climatic conditions. The data recorded below refer
to the 2nd year of operation fron 1/6/53 to 15/7/54.

Bl. [Lffect oi diatio

It was at first attempted to correlate dally
distillate yields with total dally radiation (see table
III) by calculating the distillate yield per kilocalorie
radiation received by the nan. This ratio was calculated
as follows: Tho total daily radiatlon figure as recorded
by the solarineter was mltiplied by a factor of 14.8G3
to give the totel radlation received by the 1G. sq. ft. of
pan area in kilocalori~s (kcal)e. The distillate yield
was then divided by the latter product.

TAB I

DAIIY VARIATIONS O DAILY DICGTIIIATE
TLD WITH

Wi
Radistion | Distillate, Ratio Weather
Date cal./sq.cm. | yield ml. "ml./kecal. Conditions
1/9/53 522 3780  , 0.486 Fine and windy
2/9/53 453 3470 . 0.515 Fine but hazy
3/9/53 483 3750 i 0.522 Fine - no wind
4/9/53 502 3750 0.502 Fine- slight wind
5/9/53 488 3350 | 0.461 Fine but windy
8/9/53 498 3880 0.524 Intermittent clouds
9/9/53 532 3880 0.491 Fine -slight wind
10/9/53 523 4330 0.557 Fine - no wind
11/9/53 523 4130 0.531 Fine - no wind
14/9/53 598 4380 0.493 Fine - but windy
15/9/53 428 2500 0.393 Ploudy-strong wind
16/9/53 588 4190 0.489 Cloudy and windy |
17/9/53 601 4640 0.520 Fine but windy
18/9/53 590 4750 0.542  |Fine - slight wind
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 0.504 Fine - slight wind
23/9/53 523 4330 0.557  |Cloudy - no wind
24/9/53 ° 574 4620 0.542 FTine - no wind
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Date of |Average daily dBdgiglgze Date of ;ﬁgi

week Radiatign tolsadiation week §t1<

ending cal/cm ml,/keal, |onding oo
21/6/53 298 0.474 10/1/54
28/6/53 341 0.464 17/1/54

5/1/53 319 0.483 24/1/54
LO/T693 . '] 374 0.499 31/1/54
19/7/53 344 0.509 7/2/54
26/7/53 398 0.480 14/2/54

2/8/53 395 0.481 21/2/54

9/8/53 390 0.492 28/2/54
16/8/53 396 ; 0.502 7/3/54. ‘
23/8/53 402 0.503 14/3/54 L
30/8/53 446 0.508 21/3/54 ‘.

7/9/53 503 0.507 28/3/54 ‘
13/9/53 539 0.526 4/4/54 t
20/9/53 567 0.510 11/4/54 ]
27/9/53 565 0.546 19/4/54 3
4/10/53 592 0.549 25/4/54 :
11/10/53 578 0.542 2/5/54 X
15/10/53 583 0.547 9/5/54 3
25/10/53 546 0.543 16/5/54 3
1/11/53 696 0.%70 23/5/54 3
8/11/53 508 0.547 31/5/54 3
’15/11/53 458 0.512 6/6/54 3
l22/11/53 611 0.542 13/6/54 3
29/11/53 536 0.520 20/6/54 2

6/12/53 559 0.515 27/6/54 3
13/12/53 669 0.543 4/1/54 3.
20/12/53 507 0.514  [12/7/54 3t
;2}/12/53 669 0.541 14/7/54 34
{3/1/54 Lyl 0.526
! Overall average of daily radiation = 460 cal.
| Avarage ratio of distillate to Radiation = .90

* 4verage daily yield of distillate = J460 ml. 9

I
e
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From the data of Table IV the average yiel&'af distiliate

 was calculated to be 0.505 ml, per keal. of radiation

g .receiﬁe& by the pan. Theoretically the heat regquired to

distill 0.505 ml. of water would be: 0.505 x 20 cals.
for heating the liquid in the pan through 35.5°F L.c.

f-goac,tc’ﬁhe average bath temperature: (refer 2ya, (vi)

and 2b of this section) plus 0.505 x 574 cals, for

| “'supplying the latent heat of vapourds ation at &

temncrature of 101.7°F, (r@far 2, 8y Vi) of this section),

Ihms amﬁunts to a total of 300 aals. ind;ﬂatlﬂﬁ an averall

. aversge heat_efficiencyhof 0%,

(11)

Average radiation during summer 22/0/53 to 21/3/54 was
.550”cals/cm2/24:hrs* while during winter 21/6/53 to 20/9/58
and 28/3/64 to 20/6/54 it vas 383 cals/en®/924 hrs. During

-"the‘yéricd of- cb;ervation the lowest radiation value (41
~ cals, /cm?/zé hrs ) was recorded on 19/10/53 whilé a

mazimum‘of 893 cals/cn’/2 hrs,wagvrecerde& on 8/11/54. |

'High radiation.valué ‘Bca‘calsé/cmzjﬁé hrs-wéfé‘aISQ

racorded in Gctobpr, Decewber and January, but due to

';freqment rain and claudineﬁ sev%re fzuctuation of

raﬂiatiah occurred and the averag@ monthly radiation.

. remained bt slightly high@r than the averége for the

whale snmm@r. During wint@r,dmily radition vaEHGS-uefe

mare conutant..

“W,It is thus clear that claude, fog and rain are preﬁaﬁingu

11)

'ting foctors in ueterminmng the amount of radiation idﬁ

pinglnp @n 8 qﬁlar etill at ground 1evel. _
Bae@a on wpékly uVPrage Se the lowast yiel& of distillata

 was 2900 ml./day while the higheot was GDOU ml/éay

"'Reasonabls yields cf di*tlllate may thus be exp@cted aven

[_with cloudy or rainy'meather.

[ R
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' (1v) Trom the data of table IV it was calculated that
‘the distillate yield per unit radistion received by
the pan wag higher in summgr4than in winter‘viz.G,SZB and
0,488 ml. per Kecal. respectively. 'vThis incréased.ratid
is also'depicted in'figurm 7b vhich shows a fairly
.-regular variation of ratio uiﬁh tire of the year.

M figure 7b it will also be noted that fluctuationq
vof the ratio was more severe in summer vhen frequent rain,
thunderstorns and Qlou&y*conditions»occufred which

" pesulted in drvegular daily.rédiation, It may thersfor@
be coﬂaluded that higher efficiencies are obtainable with
 the 1ncrcaseﬁ radiation experienced during summer snd that
the irregular radiation, m.@. fluctvating from day to day,
caused severe fluctuationv of efficiency. Such a
conclusion 1s also supported by the graph of figure 7a,
'_which shows an 1ncr@aved digtillate/radiatiam,rﬁtic at higha
vradiatian valuea.

 This conclus ian, however, neglects the gffect of
increased atmovpheric temperatura vhich always
:accompanuas 1ncrea ed radiation and which may be yrimarily

-‘,rpgpon sible for the improved efficiency. This effect

o of atmospheric temperatu:e is evanluated under 2@ of this

 section, _ N - '

(v) On the whole the results show that the Variatiﬁn of
distillate/radia%ian1ratio is‘sufficiently regular, within
the range of the curves depicted in figures 7a and by
to coneclude that rﬁdiation intenvity, directly.Or
indirectly via iis acecompanying elimatic conditions, is

" of major importance in détermining the performance of a
- splar stillo _ '
' B2. Temperature |
'. | Hext to radiaﬁién, témperature may be expécted ta.
have an important effect upon diqtillatlon, The following
: itemg juuﬁify cansideratzan4 . , |
a) Eath;fsic/
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BQ(;«) Bath,  The constructior‘z.of' a solar still provides
specially for absorption of radiant energy. It must
therefore be expected that the temperature of water in
the evaporating pan of the still will inerease with
 rédiationJ The temperature Vaiiations for a clear day
in winter (8/7/53) have been plotted against time of day
in‘figure 8a and for a clear_day'in sumner (18/1/54)
in figure 8b. These graphs may be taken as typical
of the daily temperature variations although of cours
the actual values altered. 3
Observations |
NES . Bath_temperature was largely'&ependant upon

| the ammunt'of;rudiatiOn impinging on the still. The
© purves of flgure 8 follow that of the recording
___fsolarimete'r (not shown) closely., except that it
; lagged:behind‘scma 2;hours‘anindicated under (iv)
- and (v) below. | |
1y Lov incidence radiation, i.e. inithe early
' morning and late aftbrnoon, was almost wholly reflected
from the Serace of the’water in the pan with the
result that very little radiant energy was absorbed.
This was of.spacial-significance in the morning since
atnospheric teﬁp@rature then rose more rapidly than
did the bath temperature, while distillation could
obvicusly only prbceed vhen the bath temperatnré
excended atmospheric temperatufe. Gﬁ clear‘days the
bath temperature firat exceeded ambient temperature,
about 2 hours aft@r sunrise It thereafter rose
' rapldly until a maximm value wag attained at about
14,00 hours. . | |
. {(iii) At sunrise the temperature of the water in the
) : bath was always belgW’atmcspheric indicating that
during the night distillation had continmed until the
heat absqrbed'théreby had reduced the temperature of
" the bath almost to minimum night‘temperéture.
| - (iv) oo/
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- {1v) Peak bath terperature was always obtained from 1 to 2 hours

after maximum radiation (theoretically at noon). This is due to
the fact that during the period of increasing radiation,absorbed
radiant heat is used both for heating the bath contents and for
eveporation. The bath temperature snd with it the rate of
evaporation will consequently increase untlil the heat requirements
equal the heat input, but at mayimum radiation this has not yet
ocecurred due to the heat ballast of the pan and its contents.

(v)  After 14,00 hrs., the bath temperature dropped rapidly with
similtaneous rapid distillation,caused by decreasing condenser
(2ir) temperature, Distillation thus contimmed long after sunset
by virtue of the haat stored in the bath contents,

(vi) During suzmer, on clear days, the bath temperature remained
significantly higher than atmospheric temperature for an average

- of 12 hours at an average temperature of 109.9°FP. During wvinter
the sverage duration of elevated bath temperature was 10 hours and
the average temperature during these hours was 93.5°P, fThe
average bath temperature during the period vhen distillation
proceeded was thus 16.4°F higher in summer than in winter and for

B2 the vhole year the average temperature was 101,7°F.

(b) Atsmospherjc. Typical ambient terperature variations have also been
plotted in figure 8. It will be noted that atmospheric temperature
showed comparatively small variations during the hours of the day.
Distillation started when the bath terperature exceeded atomospheric
temperature and wvas thereafter apparently proportional to the
tenperature difference.

The average day temperature during sunmer was 12,4°F more
than during winter vig. 72.4° and GOOF. respeetivel#. Daring
summey therefore, the still was operating at higher temperatures
than in wvinter and hence bWy virtue of increased vapour pressure it
mist be expected that a higher rate of distillation was obtainabdle
in surmer. FEvaluation of this effect is further discussed under
1ten 4. of this sube-section.

B,2, (¢) Differential
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B2,dDifferential, It may be expected that the rate and
volume of distillation will depend largely upon the
temperature gradient between bath and condenser, In
order to assess whether any such relation did in fact
exlst, daily volumes of distillate were plotted against
the intagral of differential temperature with time, for
respective days. (Figure a)s The value of the daily
integral is expressed as OF,-hours and represents the
product of the mean temperature difference between bath
and air mltiplied by the hours during whiech such difference
remained positive, Such values may be obtained by
measuring the areas between the temperature curv@s'(as
wvas plotted for two days only in figure 8) for individual

days-

For the purpose of figure 9, however, it was

ealaulﬁted by integration of observed tqmpq:atura
differences with time,

In order to correlate temperature difference with

rediation, daily radiation values were plotted against the
above differential temperature - time integral for the
respective days (Figure 9Db).

Observationg

(1)

The values plotted in figure 9a indicate a
regular relation between differential temperature
and distillation, within the range of the two curves,
Tt will be noted that the curves slope upward at an
inereasing gradient indicating that higher distillation
yields per unit tomperature differential were obtained
with increasing temperature differential wvalues., This
conclusion 1g in agreement with observation (iv) of
"Effect of Radiation™ subsection B,l, and with figure
7a viz. that & higher distillate yield per unit

rediation ../
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radlation was obtained At'increased radiatioﬁ intensity,
if it is assumed that temperature dlfferontial is
_ | ultant of radiation. ,
| ’,ff(ii)' | From figure b it is seen that rédiation
| » iﬁt@nsity does in fact deternine the température
"dlfferential obtainable with simple air»cocled 1001w
type solar qtill The relation is not as regular as
in figures 7a and b or fipure Sa but this is to be ‘v"
oxpected since air temptrature and winds are bound to
effect the issue R ,
© {113y The values plotféﬁ‘in figures 9a and b are
| o sﬁfficienkly regular ta qhmw that radlation intensity
largc]y ﬁetermaﬂes the tevpaature differential and
that 'thiu in turn d@termlnes the distillat@ yiel&. The
: importance of mainfaining as high a differential o
vtemp@rature ag is practically posseible, "uvgestw that
artificiql coolinp of the condenser surface might be
_advantageous,. | | _ |
@) Ef fect of Tempprature on ggf;gie_;x., ‘It has already been,
_ pcinted sut that higher ylelds of ﬂi;tillate per unit of

; radition were obtained with'inereased-raéiatinn and that

.1ncreased radiatioﬁ inﬁensity-were.associatad with highey
tmospherie temporaturew._ Since the ddstillate yleld per

unit radiation repras pnts the thermal @fficiency of a solar
sti11, it uould appear that higher efficiancies were
obtained at increased atEQQbheric témperaturas such as ére
’pr@valent &uring summér. Attemp LS wpre thprefbre nade to
derive a mathematical relationshlp betueen radiation,
temperature and ﬁlSti]l&tP yield, .o. tnerwal @ffic1ency

- at various temporatures. S | '

- For calcuTation of th? relative fheoretlcal
,eff&clencies st surner and vinter t@mperaturep,tne
following data, quoted under & &nd b of this “ubsection,

f-war@ us ed. nuring_summer the average baah'temperature

r

was iv-.tﬂ .
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was 109.9% and the average atmospheric temperature was
72.4°F resulting in & temperature difference of 37;59F;
?hefcarresp@nding figures during winter were 93;50,'6e°
and 33.5% respectively. 1In order to evaluate only the
effect of atmospheric tomperature a mean temperature
difference of 35.5°%F was used for both summer and winter.
The rate at which distillation proceeds will

bhviausly_aepend upon the vapour pressure difference between
bath and condenser, and if it is assumed thﬁt,the condenser
temperature will be virtually the same as atmospheric,
%eiﬁg in direct contact with it, then the vapour pressure
difference may be calculated from the vapour pressure
eurve of water. It was thus found that the vapour
greésﬁrezaifferénéa between bath and atmospheres {condenser)
amounted te‘éi‘mﬁ.xmercury in summer and to 29 mm. mercury
Tin winter. The rate af‘evapafatibn sh@ﬁld therefors be
ﬁlri.e. 1.41 times faster in summer than 1n.winter for a
similar temperature Gifferenea. .

| The higher rate of evaporatﬁ@n during summer does
=nat‘neéeasafilyfmaan.that the thermal effiéienzy in summer
was»I.ﬂl times the winter value since a'higher rate of
evaﬁatation must he aceempanieﬁ by a higher rate of heat
1apnt if a eﬂnstant tenperature aifference is to be
m&intaine&. A higher rate ot evapcratien at a cﬁnstant

hj, hawever, mean that 2 smaller

temperature ﬁifferenee do
prapartion of the heat 1nput is lost thr@ugh conﬁuation
convection and rera&iati@n, the latter being all dependant
upon the temperature difference. This is demonstrated and
evaluated in the following equaticns.
g=cC #‘A@Kx 3 H eescesersassesvasssnsvsesesnsall)
where Q = E%at-iﬁput into the bath per hour., |
¢ = Hoat lost per hour iféi a constant
at constant temperature différeneef
Ap = The difference in vapour pressure

botween seef |




| Ly G
_-between bath gnd ‘condenser.
K2 The weight\of dist 1late producod o
_ fper hour per uniﬁ.Ap. o |
A= The latent heet of evaporatiﬂn. f?
‘Bz Heat abvorbaa per hour for
innreaﬁing ﬁhp temnera%ure Gf the
bath and 1t6 contents Ll.e. zero atﬁ_ 
pquliibrlum conditions,
| The @cuation demonstrates that an iucrease in Ap
 muﬂt be aecompanlp& by an incr@aﬂp in Q if the bath and
ite contentﬂ is not to coal doun. |

 Thug Qw s O 4 ApgKA ) wuffix¢s W qnd g imﬂly -
- o ) vinter and summer, =

= ¢ 41, 41 x zﬁprA uince Aps vas shown |
o to be = a4ixapy,

Ll G5 = Oy 0ulx APgTA sererrerereenaneeneanans (2)
. In equation (1) the thermal efficlency of the still
- is the ratio of heat u@ed for)ﬂi stillatlon to the total
 heat input.

See. Eff = Lo
- It was fbuna exrerimsntally uhat the winter average
- nf thie ratio amounted to 28% {refer . . B, 1, observa-

'w:tions_lbﬁnd.I?}

Therﬁ’fbrs APWKA'-: ‘V 0028@.{4‘ -"i_‘i.l,fl'"lt‘lh.iﬂ‘-n&‘ﬂv'bﬁ'aqﬁ‘;n‘ﬁ.gr (3) .
"ﬂbw Eff; winter - Apura . . o
- and Eff. summer = ApsEA. s 141 ApyR)
A S - 3§~ff~ o= o
’ imgi. 7{ Sunn = 1.41 O
: :‘ ,_g;wgu“_uﬁh_ﬁ by substituting eq?g§ 3

Qy 4 0. 411122\;1{) .

BS’ o /
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By substituting further equation (3)

Eff.s. = _1.41 Qw .
Efft'ﬁ. QW + Q.41 % ?G 2¢ QW

3341 Z 1.2
1 4 0.41 X 0.28

4in increase in atmospheric temperature from 60%F to
72,4°F should thus cause the efficlency at the latter
tempefature te-be-i.e times as high as the efficiency at
the former temperature.

In actual fact the ratio of summer efficiency to
winter efficiency was found to be g 42 =Y (refer iL,ByL
observation iv) i.e. = 1.08. . This means that the
theoretically possible increase of thermal efficiency
at higher temperatures was not fully achieved in practice.
The reason must be sought in the fact ﬁhat the condenser,
due to the poor caﬁducti?ity of'the glass; was pnot
maintaingd at atmospheriec temﬁérature, as was assumed for
the purpose of the above calculation. The actual vapcﬁr'
pgessgre_différence was conseéuently much smaller than the
values used above, especially in summer when high radiation
intensities caused excessive heating of the glass condenser,
both through absorbed radiation and by the increased rate of
'evaporétipn. 1t was not possible to find any relationship
between condenser and atmospheric temperatures and it must
therefore be conceded that a theoretical relationship between
atmospheric temperature, distillate yield and radiation
cannot be derived. _ |

The above calculations, serve to indicate that the
1ncreased,therma1‘efficieney observed at higher radiation
 intensities is amply accountéd for, by the rise in
atmospheric temperature which accompanies such higher'
radiation intensities. |

in order to assess whether anyvpractieal relationship
between atmospherliec temperature and efficiency existed a
graph was plotted of distillate yield per wnit radiation

against .tl
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asgainst atmospheric temperature - figure 9Yc.
X wii;-pg noted that:na regular relationship ezisted:
4 straight line drawn through the points for gverage sumaer
and win&ar values, nevartheless correapﬁnds to an approximation
of th9 individual,values pletted. This straight 1line yields
the following equation: ml. distillaete per k.eal. radintion

"

0.40 4 0,0034 (temp °F - 32°)
= 0.40 4 0,0061x temp °C ,.g@c.....e@....;@.@.,....(4)

This oguation; being baged on actual experimental results,
implies that the observed increases in distillate yield per
unit radiation received by the still were derived, solely, from
increasiﬁg:atmgsgheric.témgaraturea It follows that h@fizgntal
straight lines would have been obfained im figures 7a and b if
the temperature tern af‘é@na%ian:f4)-W@re to be subtracted from
the values actunlly obtaineds ,

, It should be noted that ;qﬁati@n {4) does got @ﬂrresgond
to the, theoretical considerations. It would therefore be
applicable only to stills af»a,@esigﬂfsimi}ar to the present
experimental still. For the present experimentai.still the
t&ermal.efrieieney msy hence be expressed as a function of

atmospheric temperature. , ' o
viz, Eff = (8.4 % 0,0061x atn e b pes

This clearly demonstirates the important effect @f
a%m&sgaﬁrie‘t@mparatnr@ upaa the performance of solar stills

of the present design.

ouring the

rﬁn of the experiment, wiae variations @f all the above climatic
phenomena @ererahserve&._ 1% was not fnuaﬁ possible %o relste any
of these with variations in yield of distillate apart of course
from their indirect effect as manifested in tempersture and
radiation. | ,

B4, Insulation ../
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| Th@ main heat losses from the evaperaticn pan will
"”occur through thn base of the still, since this r@presentﬂ
the largest area in direct contact with the pan, - In crder
to ascertain tha apount af’heat lost in this marmer, temperature
rpcwrda were tahen atop and bottom of the 6" 1aysr of
vermlcnliuﬁ on walnh the pan res ted, The.quantlty of heét o
B couducted Lacross the whole base during 24 hourq was then

calculated according ﬁo rburiers Iavw being:
where k w coefficient of sovdnctivity in BIU per sqeft., .
. per hour per f£t. thickness per °F « 0. 04 for dry
| vrrmiwuli 8.

Total area of the baae, 16 sq. ft.

5k =
L = baae thickness, 6" :
A#G = integral of time and temperatur@ dlfIG?QHCP

~ product as measured.
In table V such values are recorée& together with th@ heat
' ’-cbnsuﬁea'by actual Gic tillation,

GABIE Y

I BAGE OF STILI

‘, ..‘

| a0 _80. %0 s 4o _es o8 o0

- Date ':v AtE : BIU lost : DTU Used for: % Heat Iost f
; OF.hours ;through base: di stdllation: per heat usedp
19/10/54 .+ 274 T ¢ 840 i 13,460 ¢ 2.6 |
20/10/5¢ v 260 2+ - 333.° ¢ 11 100 : 3.0 "
25/10/54 = ¢+ 182 ¢ 233 3 15~44o : 1.5 F
26/10/54 = ¢+ 210 - ¢ 268 : 16,150 1.7 :
,1/11/54 x: 232 ¢ 297;' 1§a 13 840 3 241 X
% Coolinp of condcnser surface employed

F?om tabi@ V it appears that the'heat lost through the base

‘of @ well-zngulated still 1s comparatively small, = Expresoed

as a percentage of the heat utilised for disﬁillation it amounts
Yo about 2.5 while as o percentage of the total heat impinging on
~ the st1ll it 1s only o.8. - o ’

| | It vus/
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It is however important to ensure low conductivity
in the base since it 1s directly reiated to the total
heat loss. Thus,concrete with a conductivity of 0.5 BTU
per sq.ft. per hour per ft, thicimess per °F,, would
theoretically cause 12,5 times the heat loss recorded
in table V, It should further be noted that vermiculite
is specially prone to changes in conductivity from varying
moisture contents (17 increase in moisture content results
in a 109 increase in conductivity). Since the versdculite
used in the present still was subjected to occasional
condensate leaks and general humid conditions, the heat losses
as calculated in table V were considered to be deceptively
low., In order to check the actﬁal conductivity of the base
a heat-meter was subsequently fitted, The meter used was a
standard therropile plate as generally used by the Netional
Duilding Research Institute for méaSuring conductivity of
ilding cotponents. Flow of heat through the plate is
recorded in millivolts of E,M,F, difference between two
opposing therrmocouples inbedded on opposite sides of the
plate., The millivolt readings are than translated into.
calories per sg. cn, per sec. by neansg of thecalibration
fector of the neter.
| By graphical integration of the rate of heat flow
with time, it was found that the actual heat lost per day
was of the order of 500 to 780 k.cal. or 2000 to 3000 BIU's
depdnding upon the temperature attained by the bath and the
Guration of such elevated temperature, This result indicated
that the actual conductivity of the moist vermiculite in the
still was about 10 tiﬁes that of dry vermiculite, Since 1;
would be extremely difficult and costly to ensure continuous
absence of moisture in the base of any still, it must be
conceded that vermiculite is not an effective insulating
material <.e/
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'mat@rialff@r the present purpose.
Lowered heat losses were incurred when the cooling of
jtﬁe_candgnsez-surfacesvresult@d in the lowering of bath
temperature {refer €2 Observation (ii) below).

Placing a vertical mirror of % the size of

the evaporating pan (see 11,8,3 of this Chapter)
al@ﬁg‘%ﬁa south side of the still should theoretically -
increase the radiation on the still by 44% of the
original value whaﬁ tﬁe angle of incidence is 40° f.e4
at midwinter. In midsunmer the incidence of rediation
is about 87° which should give a 2¢ increase. With the
mirror fixed in'@ae-gasition {figﬁre<4)'the.tﬁtal reflected
radiation impinges on the still, only at midday. During
the rest of the day part of the reflected rediation is
lost. In summer a vertiecal mirrer is of course, very
much less efficient, but the angle of the nirror was
_purgasely not adjusted siacavit was considered that such
changes would complicate, practical ﬁgarahiéa unduly.
| The average increase of radiation resulting from
Vl5ﬁch a fixed mirrar should thus be 237 but awing to
‘inefficient refiection it was estimated to be 18% of the
radiation normally @&@@lﬁ@d‘by the stilli. A earzesp@naiag
increase in Qistillate yield por unit of normal radiation
intensity, may be.expected, bﬁt camparisan‘wiﬁh‘digtillate
yields aafiag:a corresponding period when the mirrer was
not in use, indicated that this was not attained. ia‘tabie
V1 the rFatio of ﬁistiliate to radiation is recorded together
with actual digtillate yields. '



Date of Average Daily Distillate Ratio of Distillate
Period Radiation yield Radiation
Ending Cal/cm?. ml. ml./kcal.
18/7/54 360 3050 0.571
25/7/54 380 3030 0.536
1/8/54 385 3230 0.564
8/8/54 426 3690 0.583
15/8/54 386 3330 0.581
22/8/54 419 3600 0.578
29/8/54 464 3840 0.556
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
3/10/54 - 447 3740 0.563
11/10/54 526 4500 0.575
17/10/54 521 4600 0.598
24/10/54 513 4260 0.558
31/10/54 465 3850 0.557
7/11/54 - 541 4600 0.572
14/11/54 543 4600 0.568
21/11/54 557 4600 0.556
28/11/54 654 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

oo

Overall avarage ratio
Ratio for corresponding period without mirror = O.523mlk0?1

= 0.565 ml/kcal.

The average ratio for the period 15th July to 27th

December was 0.565 and 0.523 ml/kcal. with and without

the mirror respectively, i.e. an 8% increase.

There

was no significant difference in the average atwospheric

temperatures for the two periods which meant that the

increased ratio was affected by the mirror only.

This LE B ) l._l
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ihis 1ncreased ratio was incompatable with

the lacreased radiatlon received by tne still.

i he

reason may be sought in the fact that the southern

side of the still, normally remained relatively cool,

thus acting as an efficient condenser.

#ith the

mwirror in position the south facing glass was heated

and consaqueatly condensation was more difficult. It

1s therefore clear that the use of mirrors wlthout

provision of additional cool condenser surface is not

to be recommended.

Coolingz of Condensing Surfaca.

praviously provision of a cooled coandenser would

accelerate distillation.

As was indicated

In order to assess the vglue

of such cooling, water was sprayed over the south-facing

side of the cover in an even thin layer, continuously

from 8 a.me t0 4 peme

surface was recorded at regular intervals.

lhe temperature of the condensing

The results

are recorded in table VII while figure 10 depicts typical

temparature variations.

DI-TLATION w1TH
Total o Ratio of Weather
Bt lRadiation yll to Radia-~
cal/sq.cm. mL . tion.ml/keal.
Slight cloud
05/10/54 566 6500 0.768 and wind.
26/10/54 662 6900 0.704 ~do~ |
1/11/54 613 5830 0.642 g%%g%%-éﬁguglnd
8/11/54 701 6500 0.624 and wing |
9/11 /54 394 4000 0.683 cloudy with rain
10/11/54 478 5400 0.759 y ht—dg ;
0.658 slig clou
;8/11/54 685 6700 ’ and wind.,
Average ratio = 0.691 ml/kcal.
Observationsg:
(i) ihe average ratio of distillate and radiation during

the period 25/10/54 to 16/11/54, without cooling wWasS/.eeese
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wag»a SSé mm/kcdly (fefﬂr table'vi)g as comaare&‘mﬁﬁh 0.691
mllkcal when cooling of conden"er surfaco was emnloyed. |

' Thiq represento a 2. increase, B ;

(ii) | _ ”hﬁ temperature aF the bath drnpped *hdrply when
: caaling was comunnced and rEJain@d about 2007, less ‘than usual
1i%nrcugheut thm prriod vhen cooling was contiﬂued. This
.indicatés ﬁhat more rapid evaporation occurs ané.tna
| r@sultant lower bath t@mp@rature is advnntagemus since
louer heat 1csve must rrsult. (Refer Table Ve
. (iii) L  ‘ Thﬁ low thermel effici&ncy of a uclar' till, i*'
o ébviaualy ﬁue t6 various 3nh9rﬂﬁ$ hea% l@aﬂés, : The chief
: advantage-af a egeleﬂ condenser-sarface taerﬁfbre is to
minimis@’these losses by‘prd&ﬁdihg’a lowered batﬁ'tempefaﬁure,
( (iv) _' } -Tﬁé-temperature of the condenser (meaﬁared on the
mde surfane; dropped ﬁharpzy whqn cooling conm nced and
remained close to a?mosah@rxc throughout. "

{v? . Spraying uater over the glass surfac@ atterates .
penetration,af radiation ana consequently causps a iowered.
heaﬁznp effect, | | | B

_ (vz) \:' '. Oon th@ whol@ the advantages to br ga;ned from water
| eoollng of condenﬁer surfaces does no% weign up inst_thé
t and practical dlff&ﬁﬁl%ia” involved |
(vii)wx o The ﬁ50 of a snparate flat ﬁiﬁﬁ? golar water h@aier
| -céupled to a cooled conaén;er may prove advantageoua &nd’ahould
© be inves ’sigatcd further. - o ' S |
| Ds D SCUS‘IIO P

The ﬁres&nt evperimanta have Qhawn that wolar _
| distlllat;an can, under South African conuitlons, e appliad -
eruccevsfnlly for proauctiﬁn of patab?e water.. The results '

- provide much needed data regording the performancv of such -
' 7ﬂtills. Thage date form a aseful basis for corpar*scn with
uimilar wnrk oubseqaently dane elueuhera and can be applied
| | dir@ctly_../



. @irectly for practical solar distillation in Gouth Africas

o The op@rafzcn of an,eXperiméntal solar. Stlll fcr périéd

S ﬂﬁr? ﬁhan 2% ywar ‘had not previcasly'heﬁn anéertaken¢ The

 'pr@ Pnt ﬁnVPgtﬁgztﬁon tnerefbre provﬁdes the mest eytpn sive _'

. record of th@ perfcrmance of such stzlls in relatien to extreme.

' 1c1imatic conditicns,suchasamapravalent in oouth Africa. It'

*f.mas further pcs ib&e to irwn out aegign and Operutlﬂﬂﬂl

 &iff1eu1t1es wh¢ch wauld cnnfront prcsnective u"nru of the

o proﬂe 5.'_

Important i ndingp Df'thﬁ wurk vere the fbllawing*~

~g_tfl;@atigy;- Garrelatlon

‘of'dﬁqtiliate’yiaﬁd 1 th solar radiation, measurpd at the

site, inuicatsd that an average of 30% of‘the tcual raéiant

 Ffen?rgy imp inglnp on tha still was sed fbr &iqtillﬁtion‘ haré

-'than 2/3 af thp aVQ11ablp @nergy‘was ﬂhus lost. It was not
'Fpoggible to dpt@rmtne the exact mannor in Which thz 1déx‘wav ‘

'.1ncurrea, but as wan gcintpa out unuer II,B 4 of this ehapter,

: fthé pomr insulatﬂon of th@ still caused a loss of at least 8%

' of the ineldent rad*ant energy.- 1t is prohable Lhﬂt absorption
,f;and rePleetian of rudiatzen by the glass canopy ﬂecountod for
. a20¢ 10wp§ while rerhﬁxation from the pan aecouni@d for mother

,10 to 205, . qhadawv cast by tﬁa panopy framewark and re»

evapcvation of distillate mil; cause additional 103993'
. Host of the se losses are inhersnt in the aesign of single-

,stage non-focussing solar dis%i1lers and cannot be overcomé

casily. The relatively low eff‘iciency of utlilisation of siar

7-énergy;shuuld, however, ‘be viewed against-the_axtreme siﬁplicity.
~of the apparatﬁg, 'High@r eéfficiencies wiil no doubvt be

'-attainahlé uiuh mmr@ olaborate design - but, sinee ﬂolar‘energy

is fr@e ‘and abundant, there is obviouuly not the same instigus

\.”fbr high efficisncy as with fuel operated glants. o In order to

obtain ted
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dbfqin a gimple, cheap and practically.uorkable apparatus,
.therefore, an efficiency of 20 to 35 rust ba accepted.
D,1(b), Infiueneo of Clmatic Factors. ’

(1) Zemperature. The izportant effect of atmospharie
temperature upon the perforsonce of eolar stills was
demonstrated under item II;B,2,d of this chopter. It was
pointed ocut that highor ther:al‘@fficiencies wera obtained
ot increased temperatures.' Atnospherio.teaperaturo of
course cannot be controlled at the experinents schowod that

' suitadle yiolds of distillnte may be expected in all mbdera;e
- climatesn, _ |
- (44) Punidity of the aﬁmnsphere chould not affect tho
_operation of a solar still, since the ctructure is such that
aﬁb&ent air is specifically excluded from the apparatus.
' Variations of froo 30 to 90F rolative hunidity had no effect
on the efficlency of distillation, |
(111) Eggg__:ggg_gx_,gggg Variations of atmounheﬁlc
| preusure, vithin the limits gcnorally encountersd, did not
affect operation of tho oxperimental solar still. ‘

(iv)’ Hinds. An oxact rocord of vind velocities was not
taken tut it vas observed thaot strong wing, 10 to 15 kmots,
caused a decreaso in the heat efficicncy of the still (Refer
table III). : This 1s.contrary to vhat ooy be cxpected since

"uindashould theoretically lover the tecperature of the glass
.. condensing surface and hence improve ﬁhé distillation. fThe
.louefed éfficiency, actpally cbtained, mﬁst therefore bo

" attributed to possible deleterious cffects of anbient afr

coverent, The most lilkely of tﬁaSe effects are increaced
_ beﬁt losses and the passage of air currents thfough the otill -
- Gue to inadcquate sealing of the apnaratus (refer II,A44yb. of
this chapter).
Inees/
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In practice it would bé 6ifficu1t to construet a completely
.heét_insulatéd and draught-proqf apparatus and it must therefors
be accepted that the theoretical advantage of winds will -
generally be ammulled. - On the other hand, however, wind*should
have no detrimental effect on a prpperiy,consﬁru¢ted solar:still.

- (v) Rain. . Intermittent showefs on o heated st11l caused
‘ﬁemporary rapid distillatién‘by-virtuéVQf its cooling of the
condpnsing»surfacé. on the whoie, however, it reﬁuéed
-distillation indirect] y via the obstruction of solar radiation.
Since salar'ﬁistillation,w1ll never be used in rainy aress, the

‘effect of rain requires no further consideration.

| As was pointed outluhdér.rnB,é_of this chapter, the
k aétual ameunt of heat los tvthrough‘the base of‘tho experimental
qolar st¢1] was abnut 10 times as high as the calculated value,
the actual ;oss thus amounting to. aboat 8% of the incident radiant
.energy, This stressed the inortance of nraviding adequate =
insulaﬁian of the base of'solar stills, but itvalaovproved that
 561ar~sti11s will eperaté eveﬁ.undér adverse ebnditioﬁs'sudh és
,with really poor 1nsulatiaﬁa : o | |
, According to the calculationsnder 1I,B,4 qf this
ch&pter,ﬁhé'heat 1088 might well be reduced to less than 14
by supporting the bath of the 5till on & 6 inch thick layer of
maiatnre rpsistant ingulating material with a condactivity of lecs
than 0.05 B.T.U. per sq. ft. per haur pr. £, thieanQSpﬁr OF.
(It should thus be possible to increase the heat efficiency of
'thevstill %é at Isast 374)» A suitabls material for insulation
| wlll be "slag wool" or glasq‘woal;:buflalternatiVGly the base |
' af the still may be tuilt of “concrete foam“ ineulating ‘bricks .
on which 15 gupportod a waterproof pan. | _ _
ij@J gggﬂqggorag .o A’conqiaerable proportionvof the radiant heat
absorbed by the utill was us&d for heating the bath and its
contents (refer II, B,u,a,iv of thia dhapt@r). calculationﬁ chow
thaﬁ an.tns average, 20% of the 1ncidant solar radiation was used
| | for oo/



'-_fbﬁ h@ating the ”uﬁiﬂﬁ wa%@r ccntained in’ tne bath. in

Hadaitzdn,:the bath itsolf and the body of the still requirea
tﬁ-be'heaté“7 Tais thermal capacity of the still constituted
ﬁila heat balla % which abated the ﬁéuk“t@mpgreturé ftfainfﬁ by

- fuLn9 bath and hence to a limited extent, the @f?;ci@ncy of
the still., It cu_d not, however, constitute a direet heat

”r"fiGSSg‘Siﬂﬁe'it ﬁrcviﬁea»a supplyfaf*sansihle’heat fér |

.distillation vhen solar radiation declined. It vas thus

'.-_'055érveﬁ ﬁhaﬁ divﬁiilation aiways coﬁtihued 1oﬂg'¢fter sunset.

o , In ord@r to utilise stored heat cffpctﬁVély adequate
'%hermhl insulation of Lh@ still is as ventlalw Iin practic@,

"porreet thermal insula don cammot be obtaine& (rof@r itenm c
of ths Puwa?Cﬁlcn) ana hence a portion of the $Gna;b1@ heaﬁ-:

Cwill necev*ar*ly b@ lost. he therral capecity of a solar
still‘shaulaﬂMQrefare be 11mitea tova‘va1ue, commensurable
ulth technical workebility. Taie aspect of solar still

: dés&gn'isvéealt»uith'further*un&er iﬁém.g,iv of this subm'v'

: section. Inapeuévai,;howev@rg it may’be accepted that»th@'
better ‘the inculatlon, the higher may be the thermal capucity
of the stilli, o

DLE@) practxcas Difﬁicult;gg.- | ‘
| o “ha exp@riments focussed attentinn on vzriau«
"Ultfﬂllﬂ Which muﬂt bc ganrded’ agains | |

th@; tiil. TVGD tﬁe moet carcful workmary-

‘"'u,shxn will 1eaw9 CP&CP» and crnvices, s peciul yxthe canOpy,

'thrcugh-whiah adr 1pakage will occur. I is ‘therefore .

| neceffﬁry to seal aTl ioints uita & ncn~hurdening caulking mat@—

.f_:rial.while torpcrar; jointg at ins nection covﬂra nﬁould ‘be |

| ~sea30d with sponge rubber "tvzws. : In addit10n¢ every care_'
Shemld be taﬁen to ensure-a draughtutignt seal between Lhe
eqnmpy and_th@ bath of the still. In practice 1t wnqla be

convenient ../
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convenient to ccnotruct the bath and the canopy separately
and the two u:nitv ghould then be bolted fcgether with a
spenge rubber gasket.
| (ii) "ollgctigg the CQndenqggg. It is of primary
importance that all condensate should be deliVered into the =
coliceting tTOthuﬂ The thin film of cond@naate which

trickles down the inqide surface of the. glasﬂ canopy 1v

not easily severed from the glas and will-penetrateuthe
smallest rrevica (refer II,A,é,a, of this chapuer). Iﬁ is'
therefore important to ensure that the lower edge of the
glass panes regts within the aistillmte'collecting trough.,
Alternatively, distillate deflectors such as ére ghown in
figure 6 may be used. | . | '_ |

| (1i1) The Transparent surface. The transparent
condensing surface should have a high diathgrmancy,'gocd
‘wettability end strength. = The use of tfahsparent\plastic
sheet may seam attractive since it could be moulded to
shape, but at present its usa’wpuld be uhpracticable on

| accoﬁﬁt of sevefal uhdesirabla pr@nerties'viz¢,“high cGSt,
low resistance to weathering and surface damage, and poor \
wettab;iity. - In the present experiments, glass panca mounted ‘
in a rvigid frane wera fbund to be very suitable. It

required only axterna; cleaning to prevent opacity due to

dust end dirt. The frequency of cleaning_dependéd on the
~ampunt of wind and dust, but as a general rule, it vas o

n rcquired every second or third day.

The inve tigatians 5howad that the use of &uXLIiwry ‘
L _equipment to aid dmsti 1lation, such as mirrors and uatern,
cooled condensers, wnuldﬁsomewhat inerease the efficiency of
the still, The increase, hovever, was not commensurate with
tha extra cost and trouble _nv01ved‘ '

8) e/
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: 7_Conatm ghg ﬁigg.

The preaant experiment sérVéa as guide %o
optimum nractical econstruction of solar "tlllw. As

. was pointed ouf. under item {a) of this subsection, the
primary considerations in constructing solar stills |

should be simplicity, economy and workebility while
efficiency of heat utzliuation should receive secondary
congideration. Such Qinglemstage nnnuconcpntrating |
solar distillers can, 1if necesuary, ba constructe& by R

'*ndiviaual houspholﬂars provided fhat the following

. basic recuirempnts are observpd.

| (L) The size of unit to be u%ed should be calculated__t“»
a¢c9rding to the formula given below under sub-section 3.
The still should not be wider than 4 to 5 foet since o

increased width Increnses the distancé from the bath to
the apex i.e. the distance through which water vopour

mist diffuae, and hence it decreaseé'diqtiilafion;
Inereased area of still should tharefcre be sought via
fncreased length., = S | | )

| (i1) The surface of the bath in vhich the salt water
is to be cbntain@a rust be perfcctly level 80 asg to provent
1ﬂ1und fornation at low uﬂter depfb

{(iii) The bath should not be decper thon 3 inches if
the sides ar@ not o obscure low inciaent radiagtion unduly.
(1v) The depth of salt vater must be sufficient for
et least one day's operation without replenishing‘ If the
salt water inﬁéhe pan is replenished only once per day aﬁ
- sunrise, there is no heat loss incurred througﬁ diseharge

- of partialiyacoﬁcentrated brine since the‘bath'and its
contents are then at their minimum temperature (refer II B,
';;_Q;a,iiivaf this chapter), The experiments have shown that

evaporation ye./



evanoraticn from the bath will'generally'not exceed'%
inch per &n} and that a safn working dvpth for a day's
| peration 15 around % inch.

’ The use of 1ncreaued depthﬂ of lquid watch will ’
require lassvfrequent replenishing seems attractive, tut aﬂds-
té thé he#t éapacity 6£uthe:unit.(ﬂefer item 4 Qf'this sube -
seétion);” It is therefore reeommende& that the depth of
' liquid in the bath should be limited to avalue waich will
allov unattended operation of the still for 3 or 4 days,. éﬁ
vhich intervals dusting of the glass panes will in any cos
be required.(Refer item e,iii of this sub-section). Fxperience
has shown that a liquid depth of 1 to 1.5 inches 1s
satisfactory fbr this purpose.

(v) The bath should be painted jet black with a water-
proof, temperature and corrosion resistant paint; A
synthetic plastic paint was found most Fuitable. -

- (vi) Th? bath snould be well insulated. Fbr'this'
purpese, the recemrandatmonu under item ¢ of this sub-section
should be folloved.

(vii) The canopy should be made of light steel or
aluminiun, either‘to be of narrow section so as to cast a
minimum shadow and yet strong enough to provide a rigid
structure. It should smugly fit the base of the still o
as to ensure a draugﬁf-tight'soal. The longitudinal s iées
- should slope at an angle of 40° to 450 to the horizontal and
~ should project into the aistillate collecting channel.(Refer
- e,ii of this subsection). |

“The longitudinal aide of the eanopy can conveniantly
consist of ctandard steel windaw frames. The angle of ulOpe
and/or the vidth of the bath may then be adjusted slightly
’to accammc&ate a standard 3  feet size. The triangniav end
pleces of the canony wi?l of course have to be mads to

neEaAsure <o



(viii) Glass panss i%” thick should be puttied in
the frame of the canopy after the whole still has dbeen
assenbled, Thinner glass would increase the efficiency of
the still tut render 1t more vulnerable, _

{ix) The whole epparatus should be orientated so
that its longitudanal axis points due east-west. In this
manner the still will receive a maximum amount of sunshine.

D2« Comparis th Results obta Elsewhere.

Reports on expérimental sdar distillation carried out
in the United 8tates of America became available after
completion of the present investigations. Telkes (46)
reported in 1953 on development during World War II of &
portable inflatable type solar still, suitable for life rafts.
She also gave some results of experiments conducted with
small inclined plate solar stills and cormputed heat balances
for the two types. The tésts were carried out at Cambridge
Mass., 42PN, latitude, Howe (47) reported on experiments
conducted at San Francisco 8ON. latitude, with several
large (51' long) inelined plate solar stills, Rounds (43)
recorded the operation of several inclined plate solar stills
at the Virgin Islands 18°F latitude.

It is not possible to compare distillate yields obtained
by these workers, directly with the present findings since
climatic conditions at the three centres vary wldely from
those prevalent in South Africa. Solar radlation, for
instance, at Cambridge and San Fran¢isco is less than in
South Africa on account of their latitudes (refer table VIII).
In the Virgin islands again, it is rather sinilsr but unfortu-
nately no record of solar radiation was taken there, the
values used having been interpolated from observations made
elzevhere. . Tha folloving correlation of results can never-
theless be nades-

(2) oo/
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. D2(a), Efficiency. ‘Telkes states that the heat efficiency
_of a Jingle e?fecﬁ iﬁtlined pléte solar sfjll may anpraach .
70% snd found eyp@rimentally that this @fficiency'uao |

| obtainable wzth solar radiation values of 300 B.i.U"s'per

‘5. £t per hour (Bl cals per sq. em, per hour). Der

findings are apparently bagsed on observations made at nildday

only, and are therefore of little value for contimious

o Dperat‘on.af solar stills. It is interesting to nofe,

‘however, that higher efficiencies were obtained with
_increased solarifadiationa  Bimilar ob servations were mad@
- during thejpresént ihvestigations‘(refer.ngure 7b) but it
j'was dancluded”that‘this‘was due to the hipher‘atmasbherlc
.rtémPGraturc which accompanied radiation intensi ty, - |
Rounds reported the efficiency of solar stills, which
'wefe-cdnéiractad ééqarﬂiﬂg to Telkes' design, as being
arduné 35%. It‘ﬁbul& %hérefbr@'séem as if the high
»éffiéieneié’ claime& at first &id not: materialise. An
- efficlency of 357 is in.agre@m ent vith the present findings.
The work undertaken by-howe resulted in an~efflciency of
éalar'radiation'utilisati¢n of 24.9% wnich is ratner‘lbw@rx
than the value of tﬁe present study. However, none of
these warkér" evaluated the Pffect‘of atmospheric temperature.
It might well bz, that the lowrred @fflciency obtained by E@we
was primarily due. to the lower average abtmospheric
temperature, 56°F, at San Fraucisethhile the higher
‘étmmspheric température of the Virgin Isiands,’7saﬁ |
accoﬁnt@d for the slighfly high@r:effiéiency r@portéé by
: Rnunda.  | | ) ,‘ | S
It ig thus c@nclud@d tnat the heat @ffieiency thainsﬁ
- in the pr@sanﬁ oxperirents, an ‘annual avrrag@ of 20%,

'repre sented a fair avrrage of wnat will be attain@d in

_Qmoderate.@a/:“
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This conclusion cannot be accepted without reservations
becatise the heat absorbed by the water in the bath cannot
sinply disappear. it can be lost only by conduction
@ﬂéfﬁ?_re-raﬁiatieni f@r.whichfsegarate gllowances are made
ia the heat balances computed by the former workers. The
argument offered under 1d nf‘tﬁi@s&ctiaﬁ would therefors
.seem:m@re atceptable viz. that increased heat capacity of
'@he still limits the overall efficiency mainly by decreasing
the temperature attained in the bath. | ,
,  %&¢ latier conclusion wag later affirmed by Lol (&?)‘
who suggested that large salar'sxﬁils,.ebvering several
“seres of grownd, might be constructed flat on the ground
@iﬁh@ﬁxiﬁgaeial insulation go as to utilise the earth for
a h@atrstvragé*résefvuifa The heat conducted into the
ground would then be stored and reverted to the still at
night time.. . Only a;aeiatively small heat loss is expected

tical Wtilisation of Solar Distillatior

- The present investigations have shomn that solar
digtillation is @riﬁarily'a:fanetiﬁa of radiation intensity
and that 1t can be applied successfully wherever sufficient
radlation is available provided that certain structural ‘
requirements arc complied with. = The essentiel réquiraﬁents
for construction of solar stills'h@#a been outlined under 1,8
| éf this section. ZThe latler recommendations were based on
ﬁéta'aﬁﬁ ezge@iénaﬁ'abtaiﬁeé with the present experimental still
_aéﬁ,theirisaﬁﬂdness was subseqUently éﬂnfirma@vby reporis of
other investigators. It therefore now remsins to derive a
formula for expected distillate yields at various 1@calitiésg
J Theoretically, any qﬁaﬁ&ity.af ﬁﬁt@r can be ﬁi&ﬁille& |
_gﬁywﬁere, provided that the area of éeiarastili is large
enough to collect sufficient radiation. 1In toble IV it

: | UBS waef
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was recorded that 0,505 ﬁi;_of distilled vater vas pib&uce&
psr kilccalcrie of'ebla? “a&iétion rece5ved by the still

- and it was suggested under 1,8 of this saction a boép,

;thﬁt it might well be ‘increased to 0.584 ml./kcal.—~35%
efﬁiciency,with imprpved thermal insnlation. " When the
latter value is used for éaiculatinr~tﬁe size of still
required for a given lacality, equation (4) under II B,a .

a of this chapter ohﬂﬂld ba amandeﬂ as follnws:

o ml. divtillutefktal» radiatxon * 0‘48 4 0.0061 x t@rpGC.

The en, with a radzatlcn of R kcal, per 5Q. Ol @@r‘day'and _
a tcwperﬂture of T0¢ thc aistillate pﬁoducad N

= (0448 4 0.0061T)R ml, per sd. em. per day ......(5)
If itis aesirea to produce x ml, digtilled vater per day the
size of stlll r@quir@a

= | | :q; cm l ';66-0"&7-;... (6)
(G453 o,osei”Tﬁ '

In equaﬁzons (5) and (6) the values of E and T will vary

from place to place. Anproximate values may be obtalned B
fronm consideration of the p091tion on the earthu surfane, |
ag follch*-, | : | e |
Accordxng to Lilaﬁ¢ov1tﬁh, vuot@d by Drummsnﬁ (50) tae
’, radiaticn reaching. ths earth's outer atmo*nherp may be
- calculateﬁ from the formmlas 'Ql ) .
',, Daily Total Ra&iatlon - ‘/C$lcosl dt.
vhere t;_ - t;_me of vunriSe
,tzk 2 time.of sunaet
: ? ‘,=‘ radiue %eetor §f the earth = -
z = the zenith distanae‘

" Is = the solar constant i.ae 2,00 cal/sq
. . Cmq/mjﬂ- C .

Some of this radiation is absorbed and scattereﬂ‘in
the earth's atmp$phéré and the exact pngntién which
_.ultimately reaches the earth's surface is dapendént upén -
- " " L the een
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- the ﬁumidiﬁy, turbidity énd_%é'scms'extant the Cog content
‘_of the atﬁosphere.,, Drummond found that over Southern

ﬂfriea.an average of 61? reaehes the @artﬂ s surfaco vhich

S ther higher ﬁhan for. Europe, Nor%h Amerlca or the

~ East Indleg. Assuming a transulssion factor of 0.6, the
'total dallyj?aﬂiation rcceiveﬁ st the earth's surface may

n
,.be cbtainmd/knul. per sq. citia from the: abovq pquaticn by

’.introaucing the factor 0.6
- L0C0

tnen R« 00006 x /_.5@' PP Y
: Atmosph@rlc temparaﬁure also varims vith the cos&n@
.ar the suh'g Zenith diat&ﬂﬂ@; From ccnvid@ratian mf world
‘isotnarm" it was pastulatad that the day temperature is. |
" represented by the equationa TOC » 60 x cos Z ~ 20 vea(8)
A ¢ an'annual’avéragé"%ge value of Z in both equations
| (7) and (8) will be equal to the latitude.. It is tmus
,'passiblé to evaluaté_ﬁ and T'and‘heﬁca:the perfonﬁance of
iﬁciiﬁeﬂ platn;solar still, simply»from a knowleaga_bf
;tha ordinated of a particmlar sfte..- The valués*cf hdth o
Rand T will obvzoua;y.decgeages uith latitude ond from
equation'(@)rit is clear that énéh decrense will involve. an
inerease in the size of still requi?éﬁ 'Thp size of‘stili
;i_fequirra, determines it" cos t, and hencs it vas calculated
that the cngt of aﬁldr wtills to be used at 1atiﬁud@r @mater
" than 600 would be excessive. |
Hotes The values of B and T will generally be mre
»cchenlantly and acvvrately interpolated from rccord of
| ’“-1rrcunding meteorolegical ﬂtatien Such duta is containeé -
' }xn table ?iII, which ts renroduced by courtecy of Mr. A Je«
Drummond (ﬁo). |



TABLE VIII

- 23

-

i -

Total Annual Radiation received on a horizontal plane

106%0E.

26

. : . | o Height Rediation in kcal/cm?
Country Station Latitude } Longitude | above sea S ST Winter 12
) level in f4. ummer tWin crxannual
nion of Pratoria’ 25°4515. | 28°14'®. 4490 S 101.4 | 73.1 {174.5
South Africa |[Bloemfontein 29807'8. 26811'E. 4664 94.5 67.7 1162.2
_ Cape Town 3375413, {18732'E. 56 112.1 } 55.7 |167.8
Bouth West o o ' :
Africa Windhoek 2273418, l7_O6'E. 5700 109.7 87.0 1196.7
Kenya Nairobi 1°161s. |36°48'E. 5970 102.4 | 75.9 1178.3
U.S.4. East |[Wwashington 3896w, | 77°05'W. 397 79.5 { 38.9 {118.4
~ West |Riverside (Cal.) 33058tN, {177°28'W. 1051 95.7 53.9 [149.6
" lCentral o o :
America Mexico City 19724'N, | 99°06'W. 7585 85.3 | T7.4 [162.7
oweden Stockholm 59017'N. 18003'E. Near S5.L. 62.2 13.0 75.2
United Kingdom {London 51°281'N. 0°19'3. 18 70.8 16.3.1 87.1
Germany Berlin 529 3tN. {13°04'E. 197 65.9 | 17.9 | 83.8
Switzerland  |Zirich 47%23'N. | 8°23'E. 1620 CT4.4 | 26.2 1100.6
France Nice 43°44'N. | 7°14'E. 60 -] 95.0 | 38.2 {133.2
bUava Batavia 6°11'S 69.8 | 71.9 {141.7

0L



;hﬁ eoct of‘sélar distiliation is almnéﬁ wholly‘that'
of redeeming the capital cost of constructiena_ ”he’aréﬂﬁt
of labour rpquired for cleaning and repleniehing of saline |
waters’ an‘moderataly uized‘utzlls guch as will be required
by individual housphalds,wil7lbe negligitle, It will |
f ;‘probably be performed as part of other routine duties.

The cost of construction will obvious ly'depend unon

'irth@ facilitib available to pPOSpectAVG nners, Fbr the pﬁrpasé

of the folloving oalculations it is assumed that a still ef

4" x 207 is required by a houﬂehold and that it can be o

cons truete& on the site. - The total cost will_be composed

| of the fcllewing 1tems: | | |

1)4-(3) The evaporator gatg, with diutillata collecting

' troughs an.the sides, may be eonstructed of concrete, ar . |

\ thick and "apported on o uztabie inqulaﬂing layer 6% thick;

| ﬂbcut 1 cublc yrd. of concrete and two cubic yrds, of |

insulating bricks would thus be requirad.» wWith building and

finishing costs addéd the bath should cost about £15. |
1)4(b3 2@9 Canony . Standard window froames 3' x 3! nay be

“used for the longitu&unal gides of the canopy.v ”burteen

such w*ndaws will be requirod and two triangular winﬂowa ah

the ends will have to be Sp901ally made.  With assembly the

: 'eanopy should cost about £50.

{c) Tae pan mist be painted with several 1ayers of
waberproof, pladtic, pqint and the rout of the apparatus
als 0 requires paint prﬂt@ction againut csrro ion. In additian
~ sponge Tubber gaskets, water inlets and outlets and various
. other contingency items will bé required. Thase might wéll
add up to £20, | | o -
The total cost of an edghty 5. ft. solar still would
thus amouqt\to about £75 or ju t less than £1 per sq. ft.

Undeyr .../
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~ TUnder average South African conditions, refer table VIII
| an&'equaﬁian'{S) ‘above, a nill of 80 5q. £t w&ll prcuuce

' abmut 5. gallons of dlqti1lcd water daily i'e. abaut 1800
"gallanﬂ ahnﬁally. -Enﬁerest_and,redQMptxon of the c&pit&lv

- involved Qauld amount to £6 per aﬁnum‘gr abbut‘éfpénﬁe'pér
'-déyg This co st might seem h¢gn vhen counted against -
gallanw of watar produced but as an vndiviuual 1tem af cost
uf laving)xt is certaimly withln the scope of any normal
 household, ;. R _”

| The voxune of pﬂt&b’? wat@f obtainablp from a’ olﬁr»: |

still may be increased by admixture vith na%ura“ salinﬂ watef  .
»td yield & 1argér'ﬁblﬁnﬁ“of'p0tgblé water of'léw galinity.f~" :

| j_The traublefreeg simnle Operatian af 4 vmall solar still

 and the. fact tuat it operates best &urzng dry "unny‘wwath@rg
N furthar enhan e its attraation. ' J '
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CHAPTER 8.

As wos indicnted prevaausly g practical mothoﬁ for
dofiucrlﬂutmom of watepr supplies is urgently needed in wmony
@ar%a.ow-m@uﬁh Afriaaramd elsewnere. Soon after the Qiscos
very that dentel fluorosi & vas coused by excess fluorides in
drinking water, methods were devised for removal of such
fluoride and numerous alternative or improved methods have
been suggested from tize to time. Neverthelsss, at &
preseut time, very little proctical application has been nade
of any of these metheds on account of their high cost and the
cﬁmpieﬁity_mf‘%h@~ép@f&ting procedures. InA@aseslwﬁére
fluoride concentrations above 1.6 pep.m. occur it has gene-
rally been more economical to déveio@‘al%@ﬁmétive sources of
supply,sfv1ew‘f“usria@.conc@nﬁratiomp In Scuth Africa water
Sa@plimscére limitaé;anﬁ the need for defluoridation of |
flumriﬁ@«cantaining wabters is uccorﬁlngly more urgent.

1u0r1ae na* be remgvea from'vafer by adsorpti@n on
warious Tloceculent precipitates or by ion exchange.  Such re-
5mbvai.mus%, hovever, be selective since the ezﬁfemely'lbw
feai&m&i fluoride concentration required would otherwise @ntail
almost éamﬂl@%@ aemiﬁaraliﬁa@ian,and<ramoval of all mineral
‘eonstituents would very soon exhesust the cmchange media.
‘riuovzﬁag generally accur in falrly saline water, 1000 to 2000
-lﬁwpa&a galinity and conmbined rezavnl of ail mtﬁ@rﬁT cong %itu@nts
is therefore uneconomical and unworrenied, Daring the course
of the present investigations the most promising of the variéus
deflucridants suggested in the 1&%@?aturés vere evaluated., It
:ﬁﬂu f@unﬁ that most of them dsd not meot the claime maéeg'ﬁhil&
tﬂemr prepa & ior wa“cumberg@m@ and costiy.  An additional
larpe nudbﬁr of pr@pafati@ns were tested experimentally and it

was observed that phosphatic materials were superior defluori-

: C‘gﬁnts sss/



74,

dants. X»fay diffroction analysis of the latter indicated

o \tna%-higﬁ défln@ridisiﬂgceffieieney wag assoaia%eé with
ayaﬁiﬁ@ cryﬁﬁal fbrmaiion;' 'ﬁ.prelimi@ary‘rep@r% on this
finding has olready been published (51). The erystal
.s%rﬁaﬁuf@ ofﬁapaﬁiﬁe had pfévi@uély been séuﬁi@d by’Be@vers*f
and MoIntire (52) wﬁa_@@ﬁ@l&ﬂ@d that the étrﬁ%tﬁ?&'ﬁasiéﬁﬁh
that it would accommodate fluoride and hydroxide ions only.

The latter stu&yg together with the present experinental
firdings focussed attention on apatite as a selective exchange
nediun and the major part of the @@rk-was_ébnsequéntly devoted
.ﬁé-devalﬁpméﬂt of a sultable apatite material,

| htterpts to produce apatites from a cheap and resdily
available.raW'materiai;&eﬁ to the diﬁéévery“tnat superphosphate
of ;ime,eéul& be converted into a microcrystalliine apatite by
simply treating it with an exeess of a dilute solution of
sodivn hydroxide, Eanvax&paﬁit@ cryﬁ;alsg 6bvﬁ0usl§5dc‘ﬁ0%
“provide sufficient surface area, thence the preliminary Gegra-
dation af foﬂk_ﬁhdspn@te ﬁé superphosphate was escentinle -_

__ As a'resui% of this work it wvas possible to &eveloﬁ |
practical metho&s"fof defluoridising both cemmnmal and household
- guantities of wa%éf@ | A lsrge-scale plant was subsequently
designed and nut\iﬁtolepefaﬁien a@ the Horticultural Beéeafch
Station near Protoria, South Africa. |
I. METHODS OF FLUORIDE ASSAHY.

' ~ In order lo asgess the efficlencies of various

defivoridants, an acaurﬁte nethod of anclysic was raguired.
Tae varicus msthodé which have becen described, &epend gém@raily
'u@oﬁ thé.faaimg of coloured complexcs eauséd‘hy‘flm@riﬁ@ COM=
bination with a constituent of the former. The various methods
may be grouped under {a) direct methods of nnalysis-ana (b)
pethods involving the distillotion of the fluoride from the
‘mriginai‘uat@r sample.

fis Direct Hethods../
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A DIRECT METHODS -

Several organ&c ﬁ?@o form co}oured lakes with
thorium and zirconiun btut th@se motals slsc form slightly
ioniged conpounds with f&ﬁorideg -Thé é@lamr intensity of the
~ lake 1s thus reduced by the presence of fluoride and the amaunt
of fading measures the quantity of fluoride present.
Th@ suitability of some 200 dyes as in&ieatqrs fag

- the titration af_fluoride*wi%h'thorium‘nitrate,waa investigated
by Wiliard and Hﬁftsn (53)y  The best célorimetric indicators
- found werwg in order of effectivenes 38, purpurin sulphonato,
Alizarin Red ey erimchrmmcyanin Ry dic?%no@ﬁinizarin and
:éhrﬁmﬁvaﬁn?al S;  The best fluﬁregcont &ndacatars were, pure
gublimed morin ond qaercitxuﬁ‘ | - |
| | Finorides will also ré&ﬁc@ the colour of ferric

| thioevanat? by virtue of the ccmplex formation betwesen rerwsc'
and fluoride fons. A method for d@tgrmining fivoride hy
aﬁpiicatian‘mf this principlé has heen‘dasarihedvhy Foster (54).
 The amount of fading wes measured colorimetrically and allowance
- for interfering elements +;sueh as sulphate, chloride, nitrate
and borate wms‘made,graphiaallys The method has ‘been severely
cfiﬁicig“a by Doruff and Abboil {55) because there is apparently .
ne éanstant relaticn betueen %ﬁelammunt of f@rric and fluoride
i@n cotibined in the complex. n
| ) Tae use of siizarin Red 8. either alome or in
 combination vith zirconium, as an indicator for the titration

of fluoride with thorinm has been applied most gensraliy.

Several workers have investigeted the implications of this method
and have sugcested mesns for overcoming the interfercnce cavsed
by foreign ions. | |
| De Beer. (86) and later Favelka (u7), Feigl (58) ﬁn
 &lamar&n (59) determined fluorides colurimotricnlly wy the use
| of zZirconiumenlizarin mixﬁar@,vthm cclour of which faded in the
prasence of flumoride. Willard and Winter (60) found that the

hete- Any ion wa;ch forns 2 precipitate 10V cess

or a nondissociated sel% with fluaridp o
or with the titrant interferes with the fitration.
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wgléw rate of reaction belween zirconium dnd iluariﬁ@ caused
tﬁe rpéuzts tm‘he iﬁaacurate, These vorkers sﬁgg@ﬂtgﬂ ﬁhe
use of thoriuz nitrate t» combine with the fluoride, the
E &irconimm—alzwarin mmxﬁure then inﬂiéatmng the end voiﬁﬁ of
athc titrotion. The titration was e&rrieﬁ out in a 60 Cethyl
. alcohal salutien to prevent dissociatlon of thorium fluaride.
Thonp%on aﬂd Taylor (Gl) bailﬁu the mixﬂure of
za?naqxum and ajizurin uiﬁh tnc fluoride sample in order io
| accoiﬁraip the reactkww betusen zirconium and fluoride.. The
1 mntorfering 9?f@c€ o# 5u1p&a%@ aﬂd chloride wa cnmppnca%ea
sinilay quuntﬁti@ of %h@ve ions tc the

for by aadz%ian of

m

- standards used for comparison‘ - Sanchis (62) developaﬁ‘thxs

 method for use'with‘naaural waters %u%‘ﬁidlngﬁ_sudceéd‘in.
élimina%iﬂé the ﬁffﬁeés of 1napff@rimg‘ibns gompletely.
| IP order to nxninise int@rfprﬁncsg Reynolds & Hill
{63) used a hﬁff@r to control the pH of the titrated solution |
~at about bgla At tais pii, plagn %1izavim dye vas foumd |
udtable as an indic %or, wvith a FTPGuFr sensitivity. €kr@vigu$1v’
the use of ¢ircanium~¢iiz&r;ﬁ mixture wos essential because the
_ﬁlmplifimﬁ inﬁiQat0r Wae toa sansitiva to ehanges_in pi).
ﬁhe$é wa?k@rsva1$0 found thst the %itratian-of“flﬁoriﬁe:wi%h
ﬁ%ariwmunitfat@imay o carried ouf’im.aqﬁeaﬁs_scluﬁi@n {without
nﬁdztign of vthyl alnohcl) with & resultant sharper end point
anﬁ 1o excepsive érrar. ' | |
& farther madlfieation of the latter procedure (68)
wws deseribed bg Stevens {6“); T™is rmethod provides for a
| dimpllfiéﬂ rapid determination of fluoride by ¢liminating the
»vuse of a large mumber of vtnnaar&ﬂ for colour COHPQFAJGQl |
| ﬁccording to this method fluoride is titrated in
aqueous buffered golution with thorium nitrate to o standard
pink coloury auing plain aliuarimwzn&icutcr The saﬁe'qumntity
of thorium le then titrated with standard fluoride sodntiom to
a matched colour intensity in snother tube. Half neutraliaad,

normal ../
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normal nonochloracetic acid 1s used as a buffer, naintaining
the pli of the solutions at 2.8 wvhere interference fron foreign
~ ions, excopt sulphate, 15 claimed to be at a minimun. To
coapensate for sulphate interfercence an equivalent quantity

is added to the back titration. It is thus necessary to
first deteraine thé sulphate content of the sample. During
the present investigations this method was found to be very
suitab;e for routine determination of the fluoride in large
nunbers of water samples wiﬁh constant sulphate concentration.

The nethod of Stevens (64) was critically revieved
by Copeman (GS) vho compared it with the standard distillation
and colorimetric methods. Reproducible results were obtained
and the recovery'of added fluoride was also satiasfactory.

In the course of the present studies, spect;ophoto-
metric comparison of colour intensity was found unsatisfactory
due to slight turbidity vhich sometimes occurred in tﬁe sample
tube on addition of thorium nitrate. Visible comparison,
however, was found suitable since addition of 0.5 ml. standard
fluoride solution representing 0.05 p.p.o. of fluoride lon gave
" a distinct colour change.

A}

~Some analytical results are given in Table 1X.

TADIE _1X
ACCURACY OF FLUORIDE DETERMINATIONG

S5 25 20 G0 BN PG 4% GG 05 B O TS TR G S S 4

Fluoride addition to Total F found !
tap wvater(p.p.mn.) (Pepois) :

.

Hil 0.2 :

0.5 0.65 :

1.0 1.1 :

2.0 2,0 :

3.0 | 3.05 :

4.0 4.0 :

It oo/



1t was noted that fluorime recovery was influenced

1 by changes ln pH during titration as &ndieatéd in Table X.

ERFRCT QF H on g,ﬁlﬁr RECOVERY

: L : G ol , g “ i 2o :5 .v 4 " : :
: Fluoride addition to ¢ pH of Tube : P~ found t
1 tap water (DeDsfma) ¢ t (peDalle) 2
.2 . . “n A . . 2 ’ . t
2 Hil H - 3B 1 ~ 0.1 -
: t L ¢ . '
$ Bil % 2495 5 ¢ 0.08 2
$ . 't T . ]
- Wil ¢ 275 H {ed e
4 7 k1 ) ‘ $ . E
& Zeb b I 18 b4 2ol :
b4 ¥ . 5 o b
3 2.6 3 30 ® £ A ¢
5 . . g } ) - » ' s
H 248 8 275 3 3.8 *
8 2 % B

| L’ Alkalinity’of amplé just neutralised before adding bﬁfﬁé;]
In order to @htaim reliahle resulis, it vas found

- hecessary to-achieve exact néutrajisat ion of the sample and
to ensure that the camparo@ asolutions vere equally well. bhffer@d&
|  fhe method fails G@ﬂ?léb@l? in the presence of
phosphate lone thus necessitating the use of the distillation
'praecﬁxra. | |
_vhriaus.@ﬁh@f methods havée alsc been described. Fahey
(66), for instonce, used a "*ervon"niran roagent. i Tarun (67)
agein suggested the use of aluminium-ericchromseyanide with a
buffer at pH S.4. Willard aond Horton {68) deseribed a photo-
fiuorometric titration of fiﬁeride'ian using thorium nitrate as
the %itfan% and qﬁerc@&iﬂ o5 the fluorescent indi cator.v Up to
the presen%;ncnﬁ of these methods has overcome the interference
of fnréign fons completely. For control assays it iv best ﬁ@
.- peparate the fﬁua“iﬂe frnn the ﬁP sample hy meamsvcf‘a‘¢are»
fully contrelled distililation. ,'Thé'fluﬁriﬁé ion concentration
in the distillate ié‘%nen‘ﬂéterﬁine&‘hy;a colorimetric method.
| DISTILLATION 4/
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_ The separation of flueride ns hyd oflao Liiﬁi%'ﬂ@iﬁ
as gﬁﬁﬁfally nsed today was first deseribed by Willard and
‘inter (53) in 1933, Beforo then fluoride had been deter-
mined by pfecipitaﬁian‘(69g 7@) or by valaﬁiiiﬁation ina
perfectly dry atmosphere with silica and m‘lpmme acid (71,
72, 73}« mﬁe methods were ﬁeﬁloav and in hecurat@, Willard

and Winter usad perchloric acid ond g}aﬂﬁ Dgud to ﬁ;still

- fluorids quuﬂtatativaly as hyura-flugai;mcic acid. The

écmcent?'ﬁisn of the acid ond heace the bolling point of the
‘mizture wasvmaimtaiheﬂ constant at about 135°¢ by gradual
“addition of tmter through a caﬁillary; “%he fluoride in ﬁﬁ@
diwtillmte wos then deternined as ﬁ@d&fibéﬂ above undey direct
‘matnadu,all interfering ions having been elimimated.

'_ | This method was later improved on by Dornff and
Abbott (56} and recently Hill-andiﬂgynal&s(?é) deseribed a
further minecy improvenent @f the process. These &ewmlgpments '
have begnvinéarperatea:in the existing standard methods s@;?5>
for the d@ﬁ@rminéti@n ef'fﬁﬁnrida which are, however, still
based on Gﬁﬁ original nethed of w;Jlara and Uint@r. |

The separation of finoride by distzl)aticn does not |
'eliminata ali sources of error as was pointed out by Beynclaﬁ
and Fill (€3). : 1t wae shown that the final titration of
fluerife is influanced by the distilling acid,%nélqﬁan%iﬁy,of
acid used, the rate Gf‘ﬂiéﬁill&ti@ﬁ,‘%hﬂ temperature of
aistillaﬁign and incampleﬁe retantian‘ef'phnsphat@, pyritie
sulphur and halogeﬁé@ ',It wags found that the blankvti%éaﬁian
of the @iﬁ%illéﬁeﬂbf perchloric acid albnég_inéreaaéd on con-
tinued distillation, On the other hand the}adﬁi%imn of the

ﬂevap@rat@d b1ank.ﬁistiilaﬁe to a known amcunt of sodium Fiuoride

-  gave rise to a slightly lowered titer.

Eieksan e



80,

Rickson (7G) studied the titration of distilled
hydrofluosilicic acid with thoriun nitrate and explained
the reason fer the low fluoride values always obtained as
follows:~ The fluosilieic ion hydrolyses to form silicic acid
and fluoride according to the equation below.

51 Fg™™ 4 4 0" === Hp 51 05 4 6F 4 H,0,
An acidic solution will therefore decrease the guantity of
titratable fluoride, and any acid which distilles over in the
fluoride separation will therefore tend to give a lower rcsult.

By increasing the pll the formation of fluoride is
more complete, but alizarin cannot be used above pH 2.5,

Rickson therefore recorreends the use of gallow-cyanine in a
sodiun acetate~acetic acid buffer.

Thege latter ioproveoents are aimed at eliminating a
maxirun possible error of 1. Such an error was immaterial for
the purpose of the present investigations since low concentrations
of residual fluoride (=<1 p.p.D.) were required to be determined
to the nearest first decimal only. The method prescribed by
the South African Bureau of Standards (2) was thus found post
suitable and reliable. This method prescribes distillation of
the measured sample with perchloric acid at 135°C. The acid
sanple nixture first boils at 1ittle over 100°C, but the
terperature rises with concentration of the acid until at 135°¢C,
fluoride is distilled over quantitatively. In order to prevent
loss of fluoride, the distillate collected prior to the boiling
mixture reaching a temperaturc of 120°C, is returned to the
boiling mixture as dilution water at a rate which maintains the
boiling point at 135°C. The final distillate is then titrated
with thorium nitrate to a standard pinl- colour of alizarin red
indicator using hydroxylanine hydrochloride as taffer.

During the present investigations this method was applied
as an internittent check on routine analysis by the Ctevens! method
{(G4)., Fluoride determinations wers repeatedly reproducibls to

Ol DsDelle <o/
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Ou1 Depeme und recovery of added fluoride was squally
sat‘iﬁfﬁﬂmz‘yﬂ |
13 BEVALUATION OF -DEFLUORIDANTS.
The efficiencies of various defluoridanis con best

e svaluated in & colom filtﬂr since this ic the general and

et efficient methoed of using fen-oxchonge patorialoe The

performance of such columns is of conrse dependent upon the

Fiooride affindty of the exchdirge medis vhen used wdey

M»@uf‘! ¢ copditions l.¢. the botal amount of finoride removed
by o colum &% o function of the amount of fiuoride which o
it mass oy volume of dsfivoridont cmn absorbe. Various othey
fnetors such as concentration of fluoride, rate of fiow, pif of

the waler, ond tem nperature, wvill alse effect the resalt ,0 but o

 these oo be controlied to remnin congtant for the purpose of
i:i%iase. experinent. A Doosure of the deflvoridising cupacily

ohtsined in eguilibriion oppoerivente honld thersfores indicoie

the potential value of & defluorident when it is uitimately
ﬁS@ﬁ in a colvmn. |
There vere mtf&ml proctical Gifficulties connected

with the use of columne (a) Moy of the preporations wern
povdery oy gelatinous mﬂ congsementiy whelly tmszii %;asle fmr
ase in o coluww £f11%er, |

gnd - () o velatively large gquantity of
mmml and elaborate testing provedure dre Ysouired.

It was mzﬁeﬁ’hw considerad that prelimfnory ¢
of n large munbar ﬁf preporations caﬁ}d bret be aarmf.:ﬂ oat in
 bateh operations so 88 to obiain a measure of fthely ﬁ@-ﬁmﬁw

‘i:%e most pronising, oaly. Frelizinary ies-;sming lavelved the

ng capacity ’mxlﬁ columm evaluation would b roserved fov
following detorninationss-

{a) defivoridising copacity
- Pluoride mmmtzw%‘fm abtaimmble and

{b) lovest recidun
(c) mg@mmﬁw potentiaiity.
sve of {a) eoupied vith the velue of (b)) would

then be a neasure of %ie fluoride
af ﬁnﬁty - £
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aPfinity of the material vhile the value

£ (¢) wenld indiente its practical feasibiliﬁy.,

ﬁeterminatiam %f {al. ©One pgram of the dfflueriuant unéer

ast was thoroughly miwed {shwkzn@ for 1 m¢4;} with 100 ml.
of tap water vhich had previouﬁl? peen fiuoridated to contain
o p,p,m@vcf:fluo?iﬁe.ian; - Aftey separation of the
ﬂ@?lﬁcri&anﬁ by centrifuging,the supernotent water was
decantefl and the residnal concentration of fiﬁ@ri&e ion in it,
" determined by Stevens! method (G4). Thisvapéra%i@nkwag
ropeated with sueesssive 100 ml.of fluoridised water until the
'?SSJﬁu&l flusride concentration of the supernatent liguid
exczeded 148 DaDetiy The'%aﬁal fluoride removed by 1 granm af
defivoridant was then caléulaﬁ@d'hy-ad&iﬁg together tho milliie
‘ §?&@$«§£ fluoride removed fronm enach successive 100‘m1.ﬁﬁantity '
of water, altv were expressed as Mg fluariﬂe ion per
gram deflusridant., |

In some csses, 1 gram of defluoridunt émuld ﬁbﬁ'r@auce the

»ilucriﬁe ion eoncentration mflﬁvan'ﬁhe Tirst 100 nl. guantity of
fluaviﬁigéﬁ wator &ufficiﬁnﬁly 168 0 < L5 Pepete In ﬁudh
cases the Quanﬁzﬁy of fluoride removed from the 100 ml. of water

was recorded as the defluoridising capacity of the materisi.

E‘A‘“t:icnr‘-. N

Determin

ﬁbtuxnad in the above procefure was recorded in epch case. Since,

' (b)e  The 1owest residual fluoride concentration

frem‘the quantity of ﬁefzuoridahtjasedgviz.l gran per 100 ml.
‘water, thére was no guestion of tﬁe defluoridant becoming
saturs 2bed, the magni‘cudp of residunl fivoride gave an inverse
neasure ﬁf the fiuoride affinity of the defluoridant,

e

() ' Regeneration pnt@hﬁ1a¢ity was ceasured

by the abillty of finoride gaturated ﬂéflueridant to be regenerated
by admizture with a 17 solution of sodium hydrozide. The
defluoridant vas submerged in the.lattef:smiutiﬁn for 1 hour and
wh.s agi@ﬁteﬁﬂinﬁermitt@ntly, After de¢aﬁ%ing the regenerant,
free aliaii was removed by repeated water rinses. Complete
cﬁeuﬁraliaa%ion‘cf the definoridant vas obtained by further

| | - waching  eeo/
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waching with slightl& acidified water. Subsequent
defluvoridising capacity woe determined and recorded as a
nercentage of the original canacity. foss of defluoridant
during regeneration indicated that regeneration would be
irrracticable,

forme &6 rrenarations were tected by this nethod.
The snlient features of a fev renrecentative defluoridants

are recorded in Table XI.

Lowest
Defluori4 residual
dising F= con- Physical
Defluoridant capacity | centration Regeneration nZture
mg. F/g. ?btaine
DePoll,
Mg (0H), 2.1 5 Impossible Powder
Al(OH)3 Flocculent
precipitated 2.0 2 do. precipitatq
Al silicate
complex 1.8 3 do. Gelatinous
Silica gel 1.5 5 do. do.
Bone meal o , '
ignited at 900-C. 0.5 5 Possible Granular
50%
Calcium phosphate with loss of | Gelatinous
(precipitated) 9.0 Zero defluoridant | precipitatg
Calcium phosphate 1
(apatiteg from : A
ignition of
3Na5p0, + Ca(OH) 5 100% 3
at 9000¢, for no loss of Greenish -
2 hours 3.5 7ero defluoridant powder {
1
Calcium phosphate 1
from ignition of s
superphosphate + |
lime at 900°c,
' for 2 hours 0.5 4 80% de.
Mixture o
Activated _ 100% powder an
superphosphate 2.5 0.7 no loss granules




Bk,

The various defluoridmmts whaich ware tested msy |
be ﬁlassifisd as (A) Adsorbents i.e. those with adsorbent
surface goetivity and (B) zan-exthanga me&i&; In the
latter category, special attention ﬁas‘ﬁ@vbteﬁ to on eychonge
rediun prepared fron commafeial'superphogpha£¢§ It is
therofore best dealt with separately under (C), Agtivntéﬂ
s&aﬁygﬁasphatas, The defluoridants listed in table XI

ere discussed under these headings.

rdrozide was one of the most efficient zdsorptive
defiuoridents:  Scotd eb. al. (77) observed that line-soda

softening of water refuced ity fluoride lon concentration.

Thoy found that Eﬁissyﬁﬁucﬁi@n»was & function of the

cuantity of magnesiun vhich wes preeipitoted and concluded

that flu@ri&@-was adszorbed on pagnesian hydroxide, They

deduced the followving
= reduction = 9% of [F] x /Mg removed

ond established that fluoride removal by tﬁis nEans Vas

equation {rom thair obhoervations:-

ungeononical if %he,ariginal'magaasiumrcaﬂtEﬁt of the
waber was small.

Zettlemayer (78) st. al. studied this phenorenon
further and deduced thet magnesium oxide is pardially
ﬁyﬂr&t&é,fbiiswad‘by formation of mognesiun finoride and
sodinn hydrozide by . metathesis., Ihgnesium fluoride is
then adsorbed on the hydroxide forming perhaps an oxyfiuvoride.
The ayverass

effioieney ceens/
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- efficiency obbained was about 13 mg ¥~ remeved por gron of
marnesine,
Goptp and Tigey (79) filed a patent defluoridation

- provess based on the ahove principle. Thoy supgested
Eom.

g the vow water with magnesion by mizing 4% with

erric
- wonleined dolorites

During the presont experiments, il was found that
spgneciny hydroxide had & linited deflunridising copacity while
itz faiiure s paduce the fluoride concentration of wator %o the
ﬁ@%&%ﬁn lcvel rendered 1t wnsuitable (refer table X1)
The uge of siuminiun salls to forn a

lepurdtics, is comson practice in waler
ﬁrm@z:r:m and it is -th@%afez*@ not surprising thaet defivoridotion
By thic method was investigeted by seversi vorkers {8G,81,82,03)
The yepulis reporbed indicate
un hydraxide. floe, formed fron alusiniun sulphste and

that the d@ﬂmﬁ@iﬁiﬂg capaciiy

Ikalinitys ooy vary fron § %o 16 pg.of fluoride
per @m,. - The prosant stufiew revenleda capacity of eniy 2
ng/e wiidle the lowest residunl Tiuvoride concemtrntion was
unaatisfoctory.s ,

Duping the present studiss (Toble Xi) alusingun
siifcates were prepored by
syirhate mnd sofiun £ilicate o o resuliant pH value of aboulb
P The waghed flocowlent precipitats had ap average fluoride

mixing solutions of aluriniuvo

adsorption capacity of 1.8 og. per gran. The formdion of
slusinino finosilicete would smhanee the capacity of the mnterial
Wt as will s noted fmm Fipure IIy the repovsl of fiuovide
was not in stoichiometric gpantitios, mamatimg mainly surface
setivity. The copaclity dropped off with Iowvering of finoride
ion concentration of the water and DOIow 2 DD« of fluoyide
no furtaer reduction could be obtained.

Tath alnnd

i hy@roxide and aluminiun silicatesn were

Yhuag fmma wrad %mctiwa dGefivoridants.
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- 1;1 a gel was prepared by elow acidification of 10% sodium .

” silicate solution. - The product could notvremove fluoride

'from weter which contained less than 5 p.p.m. of fluoride ion,
gct;vgged gggben (84) requires preliminary acidifi-

;cation of the. fluoride bearing water to a pﬂ velue of 3. Such ,

'excessive acidification and subsequent neutralisation render

thc process 1mpracticab1e 1n consequence of whieh this methoﬁ

",_was not investigated.‘_

o As 1s evident frem Table X1 as well as the previous

"discusslon the adcorptive defluoridants all ha& comparatively

- low affinities for fluoride. 'In eddltion their gelatinous f
'censistency rendered them unsuitable for use in a filter colnmn '
'end finally their 1nability to be regenerated successfully led
_'to the decision te susDend their 1nvestigation in favour cf '

'-uion exchange defluoridants. - |

IDA

' B, 10N EXCHANGE DBFLUO

Commerciel anion exchange resins remove fluoride -
:‘together with all other enions _present 1n a water..' Such
complete demineralisatien 1s, however, not requirec for domestic
use - and the high cost is thus not warranted, particularly in

- view cf ‘the fact that rluoride bearing waters are generally
highly mineralised. It appeared, therefore, thet economical |

_defluoridation by 1on exchenge requires media which have a

l_\high selectivity for fluorlde 1ons. N

_ Defluoridation with bone meal and other phcsphatic
meterials had previously been studied by other workers (85991)
;:rThey atteined varicus degrees of success but apparently did 7_ :

: nct reelise that they were in fact using a selective ion o

} exchange material. . In any case thie 1s not mentioned except
by Smith (85) who suggested that the flucri&e abeorption of
bcne was accompanied by formaticn of fluorapatite.?: No further
‘ettempt was mede however,te 1nvest1gate the 1mplicaticns cf 1on

l exchange '.../

e
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"exchange'by apatite;,' The.present studiee-iﬁdicated'that
fapatite-format;on was of primaryiimportance‘fcr effieieat )
":deflaoridatien and detailed investigations,-as are described ‘a
An the following pages, were undertaken in attempting to \
-develop suitable materials. = - - |
B/ Eg;gwggg; was 1gnited at 900°¢ and thereafter soaked
‘Ain 1% sodium hydroxide sclution for’ 24 hours. Samples not ;.
zignited previeusly,were soaked in l% and 5% solutions . o
.respectively. The deflueridising capacities of these a
preparatione were small (Table Xl) and became negligible
‘ :when the fluoride concentration of & water ‘Wwas near the optimum .

flimit. Its possible use was thence 1gnored.:

Ba

| The principal chemical censtituent of bcne, tricalcium .
’phosphate, was prepared synthetically and used as a |
'ffderluoridant by Elvovev(86),;Ad1er et al (87) and ethers
| 688, 89, 90). '?an der Merwe (92) recommended‘the use‘of
freshly precipitated tricalcium phosphate prepared from a
solution of superphosphate ef 1ime and milk of lime. '
| None of these recommendations have as yet feund any
practical application,primarily on account ef their high cost
and cumbersome procedure.. ‘ | '
The results of 1n1tia1 trials with precipitated
) calcium phosphate (refer Teble KI) were nevertheless so
'iprcmising that rurther detailed studies ensued. ' ;
| The results of deflueridation teats with varicus_'
,: phosphates ‘which were prepared in the laboratory are recorded '.
in Table XII. Except where otherwise indicated, all. preparations
| were precipitated 1n aqueous medium by mixing 10% solutions
. or suSpensions of the reagente in the recorded order.'~.A1l
precipitates were washed free of electrelytes before they were
t’tested. B Crystal structure was determineﬂ by means of Xeray
,diffraction, in order to indicate the presence or absence of

hydrcxy apatite.

i
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Analysie  |Defluoridising | Lowest |APirity—to
Physical % by weight |capacity mg.F / |pesidua}l |D® regene-
Properties e VA gram P con- rated with
No. Preparation ca ﬁO& PO ecentra~ |NaOH soln. Remarks
L tion ob-
ratio tained
PePelle -
1 Tricaleium phosphate (B.D.H., Reagent) Precipitaded - - - 1.1 71 Partially -
| powder
2 2 Ca5(PO,),- reagent + CaGi, + 4 MaOH | Colloidal | (.
precipitate 11 Lokt partially
o soluble Unsuitable on account
1 ! | of c¢olloidal nature,
5’ KEZPO + 0‘7,. silicate 4 0,6 CaCl, + Gelatinous 2.1 5.4 IMPQIBib].G Drying destroyed
Tl 2 scidic N
| Oe.15 A12(80h}3 | | |
7 KE_PO, + 0.7 ¥a silicate + 1.5 CaCl, + | Gelatinous 3,8 2,8 Impaseible - activity
4 2 alkaline !
| 0.15 “2(3%33 + 0.9 Ca (OH),
! ~ 1 >
8 /0.7 Na silicate + (KH,PO, + 1.5 CaCl, | Gelatinous . S | S
alkaline 4 52 1.0 Impdssible | completely
mixtu;-e) + 0s5 ca (OE)2 \ T :
9 6 xu,P0, + 10 Cca (oH), @ranuler and : 2.4 0.2 | Partially -
| | brittle, S soldble
: alkaline S
Oa 6 KH,PO) + 10 ca (OH)2 pried at 160°% Amorphous powder’ 261 1.4 - -
108 |2 KE%POu + 3190612 + L4 NaOF Gelatinous AUt o3 4e0 W94 4.6 0.2 Partially Low recovery
| ‘ precipitste : S solible
| . ;
15 |2 KH,PO, + 3 C8C1 + 2 NaOR Granular acidic |26.3|59.4 .442| N1l (PO, dissolves | Parpislly __
' 2 : “ soluble
in water)
12 3 ¢a(OH), + 2 H,PO, conc, solution Granular - - - Reaction slow and
27" Th ’ alkaline | 37 2.6 Pait%:lly incomplete.
1146 soluble
128 |No.12 Dried at 160°c Amorphous gpowder | - - - 2,6 362 - -
13 3caCi, + 2 HPO), + 6 NeOH @elatinous 40.3 (5143 « 786 3ol 0.2 Partially Unsuitable on
precipitate soluble account of colloidal
nature

?u/.......(‘.....
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Analysis nmu::uiu;g/ Lov::t L ﬁﬂity to
capacity mg. residua regene-
Physical % By welght |CTP7e P con- |reted with ‘
No. Preparetion Properties Ca++ centra~- |NaOH soln, Remarks
ratio tion ob~
| tained
‘ PePoellie
, !
L. | b cacly + 2 NP0, + 8 MaoR "Alkaline micro- 39¢3 |53¢8 | o721 9.0 sero Original -
apatite | | aciivity
“1La | Noeil Dried at 440°C Anatite - - - 349 005 vyl
141 | Noeil Ignited at 900°C ' Well defined - @~ = 05 8.8 - Ignition destroyed
, . apatite J : activity.
10 | 2 Na PO, + 3 CaCt, ~ Gremular 3146|5745 04602 1.8 5.6 Paptially -
: ; l - = degtroyed
10c | 2 Ma,PO, + 3 CAC1, ¢ 1 NaOH Gelatinous 37,0 488 0,758 5e1 0.3 Paytially
} micro-apatite 1 | digsolved -
108 | 2 Wa,P0, + 1 NeOH + k Cacl, | Well aéfined - | - - | Lie5 0.6 |
apatite , | -
: ‘ - !
18 | 3 Caci, + 2 Na,PO, 5 1 BacH :;:h::l_'mod Sl - Selt Ooly Efficient
‘ ! |
, _ ’ 4 —
11 | (3 cacl, + 1 NaoH mixed) + 2 Ra5PO, m:mm - z - 5e3 Ocly | rixing
11e | 3 CaCl, + (NOH + 2 Na PO, mixed) Amorphous mix- - - @ = 6.1 sero Paptially
! ture and micro= : dissolved ensured by
! apatite N ! ; :
114 L cacl, + 2 ¥a,PO, + 2 MmO Well defined  37.3 48,3 0,773 LeS O Paptinl
2 2" | apatite e " * a1 olvclg continuous
11e¢ L caci, + (2 Fa + 2 NaOH mixed) Amorphous mix= 372 4842 04773 6.5 '~ sere Paptially
| 12 37U ture and micre= . * aigsolved air blast
, | apatite | j
258 3 Ca(H,PO,), selution of superphosphate - 3241 lite3 (04777 2,0 0e5 Paptially _
\ ‘ ; digsolved
+ 6.6 Ca(0m), | |
264 ¥ ca(H2P0 )2 solution of superphosphate - f - - - et 0.9 | Plx;'tmy -
‘| + 546 Ca(OH)2 + 046 NaOH diss
2S¢ | No.25a Ignited at $00°C Very hard greem - | - - 0,04 8¢5 - -
ish lumps—
“ apatite
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FRVATIONS: 'The_eftempte to imbed phosphate on silicate com~

plexes by mutualrprecipitatioh did not'produce efficlent
‘;'deficoridants. | Hspecially the introduction of aluminium '
- seemed to reduce the capacity (see preparations 5, 7 and 8).
Tricalcium phosphate reegent had only limited de~
| fluoridising cepecit& (refer.ereparation 1 and 2),kbut freshe
.vr_ly.precipifeted phoephatee,shoeed much‘higher affinifies_. h
" (refer preparations 9 to 14), The original combination of
tﬁe reacﬁiﬁg icne used to form the precieitate did not affect
. {;fthe resulting product materzally provided that their ratio was
: such that fermetion of hydrexy apatite was pessible.‘
H Best efficiencies were obtainec when the media were
fprecipitated in decidedly alkaline solutien with a pH value
;above 12. Under. these conditions a microcrystalline apatite :
structure and a high Ca/PD4 ratio was obtained. Excese calcium
'-reagent and/er “high alkalinity produced a colloidal precipitate
N_thich could not ba used satisractorily. These results 1ndi- _
»rcated that high defluor;dising capacities were obtained only 1'
v-”when the precipitate contained microcryetalline apatite. ‘
| Hedge et al (92) reported that the mode of mixing the
:reagents determined the crystalline structure of the precipitated
ealcium phosphate. » Experimentally, however, the variation 1n
edeflueridising cepacity of such preparations was 1nsignir1cant
fl(refer preparatiens 11a, B, c, d and e). - N
.J » The capacity of the materiel prepared from supers
phosphate solution was reratively low (refer preparatioa 25 a.
and 4). | o ﬁ ,
The average defluoridising capacity of the precipitates
(10 to 14) compared faveurably with that reported by Elvove and
"others, tiz 5.3 mg/gram as against 3 7 mg/grm. . This was
probably due to additional fluoride adsorption on the gelatinous
,‘precipitates.l All the preparetiche:were,'hoﬁever,cnsuiteble
;ferepractical applicatieﬁ due,tevé.m’ - |
| o (@) el
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”x(a) the soft powdery natare of_the'pfecipitates
(b) the loss of activitj upon drying‘chignitioﬁ,'and.

(e) imability to be regpnerated after aaturation uith
- fluoride. - _

| Hegéne ratiof:

o Extensive regenewation te ts wera carrﬁed out with -

twb preparations vhich were selected beaause of their hlgh

o defluoridisihg cgpac1ty‘ A suspension eontainingvowﬁ grams |
, 0, freshly’preciﬁitatod défluoridant wagerpe&t@&1y saturatea
F'with fluoriéc and Lﬂérpafter ragenera%&d. - aevvral regenerants'
vere used as indicated in Table XIII, Fluoride and.phosphate

- contained in tng spent regeneraat a“d‘washings were determined
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Eeg@mmﬁim of the defluoridants yesulted in such

tie;sable &oan z:nﬂer ﬁxe st favo wable mﬁﬁati@*xsn Tha reducs
tion in capecity vas in diveet relation to the percentess of
fiuoride recovorsd Guring ‘fi’égé?ﬁﬁ?&%ibng The dizgsolution of

| ‘ ble ioss of

phosphate in the regenerant counell o considern
material and iﬁﬁicﬁffz@d that o more stable -si%‘meﬁzx"é wag required
if the noterial vere ”’w b@ regenerated wce@ﬁsi‘tﬂj ¥e It was

considered that drying
precipitates would achieve this, bt the exy
table 1T dhowd that dr ring "E.L‘beﬁ@'a.ted their efficiency.

ﬂ:‘went &@fmimacie@ of precipituted tricnlcium

or dgnition of tho gelatinous phocphatic

erisents recorded in

z:hasph%:w (Eefsr shservations ay b ﬁmd & of this zmbmm tion)

é'zmﬁpﬁﬁmﬁg the main reamon foy the lack of @plimﬁim@ of the

reconmendations of préﬁ?itmé sorkers in this £leld (&6—3@31)6 ks
31lustrsted in table 1L, most efficient aﬁflmriﬁatmn wes

obtained Wien the precipitates miirtamec; nicroecrystalline
Wydrowy apatites. Since welledefined apatite cerystals are
fnacluble in dilute alkalis, it wae thought that a &eﬂmriﬁm&

tals onlys wuld be free from the

which conslsted of such crys
above deficiencies. A careful review of literabure and
. especially the publication of B severs and Meintire (82);

confirned that puve apatites should be suiteble exchange nedin

for defivoridation.
e latter workers etudisd the ¢eryatal structure of
ral apatites cccuring in various roeck formations and concluded

natu
thal in hydroxy apatite, calciun, phosphorus and mﬁg@ atons were
tubes along the C-axis of the trystal

srranged to forn hezsgonod
while hySroxide ions fitted neatly inside these tubes. The
particniny iinkape of c¢al ciu:u phosphorus and oxygen atoms afforded

& very rigid structure vhersas the hyﬁmxiﬂ@ ionq was sohovhat
dcosely bounds Henee, The hydroxlde ions eorld be replaced, but
3 rmfzy by ions of similsr weight, c%mrg@ ani effective ratdius. Thus,
. intrefuction of flvoride ions vhich are vary slightly soalier thon
hydroxide fons causesa siignt coptyaction of the structurs which

| facilitatessee/



95,

facilitétés-the éxehaﬁge. | |
| | Infview'of-ﬁhgse consideratiohé; further work was
_ undertaken on the production of stable apatites.
B3. X 1tes Pho ates - | : 1
N In order to produce a stable apatite, i.e, oné which
could be regenerated efficiently, various stoichiometric dry |
mixtures calculated to produee hydroxy or. fluorapatite were ignited
v'at 90090 for 2 hours. The ignited material was ground-and :
) then washed and tested as ﬁef@re,  '?he_results aré;rééorded 

in Table X1V,



TABLE X1V

9 6.

¥

nysical Dcnuc;:idiur_xﬁ Lwosttrezidml F | Ability to be
Physica capacity mgr concentration ob- | regenerated
No. Preparation Properties grem tained Depem. with NaoOH Remarks .
solution.
21a | - 5c13(Poh) o + COF, — ac-xc-h (Poh)B Soft powder Kil (Could not be washed free of Reaction incomplete
, apatite fluoride) ]
21 mz(pou) + 5CaF, = cwcau(Pou) 3 Fused mass: Nil (Could not be washed free of Reaction incomplete
no d:rinita fluoride)
crysta
+ SNap structure
21¢ H‘sfpou) + l;wa(on)z + CaP, —> Fused masss Ouls 5¢2 - No regeneration attempted
no definite , ’ on account of low affinity
Ctrcl,_‘(Poh)’? + 8NaOR + MapP crystal ;
| . structure | i
' !
214 | 3Ma,PO, + 50a(OH), — CaOHCa, (PO,)y Soft green~ | 3¢5 - zero ~ Regenerate 6X | BExcess causticity neutre-
, rin:h powder : ' without loss lised with HC1.
ero ; {
+ 9NeOH orystalline | 1
| apatite
24 (jcn(nzpo ) PR G‘e-sou + Cap,) + 7Ca(OH) Soft green- | 0e5 L | Posaidble pifficult to wash free of
42 . ﬁ 2 ish powder ! i -
(Main tngrcduntn of "Super") apatite | | 80~ and ¥
- apatite * solubles L L
31 | "Super® + TMM.CO, —>Apatite + solubles | Apatite | R 3 _ Possidle Reaction incomplete
© powder | ‘
3k rguper” » 7!!2003 + cl(on).‘, > Apatite + | Yellowish i 0s2 L Possible Reaction incomplete
x powder
solubles i
33 "guper® + 3.5.!7!2003 + 3.5 Ca(OH) 9 = Apatite Nil - _Possidble Could not be washed free.
Apatite s+ solubles ' powdep of 80,
32 "Super" + 14NROE ~— Apatitetsolubles Fus:g mass 0.1 L Possidle -
apatite ‘

Note:  "Super" means commer#ial superphosphate of lime.

g
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The use of superphosphate as source of 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 lbsing phosphate during washing and
defluoridation. Whenever complete fusion of the ingredients
occurred, the product was unsuitable on account of its none
porous large crystalline structure (refer 21b and ¢ and 32).
Only one of the preparations, 21d, which consisted of partially
disintegrated apatlte had efficient defluoridising properties,
Ion exchange is obviously only effected on the surface of
apatite crystals. Micro crystals are therefore essentiél for
efficient defluoridation.

Preparation 214 could be regenerated without loss
of efflclency but unfortunately 1its fine consistency prevented
its use in a conventional filter. Various attempts to imbed
it on carriers were unsuccessful. Production costs were also
very high. |
Co, ACTIVATED SUPERPHOSPHATE DEFLUORIDANTS.

Previous experimental data indicated clearly that an
apatite of microcerystalline structure was most efficient in
exchanging fluoride and hydroxide lons as 1llustrated by the
following equation:=-

CaOH.Ca,y(P04)3 + F~<==CaF.Cay(PO4)3 + OH"

Since superphosphate contains partially decomposed
fluorapatite, it was considered a possible raw material for the
production of microcrystalline apatite via direct neutralisation
of 1ts 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 1s used for the neutralisation, it may be

expected . c/
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expeéted that at least part of‘ihé fluoride ions in the apatite
structure will be replaced by hydrox1de ions i.e. the abev&
reaction will be from right to lezt. )
The feasibility of this hypéthewiﬂ was borne out
by subsequent sxperimentg, waile the relatively low cost q;
| superpliosphate in South Afrieca,enhanced the attraction of its
direct utiliﬁatién ags a defluoridant. .
gregegatao 1 |
Ny Activated ﬂupvrphosphate was prepared by 9oaking
superphosphate of 18% Po0s in a solution of sodiun hydrcxide
fer 24 hours with intermittent agitation. Various concentrations
of sodium nyﬂroxide were used - always providing sufficient for
both neutralisation and excess causticity. About 0,32 grams
sodinm hydrogide was used per gram of superphosphate. Aft@r
déaamtaﬁien’of the supernétent liquor the s0l1id material was
washed free of alkali and tested as described baféie“. Ground
row pho"phufe rocg, as well as 1 mixtura of Psuper” and rav
phosphate, were treated similarly for purpose ¢f comparison.

C 2« Performance:
The results of tésts carried out are recorded in Table XV.

. Best results were obtainédfﬁhen‘a Sﬁ'solution:of godium
hydrbxide'was used (refer No. 33). Such a concenyfation alsc
“provided a convenient volume of 1iqﬁid (6 ml./g.) for immersion
of the solid material and ensured GXC@S‘ caugtidiﬁy equivalant
te‘i% sadium ‘nydroxide. ror eff ioient activutlon it was
sential to neutralise all aeidity of the ruperpho sphate by
| providing snffic;ent time of reqctinm and adegquate agitation of
the mixture, When these reqairements were not complied with a
product was obtained which was partially soluble and inactive as
a defluoridant. N | | ” |
) The déflueridising capacity of the praparétions was
not as high as that of sonme of the>pfecipitaﬁed phosphates (refer
Table XI) buf their ability »to be régenerat‘ed together with the
‘ | Simplicity weee/
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{

DITITY -ty

; e regene-
No. ted with Remarks
' ja0H 8oln.
-
‘ -
Raw Sy =
|
l
23 ,Supgiegenerated | Inefficiency due
golu times with- to alkalinity not
mat loss,. being neutralised
35 "supgegeneratéd ; Acti&ation cauged
solufx without- - 32,57 loss in
ross ~ weight.
| {
tegenerated ' 37.5% loss in
36 :s‘{géx without | weight.
0 oss.
! _ - !
/ anjegenerated | 27.67 lose in
VAN "s’ilpéx without = weight.
| | 80 Moes, ‘
— f
| : Jossible Could not dbe
i 41 Phos wahked free of
! . NaO soluble fluoride.
| | >o88ible Neutralisation
L2 ! Supe very slow - about
' (332 5 days,

Naoﬁ

- T
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simvlicity and possible low cost of manufacture was méSt» 

'uttractlve." l

' It wiil be observed that treatment with sodium

hydroxide convertpd auyerphmqphate back to an apatite, Althcugh
phoaphate vock from wiich neupert is manufactured contains |
fluorspatite, the former could;hct be used for the preparation

- of defluoridants bfvthe present method (refer No. 41). It

'_ would seeﬁ that ﬁhe.initial,degradation of tﬁe_apaﬁit@ structure
cau#ed‘by acid %réatmenh is an ossentiol praliminary to the
production of a defluoridént. A mixture of "super’ and raw

_ phosbhate could similarly‘not bé aﬁ%iﬁated to the same capacity
aé_pure‘suyerphgsphata (refer Hos 42), | -

| A'cémﬁarison of the analyﬁis'of superphésphate before

and after treatment showed that mqst'of its sulphate eontent
was removec\whilé ihe ratio of caleium to phosphate was increased

- from 0.68 to 0,76 due to initial sclubility of - phoaphate, thus

"favourlng the formation af,apatit@, Tne average overall losq_.

- in weight'amounte& to one third of the efiginai waight of "super®
nced, - | 1‘ ) ST | o

| | Andiyéis'bf t§e a¢tivated phogphate indicated that only
va,sﬁall partion of the fluoride ﬁraSEnf in superphosphate had

 been removed by the treﬁtment. ' Anparmntly fluoride %fons inside
the tubular struetufe (52)~cf‘t%9 patlte crystai could not be
replaced with hydroxide ions. Thus lon-exchange is prasumably
only effected at the ends of these "tubes" i.e. on the surface

of the crystal, It is obvious fheréfors, that a miero-crystalline
structure is required for maximum exchange capﬁcity. Xeray
Zdiffractian studies cf'the_activatéd superphosphate indicated
such. a'microucrystalline apatite structure, almost similar to

R pr@czpitated apatites. | o

E 'C3. sienificance of 7 £' | |

. For efficient def 1uoriaation it Was fcund nece,sary to.

.. mﬁintain tha pﬁ valua of the medium and water tn be uafluoridat@ﬁ

between .../ -
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botveen € and 8.  Below pH 6.5, phosphate was partially
dissolvea‘and above pH 8 ﬁh@,efficiéncy'dfcpped rﬁpiﬁly as
illuﬁtraiad in Figure 12, 4 '

| This relationship between fluoride and hydroxide
concentration of a water in contact with a defluéridant is
denonstrated if the lew of mass action is applied o the
‘reaction. | |

CalH,Ca, (POy)y 4 P —= CaF-CM(PO,g)g + OH"
} An ion-exchange of this type is essent*al’y

crystalline and the apmtite crystal 1a the refbre nct subject
to the awallin& affect norma]ly'@ncauntered with res inaub ion
exchangeumaterials._ :Cangequently, while hoth‘hydréxy_and
' fluorapatite are present iﬁ «blid'phage; the mass~actien‘.
eguaticn_mﬁy %e pnrﬁximatgly s ed in the:simple fbrmf~

] = x[ow]

- It follows that at high pH valued the renction would

t

 procesd to the left, i.e. fluoride in the apatite will be
'rpplaced by hyuroxi&e and pase into solution as lons. uimilarly
: 1aw pHl values will fuvmur def uorlﬂation, 1 e. flvoride ions
passing into solid phase, Thevpurticular structure of apatite
(59 favc‘»urs absorption of flubride rather | than hydroxide ions
because of the former's smaller effective radius, Consequently
| e larga excess of’hyﬂraxi&a lons is required-to displace the
pquil&“rium in the direction of regeneration.
_ ~ On the chor hand it wculd follow that deflucriﬁation

saoculd prmceed at relativp]y high pH values, This does, in |
fact, oceur but the extremely low concentration of fluoride fon
required in a defluoridated water necessitates a liberal |
peduction of pH value, | | _ |

| It was found experimentally thet the fluoride fon
éon0$ntraticn\of a water:cguld not be're&ﬁcéd to the optiman
value of 1 p.pm, if the pH value of the medium wes above 8.5
- vhile at pH values above i2 regwneraticn'of apatite éccufreﬂ



111, ACTIVATED SUPERPHOSPHATE
‘ | " FPILTERS. |

i The treatment of & Watee eupﬁlylie’meet"eonvehiently
~performed by. passage threugh a conventional filter with a

,'granular bed. The activated euperphoephate ueed during initiel

experiments was. a mixture of powder and granules such as ie' |

= normally solds When superphoephate wae graded by careful

l screening the various fractions responded equally well to ac-i
:tivetion.- It was thue possible to prepare defluoridant granules,
suitable for use in an ion exchange filter. o |

Ae PREPARATION OF THE PILTER MEDIUM.

) Superphoephate (19% P2 5) granules of -20, + ua mesh,
were found most euitable for use in a column filter., Such gra--
‘nules were agitated intermittently with excess sodium ‘hydroxide
'solution (6 ml. of 5% NaOH per gram of euperphoephate) for
iaboutlzu-houre. Fine particles of phosphate Pesulting from :
attrition ﬂuring‘agitation,were decanted winh the epent<eodium> .

| hydroxi&e eelution._rmhe gfanulee weré'then*waehed repeatedly

- with tap water to a pH’value of 10—-su1phate and any eoluble

B phosyhate ‘being washed out eimﬁltaneeuely. About 10 washinge
v;were required and the. turbidity which occurred was decanted
‘with the waehinge. o

. This method of preparation resulted in a groee loss

in weibnt Of 4OK. The bulk demsity of the prepared granules

wae 0455 grams per ml., The g?enulesvwefe-hard'ehd poroee aﬁd ‘

ready for use. _ | t',. | _ ‘}

. the behaviour of this defluoridant wae investigated

;.'in a laboratory filter column, as a- preliminary to pilot plant -
eetudies. | S | R

Be LABORATORY FILTER ASTUDIES. o

A filter bed of 2 eme. diameter by 20 cm. deep wae

'used to defluoridise water containing 10 p.p.m. of fluoride ion.

" ..Twentyo.“._._-/ :
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Twenty-eight grens of defluoridant gramles were

' uged in the filter (Flzure 13).

|Influent
t—
/(_'—_—_—.__1-(—5—0!—-

o
|
II'. L -

V]

l
IR

[ -

T
|

T
| |

[

l
[~
1, T

FIGURE 13
LABORATORY DEFLUORIDATOR
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jBii efi 'r‘&atzon: In order t& maintain th@ pH vnjue af the :

‘ _b@d at an opt;mum value (abmut 7) +hm influ@nt fo the filter ,

was ueidi fied to a pH value of 8, via the introduction of |
- earbmn ﬁiwxid@ (refpr "acid;fiuat oti of F@ed b%ter" Item 111,

2 of thiﬁ ﬁh pter ) | o .

o o Hes urersntg of rate mf flaw and. quaiify of eff?uent
wa* t&ﬁ@h at ragular intervalu. Tablc XVI_giVes yha resu1t$

"f’of Fumh ﬁearurem@nts 1n a typical cycle‘

| DEFLUORIDATION WITH TABORATORY mm

géﬁuMbeﬁ" s Rote i Hesidual : 1 % '3 I
!Qf_liﬁrﬁS e Uf - ;'F_ in 1 .aug - !Pon 2 REM&EKS
ipassed 1 flow 3 DeDelle - 3 pﬁepqu,apghm.: o
sthrough - 3 Mineg/ ¢+ - . - -3 ¢ : :
svhen tested @ 280 ml. ¢ K B t Ks
S H S RS t i it . N L. i . {Au
o1 L e f L 0,200 MLL
s } 5 i 0 s7afisof 20 §m,,.ml .

. I S e w oy esolubllity of
.:_ - . 5 = L - v. B .“ A 3 - ». ‘PG_MU.

e S < I -f Sy 0.8 0 7.0F 140 ° zo,fs probably
RS S o . BRI R j,»fdue to incom-
B s I D P ST ST plete neutrali-
: B T cFr B Ysation
4 8 : B oy lel  (7.00 110% Ril 'Controlled rate
oo LR e A S S of flow.

2 S R 1 ‘ 2 o ok t i _ .

i 8t ot 4 'i*;.l.? it L. ’Mamlmun rate
: S U R P lof flow

s s 3 . AL 2R S

: 10 % iz ) L3 7al 90t il ’Defluarxdant

3 o E b v bacoming
' 1P 9 1.6 o (6.8) 60 ! Nil fsaturated with
oo b yo. b r Tt T ipiyoride
fo12 P D200 (670 60 imll

| ﬁ compgsite sample cf effluant had a fluoridp ;on
e@ﬂcentrataam of‘J.n_p p,m. which meant that the filter had
a defluor;diaing br?akathrough napacity of 3.5 tig. F”/g. of
h éeflaoriﬂant;. The definoridated wat&r ves p%laﬁablé and hed
nd”fbféigm.tawte or odonr, | Vﬁriation of flow rate fhrauph
‘the filter dié.nmt affect the foieiency'of defluoridation.
. The maxirus rate obtaineﬁ with thevpart;cular4grdnules used

'_‘ ;WQS'@mﬁ/:
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was 60 ml./nin. The residual fluoride ion concentration
in the effluent decreased during the initizl stage of the
run a5 a result of the decrease in its pH value. Théreafter
. it increased gradually from 0.5 to 2 p.p.@. due to saturation
of the media.  then the latter value was reached, the filter
was regenerated, u | | | ,
| It was found that sulphate was dissolved in the
filtrate during the first two or three cycles of using o
freshly prepared defluoridant. <Complete removal of sulphate
could be obtained by exhaustive vashing during the preparation
of the defluoridant but this would be unneceséary since the
siight\increase in sulphate concentration would not affect
- the potability of the water. The dissolution of phosphate
cbuld be-overcoye’by“adequate neutralisation of all acidity
- in the superphosphéte granulos. | |
B,2. Regeneration: L |
' After the material had been satursted with fluoride
| ion, it was regeneratéd‘in the filter by upwafd displacement
ﬁith a 17 soiution of sodiub hydroxide followed by a water
rinse. It was found that 8 ml. of solution per gram bf
material was sufficient to raise the pH value of the filter
| bet to 12, at vwhich value fluoride is exchangéd fcr‘hydroiide.
{Refer fipure 12). | _ ' | |
e quantity of'wash waﬁer required to remove
excessive a}kalinity was also about_s'mi. per gram of materilal,
It was not necessary to use dofluoridated water for this purpose
because the pH was not reduced sufficiently to allow for
exchange of fiuoride, (Refer figure 1Z). Although complete -
neutralisation of the filter bed was not attained by this degree
of washing, defiluoridation of influent (adjusted to pE value
below 6 with CO, gas) commenced as socn as the pH of the effluent
dropped below 9. The defluoridation ¢ycle could thus be
started while gradual neutralisation of the fllter bed was
effected. A considerable Saving in wash water resulted from

this procedure.
Co eea/
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Activated sunprphosphat@ grannle* (?& lb¢z —10

4 48 me sh) were 1ntroduced into a fllter eolumn (5%” interna“‘

dtameter, 7'4" long). The filter éhell consisted of §" thick

"p@rqﬂox“ and the 54" deep hpd Qf ﬂ@flugrlaant was retain@a on

"perspvx" plat@ p@ffbrat@d wiﬁh 1/16" olcub_v_The-apparutust

{Fig. 14) providea far 1ntr0dactzom of carbﬁn'éioxide, 1eCe

© ncidificstion of the feed watgr as well as ror backwashing the

*filt@r dur;ng r@g@neration.:

efiﬁorigation

Fe?ﬁ watnr containlng varyzng cencentrat;onv up to

 ,160 p.n.ma of fluor;de ion was first aciﬂlfled to g pH vnlu@ _

. of anwvoxima?aly G in Lwn Saagallen tanks wﬁieh were used

_alfernatoly» D@fluoriﬂatian wq accomp1i shed by gfnvztntlanal

f*ltrati@h tnrough the GOLumn Avcrage swmples of 1nf1nent

and efflu@nt for each succes dve batch of 40 gallons vers.

'{,_ anaiy39é¢'*'mab39 XVIT ccntaing data relagive to the fburtb 5,
" f:_aof1n0r1dation eycle. | ThGBP data are typical of uhﬁ r@ ults .

T abtminfd thraugbout the tegtﬂaﬂf 7I‘

S IaBB XVI
‘ mmmmmmm. HLTL A PIIOT SCi

: Rate OF % gnf

zgo% of ¢ giltraﬁ '§“Cﬁnc.. -?‘Concs.: Pk -
sbateh - 3 tion - 4 p.p.mo)w pH 3 p-p. m.) : pH :80%" ¢ Renarks
1 {40 gal): min/40 gal: b £t e F: o
B H T B : H H 7 H
1 2. 70 2 45 3 5.8r 2.6 8. :No ins Figh pH eause@
s - S ¢ - & ¢ s - scrsase inefficlent
2 : g t I . t . 2 defluoridation
s t R St RN o
£ 02t B0 1 46t B,7r 0.24 7.1 : do ¥ Controlled
2 N E I 7 SR PEVE ¢ rate of flow
% SR ST T I S :
o - B | 60 2 42 1 BTt 0484 7.0 ¢
T : o ] R L 0t R
r 4 e 70 2 70 ¢t €.01 0.6 7.2 : | Maximum
t \ : . t r ot : gravity fiow
:+ 5 @ 100 3 100 it 6,01 075 17.2 3
: L T S K : 2
o & ¢+ 80 £ 90 ¢ 8.8 1,1 17.3 ¢
I SR N S U S X

'ﬁvezage.eeaf,;*



o ;&verag@ fiuor*de 1an concanurat&on 0f @fflueﬁt‘ ” D4 p.p.m |

| '.Avarag9 flaariﬁp ian ‘concéntration of iniﬁuent " 6a.5 DeDoelle

N ¥ wE OB KE WE Y SE Ak Y e

F‘ gbu : tf_;nt

L {bﬁal fluoride ion’ r@mDVPG from wqtar 7_'_, B 0;155 1b.
'8 08,0065 1ba F“/lb. of ﬁﬂfluoriﬁanﬁ or 5,5 mg*/g. or
l{b /@ifti : ‘ |
»'obgervat;oﬂs o | | |
*'(a) .-: - The ﬁerformancs of this filter was ln accordance

1 w§th tne»abaervationg made on. tbe labora?oﬂy fﬁlt@r,» _
 (%)[ o lﬁarlﬂé ion ccnc@mtratian of the influent di&,ﬁct
. affﬁat nh@ pffieieﬂcy af ﬁhﬂ ﬁefluoridant, | S
| {¢) . - At the start ﬁf a derluoridatian cyele fluoride inn
  cwncentratian af the @ffluenﬁ was relﬂtively high (2.6 p. Pellls
'f_and higha“) sinece at the nigh ﬂH value (8 2) tn9 removal of )
fluoride fram solution ;d incomplgte._ Tho high pH valua was o
ﬂ'&ue ta adsnrhed alkalinity af th@ bad; an irwcrtanﬁ factor to )
censider in’ aeiaﬁfying the iﬁfinenta | o :
 €&) ' . During hhe major part of the cycl& defluaridgtion
to less than 1 pe p.m, a; flnorid@ ian vas ﬁftaineﬁa‘[jf |
T(é)_( L H@pe&%@d use of the d@flucridant penoved. all
 soluble phosphate and sulphate._' From the fourth eyele
1 ﬁnwurﬂﬂ no. increasmu conccntratxon of th@se iOﬂa cculd ba )
'aetccteﬁ in th@ éffluant. A slight ;ncrmaee of bicarbonqtn 'f
L;concantraﬁien perulsted due to 1ntreduct on of soaium |
'"hyﬁraxi&e durimg fegeneratioﬂ,and carbon diaw&de éuring
{'aeflucmdatmm o | R |
S (f) . The ra ke of flow thrcugh the filb@r vari@d aeeording:

',to thc ccnditlon cf flnﬁ particWE mn the unper surface of the

o leter. : I% vas founa ta be from 20 to 40 galLGﬂs per houf.»'

_”Vﬁriatien of tho fls@ rat@ did nat an@ct the efficLency of

the dafluoridation.proﬂesQ- ’ -

Bien
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(;2; .f”z'“f‘aat*-n of Peed Wafeg

ﬁhe expnang@ reaction of. apatite wlta fiuar1de and
nydroxyl iona,rvizﬁ . : o |
o Calli.Cag(POyly 4 F ~——>-Canca4(904)3 3 o™

requires a low pH value far camplete remQVaY of fluofide iﬁnsv

| f?&m solubion. Alkalzne natural WW@S”Q thtr@forp r@cuﬁrﬂ
aeidifiaatian to & pH value of about 7. In order to |

'-maintain an optimum pH va.ln@ during wxchanhe it is f‘urther

'ne¢@s¢ary~t@ provide "resefve acidity", undisseciaﬁea aciﬁ,
"fc? neutraAiﬂatien of aa orbé&;aikalinity on tﬁeidéfludfi&anﬁ”
as well a of hyd*oxyl iﬂﬁ which are libéfateae.* Th@ éci&

| reqnirmd far hhé 1att@r purpaaﬁ wauld ba prcpa?tionalrto the
",flnaride contont of the inflaamt whlie qd"orb@ﬁ_hyﬂraxﬁae

| vvould be nﬂut?aliqed or canVFrted to bxcarbonate aurzng the
“ 4ni%ia1 vtageu of a defluaridatman cyelo. . R

oo In oraer to assess thc most nractical method cf

B vpmmdiﬁg thosa amd réquiremanim, in{’memt was, aci&if::.ea

- with some comon aeidg and car%on dloxide as ;nﬁlcated in |

- Table XVIII.vntreatoﬁ wafpr hau & pH valuo of 8.3 and ac;d |
additions w@r$ 1¢mite& 56 as not to reduce therpn valu@ te

 less than 55 Slﬂﬁé apatu?e tends to &issmlvv at lawer pH

| values. *ignrc 15 depiais pH reductxcnu obﬁaxﬂ&d by hubhling
carbon diazide through tap water. L “
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TABLE XYM . .

Jeble Xv/// _Efficiency of Various Acidifying Agents

e

;
i

Quantity added to |

Percentage fluoride removed by

ey

40 gal. feed - defluoridation of feed water
Acid __water Final pH ~with Remarks
Weight | Gram equiv4 ©Ff feed 0 . -
in alents of water 10 p.p.m. of LE‘}‘ 100 p.p.m. Of | F~]
grams “acid - Lo _
Acetic 10.5 0.175 5.6 90 i.e. <1 p;p.mi 50 Filter blocked easily
in effluent .
Hydfo— ; When defluoridising
chloric ! 5.5 0.151 5.5 95 ~ ? 40 100 p.p.m. pH value of
i ‘ ' effluent rose to 10 with
! consequent inefficiency
Sulphuric % 8.1 0.165 5.6 97 - Co- |
NaHSO, | 35 0.292 5.9 96 ‘ 50 | Additional buffer
' { ; - capacity provided by
| i larger concentration of
| ‘acid equivalents
Carbon ? ! : |
dioxide | 260 - i 5.9 100 | 100 . JAcid equivalents cannot |
E | § })be calculated because of
do. . 220 - 6.0 100 ‘ P 100 ' Jincomplete solution of
' ! | Jgas
| |

i - R

AR
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Qbservations

(a) Efficient defluoridation was obtainable only when
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.pe.m. of fluoride ion was, however, accompanied by
liberation -of more hydroxide ions than could be neutralised by
the acid equivalents available fgom the stronger acids at the
critical pH 8.5. As a result, the pH value of the bed rose
rapldly with consequent inefficient defluoridation.

(v) Results recorded in Table XVIII clearly illustrate the
advantage of carbonic acid over other types of acids,
particularly when the fluorlide lon concentration is high.

Thé carbonic acid does notvreact with the alkalinity of the
water and its reaction with hydroxide ion,Iin the exchange
column,is to the bicarbonate stage only. In the higher ranges
of fluoride concentrations threfore, the presence of dissolved
carbon dioxide in the influent is essential for efficiency.
Although addition of any acid to alkaline water, such as is
generally obtained from}underground, will libverate 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 will liberate insuffiecient
carbon dioxide for defluoridation of high concentrations of
fluoride ion. During the present experiments acidificatidn
by means of carbon dioxide was found most convenient and
effective, Moreover, the acid requirements can be obtained
without a lowering of pH value to the critical level as in

the case of the other acids used in the abowe tests.

C,3.Reggneratibn of Exhausted Media v
As indicated before (refer III B 2 of this Chapter)

it -‘00./
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it was nacegswry ta raise the pH.value of the fiiter be&
in order to makc th@ dﬂr¢uo?idant exnhange fluaride Lans far

"_ hyﬂraxide xans« Fbr ﬁhis purpose a dilute gelutiew of sodivm

hyﬂ#bﬂiﬁé.Wﬁ” ssd upwaras tnpough the filt@ In order to
- mininise dilutuxxamd effect mazximun TL”? in pH, aLl water vas
fiaraineﬁ frem the filt@r befors intrcdaa;nﬂ 9admum,hyurex1d@
:{¢01utaon at a rahg of about 1 gallon/mirut@. | The upuard
 -pa$aage of tha goluuion cauaed a 40% @xpansiaﬂ of *he b@d which
vas fbund‘@ eatial for nfficicnt centacta Whén the r@quialte-'
amauﬁt ﬁf’so1utlon had been passed through, it was followeﬁ by
a L“Rtihﬂ@ﬂs waher rin e - the ﬁodium hydroxiﬁe aalutimn being
iﬁlsplacpd upwaré , Any turbidzty whieh occurre&, due to
attriml@n af th@ aefluoriﬁant gravules, wa removed in‘th@;'-“
] overflaw. . On raccmmencing defluoriﬂdtion & volune éf‘waier‘

'eqmgvalent to Lhe 1iqu1d content of ﬁhe filter was run to )

Reganeratica wa” evwluatea ﬁ“ér some 20

- regeneration cycled, ”h@ resultﬂ are reeorécd in Table XEX. -



[y

1 |
Ko, of | BaOHici- Remarks
cycle, —
. Quan{
| gauq
4 &reghj Shallow filter caused
t f inefficient defluori-
l 2 | 25 dation.
| ! |
3 . 20 Deluoridant trams-
; : ! ferred to long per-
: ; ; spex filter.
AN 20"
& . 20 High alkalinity of
! [ ; bed coused ineffi-
f ) ciencye.
? 5 : FPilter easily
6 - 20 Biockes.
E i j Vz ,
é 7 e 15} “Defluoridising
8 15} water containing
; 10 ‘100 PePemie OF
10 1Q\ ‘ fluoride ion to &
i 14 15; j concentration of
| 192 i 4 J> ‘{ 1.4 PeDelile while
i ' 2q investigating
15 : 153 most efficient
j method of
17 ' 20 regeneration
|
N
18 |15
|
20 2q Low capac?ty due
| to inefficient
24 ‘ regeneration,

e
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C3{a) @trsggﬁh and Qﬂdﬂtlﬁ? gf begpnéggg |
rff cv@nt r@genoragieﬁ was abtained with d 1

.uolutLQn of aoﬁlum hydroxid@, subsequ@nt dafLunridation
‘;GyGlQQ vibldzng an &varage aapac¢tv of 3.8 mg. F” per gram o
of d@fﬂuoﬂidant “The use of rore concentrated solutions
"wasvunnacg sary since ‘the pH value obtainable with a 1% _

é@lﬁ%icﬁ was sufficiently hlgh { ;>l 2) for diaplacemmnt of -
‘ flunride iﬁ%o from the &efluar;&mn% (refer Fig. 19).

R@ren?ratwon wmth 0e57 solution of aodium hydfaxide re&uécd
'tho sub Pquﬁnt d@flumriﬁiaiﬂﬁ cup«eity 0f the bed hy mcre »
fthan halfg . rw@ use of »gdium c&rbanate selutmqn,fbr.

J rvgencratian is éimilarly not advisabl@, in sufficient rise ih

nd value of the be& belng obtaineda o | _ o

- About 15 gallons of reyeneratang SGIutxan,.(
equivalanu to 5.5 m L./gs of deflaoridant, yi@lﬁ@d maxisus
. subs @quﬁnt ﬂefluﬁridisinw canaoity pér unit of sadium hyﬁroxide
| used, The uge' of only 10 gallcn% of régcnﬁratinr solutieﬁ

xm,ulted mn a redac%;an in capaciiy which was not canmnnvurate B
f'uﬁth ‘the savmng in r@ganerant. - On the other hand, the inG?PaS@d»v

;capacity'resuﬂtinp feom ﬁhe use of 20 gallonu was nat in | |
x prapart&wn to the iﬂarease& ccuﬂumptian of reyenerant.

S&mﬂleﬁ ef the regenarant and wn%h woter 0vorf10w1ng '
| from the filter w@rv ﬁahen at 4«ga110n intérvals {the ’
apnrmzimate 1nter~$paeia¢ lquid volume of the filter) and
 \Hianu1ysed fbr fluoride cantemt, B?kﬂiiﬂity and pH valu@; Th@a@"
_vnlaeu ware. plottoa agaﬁn&t valumc of liquid pa»spd thrnugh as :

-1nﬁicated in ng. 16.
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"(ia - On xntreduclng the ?ageneratﬁng rclutxon (a 1%

' golutxan af saa%um.hydrazléé, i.es 10,000 pipems NaOH), tbe
pH valup o* the bed ros e rmpid139 the hydroxxde alkalinliy
of the rpgen@raﬁing aolution was reduced by 85%, vhile the

- fluoride 1on cancentration of the 1iqu¢d reached g maxieum
immediately, in qccordance with the reversible reaction for
regeneratxan - o a :

CaF.Ca4(pe4)3 4. ozr — GaDH.Ca«g(Poé)s i 1l

(ii)f | wlth the introductimn of more regenerant, fluoride 10n,'

| _ﬁenmentrati@n décreadea ‘and hydrmride alkalinlty increas e&,

inaicating thet Quperfivial reﬁanardtion,qf tne defiuaridunt
H granu1ps had been acccmplished~uith cmnsecuent deor?ase im the
rate of ioh exchange. ﬁ@ this. ta”@ fluoviﬁc removal frem |
golid pbasa could, of course, ba erhenced hy allcwing lcnger
. contact time between ?eg@nerakt and.defluaridanb. C It was‘ﬁhus'
found advanﬁageoﬁs to retain the final yo:ﬁidn of :egenerant
 in the filter for dﬁe”haur'béfore the water rinse vas commenc@d.
" The rogultant increas@ in Flu@ri&@ content of the regenerant 15
_cl@arly d@pict@d in ng. 16, ( ae &1o0 "Effect ef Gaﬂtact TimeH
| 111, C, 3, ¢ of this chaptm’) | | _' o |

{111)  During subsequent backwaéhiﬁg Qitﬁ'w&tér at the rate
of 1 ghi¢en per nxnute, the pﬁ value of the overf] lowing wash |
water (Fﬁgb 16) decreds ed very s owlyg It wag.diﬁfiault,

to remove adsorbed alkalinity from the bed, wheraaa about 8 ul.
~of wash water/gram of d@fluoridant vere us ed-;n the 1aboratory
trialsﬁ the pilnt plant filter rcquired at least 40 gallons,
equivalent to 14 ml./g. of &@fmuoridant.

(iv) ‘The volum@~of wash water was sﬁbqequ@ntiy roduc&d |
by effectxng the final mvatralivatlan of aﬂsarb@d alkallnmty
vi_q eontmll@;‘i acidification of the :E‘eed water as indicated
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C3 (d) Effect of Contact Time

A longer contact tine butween defluoridant and
regenerant increased the fluoride ion concentration in the
regenerating solution and resulfed in an improvéd defluoridising
capacity.{Table XIX, Cycles ¢ & 6, 7 & 8, 11 & 12), During
cycleé 16 & 17 it wvas attempted to determine the optirmm
contact time for regeneration. Regeneragt was introduced in
5 gallon batches - each consecutive batch displacing the
previous batch upwardly affter 1 hour's soaking., Sarples of
each batch 6f regenerant vere withdraun from the filter shell
at intervals during the soalk period. The total volume of
regenerant used was 20 gallons, and the results of annlysis
of the regenerating solution at various stages during cycle 17

‘are recorded in Table XX.
' - ABLE

QUANTITATIVE RCCOVERY TESTS FOR FLUORIDE AND HYDROXIDE
DURING REGIMIRATION

Batch luober i : Analysis

(5 galls. ¢t Contact : t 3 t

regenerating : Time ¢ pH ¢ Alkalinity : ™ p.p.ms @
solution) : (Mn) o t 7 NHaOH 3 ? t

1 ¢ HRil : 12:40: 0,758 : 222 3

-3 10 ¢ 12,44: 0,560 : 630 :

| 20 ¢ 12.47: 0.543 3 G20 H

¥ 40 3 12,45 0.641 $ 630 4

: 60 ¢t 12,43 0,629 3 740 ¢

2 "¢+ Wil ¢ 12:50: 0.905 ¢ 245 H

g 100 1 -12.503 0.813 480 H

2 2c & 12,49: 0.771 550 H

3 40 ¢ 12.45: 0.724 610 :

2 60 ¢ 12.44; 0,697 2 610 $

3 s Dil ¢ 12.62: 0 0,970 140 ¢

! 10 ¢ 12,52 0,983 t 244 ¢

: 20 ¢ 12.50: 0.941 276 3

: 40 : 12.40: 0.926 H 300 H

g 6o s 12,483 0,925 325 g

A ] Hil ¢t 12.53¢ 0.991 : 76 H

s 10 : 12.53¢ 0.986 @ 133 :

? 20 t 12.49: 0.978 H 162 H

H 40 $ 12.,50¢ 0,982 ) 180 H

3 60 .8 12,493 0,971 ¢ 180 g
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T Wha pH Val&9% of all the a&mﬁl@ sh@ﬂ@ﬁ‘mﬂ uifniticavt o
- fiuctuatson | The alhalinity o* ﬁhv r@generating qolhtion

: dropped ranidly during the first and ,econa fillq due to a

ffhigh rate of ftuoride eychange as well au,dve td ad@orption
o of hydrogido Jons on the filter beag_'i ‘. o |

Fluoride ion cancpnfrauicn.af the rasenerant nay be

"J;takar gy a ‘rough mpasure of the anounu of r@gen@r¢tion abtainp&.

. When flucﬁiﬂe ion conﬁeptratzan in the regenerant 1s plottpd
ﬂgaﬂnat cantact timﬁ as in fmghre 17, ﬁt ig obvious that a
. minimum of 20 minutes "?Guid be ailoweﬂ for each replacemant

. of tne-f¢1ter.,, Eﬁuilibrium,is not attained within this
"periad but furthér iner@asa Gf time ig not 3u tifi@ﬂ by the

'cxtanﬁ of furth@r quOﬁide removal obtminab¢et

Th@ gmall amouni of flucride ion cﬁntainna tne final

——— —

batch of regenerant inﬂicate&‘tnat it might well be ﬂiﬁp@ﬂse&

with and con ,enﬁat@& Tor by an Gxtﬁnd@n contaet time for the

thlrﬁ bateh, L ‘
- On the basis of %h@ @ fa,ult& lt wns concladea that :

maywvum Ppgeneration eoula be o%tained by'intraduczng r&gene«

'_raﬁt in sucees ive bateaés, thc VGlume of each matdh b@lng
'.'@qu1Valca% to’ thp clear space plus the interparticle volds

| of the filter. The firﬂt &vm batehes shauld.huvn a eoﬂtnct
;.ftlmé af aG minutem each and the Jazt bétch 6 hcurq. ‘ ”he S

effiaiéncy nf %his meﬁhod af rvgpnerefion wae barné aut by

_'wmbuequent eycles. (B@fer cy@law 17 an& 18 &n Tabl@ XIK) It
| s not feas sible to introduce ihe reg@narant at a cantinueus |

:vlon rat@, tquiv&lent to a eontact tine of 20 minutes

since &msuffzci@nt exmmnuioﬂ‘af the filter b@d as wall as

channelling resulted. Therefore, introduction of regenerating

solution at & rate of 1 g.p«m. was used throughout.,
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For 20 regeneration and defluoridation cyeles the
average fluoride removal capacity of the defluoridant was
2.5 mg./Be, taken within the limit of critical fluoride
ion concentration (1 p.pem.) in the effluent., The exchange
capacity of the material is normally higher but as the latter
becomes more saturated, if can no longer reduce fluoride ion
concentration sufficiently and regeneration therefore ensues

before complete saturation.

On continuous use of the defluoridant a slight aecrease
of capacity occurred. (Refer Table X1X). Since a guantity of
defluoridant had been lost as a result of attrition, this de-
creage was ascribed to the reduction bf volume of active material
rather than to a net reduction of exchange capacity.

Chemical dégradation of the material can hardly be expected
becaﬁse the exchange reaction involves ﬁo change in the crystal-
‘liﬁe structure of tl.e defluoridant. Woreover, the structure

.is such that it can only accommodate hydroxide or fluoride ipns,

hence its high éelectivity in exchanging ions.
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Turbulence which occurred during backwashing, caused
gbrasion of defluoridant granules; The disintegrated particles‘
were removed 1n the overflow during backwashing and represented
a 1088 of active medium,  Over the first 20 defluoridation and
- regenerationfcyéies of operation, the loss aﬁounted-fo éboui |
0;46% per cyéle. In order to determine the loss more accurately,
geveral further tests were undertaken. : _

Dl Pilot Plant Filter.

The fluoride saturated defluoridant was backwashed
continuoaly without 1ntermeaiate ﬂefluoriaation. After passage
of a quantity of 11qu1d representing one regeneratioh cyclg,'the
_grgnules ﬁe?e allowed to settle ior'Q'minﬁtee and their volume
; measureds. | Té§7watef; in some casés acidifiéd with carbon dioxide,'
 was used for backwashing at a rate of 1 gallon per minute. The
'results are depicted 1n figure iB._

V' ’ The total 1oss of defluoridant over 59 cycles amounted

to 11.22% or 0.19% per cyele. The loss was 1nversely propcrtional
to the nﬁmber of cycles. indicating that a hard granular core 1s

M.left,aftep initial surface attrition‘has taken place, (The average
"1os's over the last 39 cycles was only O.C6% per cy'c'ie;) It would
-seem feasible that granules consisting of such hard cores only,

. may be prepared by providing adequate agitation during manufacture.

The use of acidified watep with pH"values of 5.5 to
6. O daid. not affect the diaintegration of the granules.

De2e Laboratorx_;pilter.v

A quantityvof defiuoridant granules was prepared from
~supefphosphaf¢'1n the'uéuallmanﬁer; but more violent agitgtion
,was‘employed; The mixfure of sﬁpéfphospﬁate granules and excess
5% solution of sodium hydroxidé ﬁés placed in bottles.

'>and/.n'.v-.a .
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and rotated 1¢ngituﬂinally at 19 r.p.ms for 24 hours. The
'pﬁrpnse»of this treatment was to ensure that eny soft
superfieial layér on the granules‘wouiﬂ be removed, thus
- yielding defluorifont granules with a high resistance to
:qbracion. As o result a lower yimld of defluorident granules
 mus abtaineq, 57% as compared with 667 by the usual method of _
.'inbermittent‘gentle'agitutzon._ After adequate waghingg one
ﬁart of'the,pfepared'granules wae airdried at room temperaturé
while the other portion was tested directly. |
“ For test purpoues o filter was used which had
approximately}the same ratio of dlameter and depth as the piant
filter. Twenty-eight grems of the defluoridant were filled
into a tubs of 2 ecm. diemter to a depth of 20 cm, ~ Ten litres
of distilled water were circulated upward through this bed at
70 ml./min. At this rate of backwashing the bed expaﬁded 6 cm.
After eireulation of a qﬁantity eqﬁivalent to 1756 regeneration
| cycles, the gvanuleﬁ were transferred from the filter and dried
and weighed. The loss incurred amounted to 18.37 or 0.10% per
gycleu The circulation water mequired turbidity equivalent to
1.5 pupstia 5100, | | |
The airndriedfgranules hod & moisture content of 0.7
_-ana vere tested in & sinilar manner. Attrition loss amounted
to 19Q8ﬁ,cver the equivalent of 48 regemeration cyecles, i.e.
D.417 per cyele., ,
D, 3« Standard Attrition fest.
- The method of the American Water Works Association

. Committee on épecifications for zeolites (93) was used. The
test is based on nmeasuring the'tﬁrbidiﬁ& produced by agitating
5 g. of medium with 50 ml., distilled water on & vheel rotating

~ at about 17 rip.m. . In the pr@s*nt teﬂt uamples‘each)of_both
wet and alr-dried dpfluoridant pranule Ty weré used, The
mizturesof gramiles and water were contained in bottles of 2"
&iameter ¥ 434" high and vers rotated longitudinally at 18.62

r.me. esss |
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‘r;p.m.' Turbidity was measured at 4 hour intervals vith a

Hellige turbidimeter” as p.p.m. of S10p.  After 16 hours

agitation the gramules were Tecovered, washed, dried and

welghed. For purpose of comparison, samples of “Permutit®
natural zeolite (green sand) and"zeokarb na' were tested
similarly. The results are recorded in Table XXI. (average
values are given)
TABLE XXT

ATTRITION LOSSFES OF ION EXCH ANCE VATFRIALS

Turbidity of supernatent
_water as psp.m. of Si0c. ¢ & loss in

H ]
: s
- t : : ¢ welght H
Sample : : t : : t of golid ¢
t 4 hrs,:8 hrs, 12 hrs, 310 hrg,: medin, z
Pefivoridant @ e t ? t , H
(Wet)evosns + 180 2 260 ¢ 380 ¢t 470 Ged 3
H $ : ¢ s :
Defluoridant t t ' : 3
{Gry) sses ¢t 240 ¢ 385 485 3 550 1 15,5 :
: - : t : :
Hatural 2 t H H : : 3
zeolitoe., ¢ 47 + 68 ¢ « 3 - 1 0.2 :
t : : : : :
: GO0 3§ 800 r « 3 e ' s

- £ g ] %

Zeokarb Fa.

-9

. Discussion.

'These’tesﬁs indicate'that the core of activated

superphosphate granules is very much harder than the powdery

-surface layer. If, therefore, provision is made in the

- preparation of these granules to retain only the hard cores,

a product is cbtainad whose resistance to abrasion compares
favourably with that of Y“Permutit Zéokarb Na",  Such
abrawion reﬂistantvgranules may'be preparéd by eontimuous
agitation with the activating solution in a rotating container,
Passage of water achified to a pH value of 5.5 did |

not effect the disintegration of aefluoridﬂnt Lrunules in &

filter bed, It may, therefore, be concluded that attrition

losses are éntirely due to mechanical abrasion. = Repeated

defivoridation and regeneration cycles have also not revealed

any chenical deterioration of the defluoridant granules.

Drying ../
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Drying of the granules causeo a definite weakening
 of the structure. It would therefore be ‘best to store and’
transport the defluoridant under damp conditions. About GQ%
moisture content would bo euitable. o
| The loss in weight observed in the laboratory filter
and the standard abrasion test seems’ unduly high for the slight .
turbidity produced. The discrepancy is probable due to dissolu-~
t:on of ca1oium‘su1§hatc‘which 1o'retaihcd iu'freshlyvprepared
defluoridant granules. iin previous defluoridation experiments
(refer 111 B, 1 of thia Chapter) it was observed that sulphate
‘_ was being dissolved by the filtrateduring 1n1tial Operation of
8 defluoridant beds | o |

The net. 1oss 1n weight attributable to attrition is
'1therefore oonsiderably less. than the recorded values. Caloula-:
'tions based on the solubility of calcium eulphate suggest 8 :
_50% reduotion of the latter.

S w. EOU SEHOLD BB F LUORIDATIO N

o '. From the previous discussion under part 111, it 1s

»i clear that defluoridation filter 1nstallations necossitate con-
aiderable capital outlay as well as skilled aupervision. As such,
it is more applicable to larger communitiea, rather than to 1n— .
| dividual households. For ‘the latter ﬁurpose the use of defluori-
dant additives~wou1d be preferable. Purhter disadvontages of
activated superphosphate filters are the large losses 1ncurred

"during separation and manufacture of granules ‘from commeroial :

'f superphosphate, the irregular size gradation, and thc low mcchan1~

cal strength of,the granulcsf- In order to obviate these difficul=-
_tieo;‘tceta(were:undéftaken to evaluate the efficiency of defluori-
dant powdeﬁs‘which'oould bé'uaeé'as additves. For filter instal~ -
nlations tho use of "Saaifos" was 1nvestigated. "Saaifoe" is the

trade name for a granular fertiliaer produced by partial neutra-

- Iisation of-superphoSphate of lime, with ammonia, It became

‘ available in South Africa, only, after completion of the work
: _already | | | ’
deseribed/es. s
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deseribed, bul its pOCidl Peatures viz granular form and
partial neutralisation i.e. partial activation, encouraged
its use, | |

A. ACTIVATED. .SAATFOS . FILTERS.

| Granules of “Saaifos" -10, 450 mesh, were treated and
tes t@d in similar merner to superpghosphates It was found that
”Saﬁlfov" responded equally well to activationfanﬂ}defluaridatian,
although its defluorzdiqing capacity wis sonewhat 1o:er than that
of activated superphosphate viz 2.0 and 3.5 mg./g. respectively.
- This lowered eapaclty was probably ﬁue to the less porous

- nature of “Saaifos® granules-whica resembled rolled spheres.
These granules were much hérder than the inci&eﬁtal’sunerphasphate
granules and conseguently they'"ufferad very littl@ attrition '
logs during preparationAand regeneration. Tho behaviour of
this meﬁiﬁm was identical to that of activated superphosphate in
all other reoﬁeCus‘ | |

- Bince the acldity of wuporphOSphatp is pdrtiauly

neutralised &urlng manufacture of "Saaifcs", it was cons idermd
.pbssible'tovactiVate the latter in situ in é filter colum, It
was foomd that the low pordsity of the granules necessitated a
longer soaking period, abouﬁ'é dajs, in a 8 sodium hydroxide
solntion. Considerabie advantage-is}however;to be gained
from this methoed of activation,:> ‘ | S

on the whole the superior mechanical strength of
"Sa&ifbs" grahul@s connleﬂ‘with the fact that it is’ccmmerciaily'
available in gramular form, makes its use most attractive.

”hls materxhl was subsequently used in the large scale
defluori&ation'plant’mentianed in the introdactlcn_to this chapter
It wasvactivate& in sita in a filter colum of 15"‘diéneter x 14
. feot high and proved to be most satisfactory.'. Tﬁié_plant has -
-‘been operated ind@nen&anﬁly since January 1956, It supplies-

2000 2. p.d. of defluoridatpd vater for domsstic use.
| B. on/
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B. ADDITIVE DEFLUQRIDANTS
Phogsphatic defluorident povders, prepared by

three Gifferent methods were ovalnated. Theoretically
any of the preparations 1isted in Table XII could be used
for bhateh defluoridation, but edonomlc considerastions

necessitate the use of commercinl superghcsphate\derivé%ives only.

Proparvation. Activated superphosphate and "Saaifos®
media were prepared as ﬂeséyihea under II, C, 1, of this
Chaptor, except that the materisl was Tinoly crushed before
activation and that it was sllowad to settle completely before
decanting the supernatent activation liguor. During activation
the materials sustained welight losses on a &ry basis of 30% and
25¢ respectively. |
| & third medium was prsgaraﬁ‘ﬁy'a@@gné an-aqueﬁﬁs
solution of superphosphate to the requisite amount of nilk of
lime with congtant stirring. . The resulting precipitate was
then weshed free of soluble selts., By this method of
praparation 100 grams superphosphate yielded 34.7 grams
precipitate l.e. $5.3% loss in weight was sustained.
&al'three‘ﬁadia were kept under moist conditions
after preparation, since érying5ﬂestrayaﬂ thetr'agtiviﬁy‘aﬁ
indicated under II, B, 2, of this Chapter.

B, 2. Doflnoridetion. The different media weré intimately
contacted with the water to be defluoridised by Instantanccus
shaking. They were thoreaftor allowed to settle and the
clear supsrnatent liquids were decantod and analysed forP
fivoride ion. About 4 grams of each mediux wore thus nized
with successive 200 nml. aliguots of tap @aﬁer containing
10 pepems Of fluoride ion end sufficient acid to control the
pH valne of the mizture at an optimun, between 7 and 8. The

residual ../
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residual fluoride ion'écncentration in the supernatent water,
did ere¢urse increase gradnally‘with successive‘batdhés and
vhen it excecded 1,5 Dypele the defluoridant was considered
_tovbe_safurated. Ho ﬁttEWpt was made to regen@rate the |

media. The results of these tevt ars recorded in table XXII.

| * TABLE XXIT | |
DEFLUORIDISING GAPACITY OF ADDITIVE Dm;ubglngzs

2 ' _ zActzvatea : Activated § Precipitated :
] Pﬁoperty. _ ¢ super- "Saaifos" s tri-calciom
2 _ — ; 3 nhoaphate: :__phosphate
L : 3 H , ¢
3o "”t RQ iﬁual [r ]p numo - 10 1 07 ¥ ‘ 0.5 2
H 3 : H - H : H
“sCapacity (mg.F‘/g. dry t : St o ¢
.8 uefluoridant) H 3.4 . 3.8 : 10,1 :
$ H H ‘ 8 . E}
sCapacity {(mg. F”/g. of s : : _ :
: . raw Msuper®) : 2e4 2 2.8 t 35 :
H - ; -+ b H
tAcld used fbr defluori- ¢ - $ H
¢t dation (g.HC 1/1. of b SN 3 t N H
t °  raw water) ¢ 0,045 ¢+  0.045 0.045 t
3 ' ot : 8 : 3
tAverage pE of supernatents. 8.0 : B.1 : 9.4 H
i . . 3 W | 3 :

Observations: (a) Fron table'xXII it is clear that all three
preparations could be used aé'additiva(dafluoridantss Their 
order of éfficipncy is as fbllowsi (1) precipitated tricalcium‘
pho phate, (ii) activqtod," aaifos", (i11) activated superphosphate.

(b) The high defl uoridising capacity of the
_preeipitate was largely offset by the high loss sustazned during
1ts preparatman. .

{(c) It wes necessary to acidify the raw water prior
to addi%ibn of defluoridant. Ipst showmd that any acid could be
ueea for this purpose provided that cufficient reduction of pi
value was obtained _ .

(d) The pH Valup of the treated water was alwoys
within the potable ‘range. ,
o | (e) The quantity of aefluoridant to be added to a
,vbatch of water had- to ba in proportion to the quantity of fﬂuoride

”f!Q/ v
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to be remoﬁéd, 80 és not‘to e§ceed the Qapaéity of thel
Ndcfiucriaant, _El | v  1" | S |
, (f) Q!e deflubfidunt had to be storeﬁ ond added in
umbist form. A pulp with about GO% moisture was found .
‘suitable. | . :

C. REOOMMENDATIDNS. |
The meut suiltable methad of defluoridatxon of a

“specific unter supply‘dependa largely upon its goality. Thus,
- hard waters which require conventional lime-soda softening will
generally‘have thair‘fluoridé concentration reduced to potable
levels by the softening process, (77, 94 and II, A of this
' Chopter), High fluoride concentratmonﬂ Which alwnys occur. in
- soft waters can,similarly be re&uced to values of less taan
10 p-p.ﬁ. bv“simple‘addiﬁioﬁ of lime; fluoride being precipitated
1 as calciuﬁ fluoride.’ How@ver, the further removal of. fluoride
to 1955 than 1.5 p.p.m. requjrcstreatment by the methoda of the
present 1nvestigation. | o |

" For defluoridatian‘of fa1r1y large supplieé (=10,000
gallons per day) a filter installation utilising acfivated |
superphosphate or "Baaifos" gramules and equipped with
regeneration facilities is recommended. The cost of
canstructi@n and sup@rvision is in such cases Justified by
the volumﬂ of water to bﬂ treated. o |

' Tor bmaller suppliecs eipeclally 8s are requireﬁ by
indivi&ual households, the use of defluoridant additives is
. preferable.. Such media may be made available in packaged form,
pachvpackage being Nufficipnt for a definité‘volume of wnter.

. By this method of treatment the risk of inefficient defluorida-
tion with an exhausted Tiiter wcuiﬁ be largely eliainatod, since
each batch of water would require a fresh addition of -
»dcflucridant wheféas a small dpfxuéridation filter may be
easily nogloct@d to the stage uﬁera defluorzdauion will no
1onger procecd.

Defluoridant .../
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Defluoridant media may be prepared as described

_1n this thesis and made available as a commercial commodity,
50 as to be used wherever it is required.
Eggg. Patent cover for the mannfacture and use of this activated
- phosPhate has heen obtained and the patent rights have been
ceded to the S.A. Couneil for Sciantific and Industrial Research.
D._Qgﬁzg.' . | , ‘ L SR
C - The most Important result of the present 1nVestigations
is that &n economical method of defluoridation of vater has been
developed; : Estimates ﬁf the cost are as followsse

| The cost of superphoSPhate in South Africa is abnut
£12.10.0. per short ton, while SQdium hydroxide costs about £40
per short ton. The raw materials required to produce 1 ton of
activated superphoSphate defluoridant wculd thus cost
(£12.5 + 0.32 z £40) x .5%.

where 0.32 - grams NaOH used per gram super
& 50% =  yleld of defluoridant.

1.6 cost = about £50.

If it 1s assumad tnat labour and marketing would cost

- another £50.per ton the final cost of the defluoridant need not

be more than 1 shilling per 1b. Ihis‘éompares most faveourably

with the.cbst‘of alternative defluoridants‘which'are estimate&

to cost about 10/~ per 1b. in the United States of America (95). |
‘A further detailed investigation (96) of plant:

canstructicn and operational costs has indiCated that large

scale defluoridation of water by means of activated superphOSphate

filters would_cost about 1.3 shillings per 1000 galls. This

-¢ost should be well within reach of mést South Afriban communities.

Small scale batch defluoridation has been estimated to cost 1.5

pence per 10 gallons of_waterg | _
Defluoridation of water has thus become a practical'

feasibility to all who have hitherto suffered the 111-effect9<%

excessive rluoride 1ngestion.

_ o000
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The demineralieation of saline water is receiving en in-
_ creasing amount of attention all over the world.

In South Africa, freqh water supplies are 1imited and at .
present saline waters containing more than 25500 psPele
of dissolved salts are being used by at least 150 com~ .
munities and numerous individual- farms, with posegible
‘deleterious effects upon the health of men and beqsts.

| Waterybontaining harmful coneentrations of fluoride

{ =215 DePoems) 8ré also being used extensively due to
. the unsuitability of existing defluoridation methods. '

various methods of &emineralisation and defluoridation

were critically rewveiwed, especially with regard to
~cost and practical feasibility._g_ | .

ek

~——l

In South Africa, demineralieation by means of solar dis-
tillation is attractive because plenty of sunshine is
available in the many srid pegions: where small house~
hoia supplies only, are requiredo ' :

A programme of research was undertaken with an experimental
solar still of 16 s&q.ft, pan area, in order to correlate
dzstillation efficiency with. 1ocal climatic conditions.

An average daily yield ef 0762 Imp. gallons was - obtained,,
equivalent to a 304 utilisation of the solar. radiation
impinging on the atill. ,

Ambient and saline water temperaturee were found to have
an important bearing upon the efficiency of distillation.
"This observation has apparently not. received the attention
of workers ¢lsewhere.

An equation, based on experimental deta, was formulated to
- relate the thermal efficlency of the still with atmos-
- pheric temperature.‘. .

The influence of winas, rain, humidity and pressure ‘was
mainly indirect as manifested in temperature and radiation
changes. - , .

Improved distillation was obtained from the use of mirrors
- and artificial eooling of condenser aurface but their
cost does net appear to be warranted.

Sufficient data was obtained to 1ndicate a suitable design /
of household still and to estimate costs.

The efficiency of various methods of defluoridation were

agsessed, Por this purpose the numerous methodsof
. fluoride determination in water, were critically reviewed. -

‘Phe method described by Stevens was found most suitsble for

direct routine sstimation of fluoride ion concentration,
.while the standard distillation method was used as an -
‘ intermittent check on the former method.

_Flacculent precipitatea will absorb fluoride from water,

but the removal was found to be incomplete and impracticéble.

| 116.:/3;-6,‘0-5;é00 :.
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Precipitated calcium phosphates were excellent defluoridants
- but several disadvatages rendered them unsuiteble for prac~
tical application in columns. ‘

A cheap and efficient defluoridanu was prepared by simple

treatment of superphogphate of lime with excess dilute
sofium hydroxide solution.

Such activated superphosphate conaists chiefly of micro-

. erystalline apatite which exchanges hydroxide ion selec-

tively for fluoride ion. The exchange appears to be
effected only on the gurface of the crystala.

Granules of sctivated superphosphate were used aucceesfully
in conventional ion exchange type filters for defluoridation
of fluoride bearing water. The average defluoridising capa=-
city of the material was 3.5 mgs F~ Per gram,taken within
the range of fluoride reduction to the optimum 1imit,

‘The ion exchange pr@perties of the defluoridant arevcritically

- econtrolled by changes in pH value« At pH values above 12
fluoride ions are exchanged for hydroxyl ions and at pH
values between 6 and 8. defluoridation of water in contact
with it prcceeds rapidiy. :

After saturation with fluoride ions, the defluoridant may be
regenerated with a 1% solution of sodium hydroxides The’
method of regeneration which was develdped restores the
fluoride capacity of the materlal an@ no defluoridised water
is required for rinsing. A considerable saving of de-
fluoridised water is thus attained. o : .

Defluoridation of both househol& and puhlic water Qupplies
by means of activated superphosphate Bhould be a practical
feaeibilityo
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ﬁ * 1.5 lﬂl. % an °°11°1d.1 ‘15”,.10%2” !
" N [
a ’ 7 T ; ? %
- 2nd Regeneration:20 ml. 50 Ne&OH 60« i 2e9 2.8 + Dissolutiop of phos-
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