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The Rever s e Osmosis (RO) process nnd its fo od ir,d.u8try 

Because most of t he work published 

in the li t eraturc on the concentration of f rui i; jvih!:~ L,y RO wa::: 

empirical , it wns decided t o sel ect one f r uit juice (apple juice) 

and study the retention of certain comJionents (nume ly sugur s and 

aci ds) whc·n that juice was concentrn Led by RO . 

A method wus developed for the an&lysis of sugars and 

non-volat-ile organic acids in ap1Jl 8 jLti ce . In thi s me thod , 

acids wert· pr c-cipi t a t cd as t heir l e:ud salts from fruit ethanoli c 

extra cts , and t he sugars i n the r ema.i.ning supernatant and washinUJ 

were pa r t:i.cir.a tcu into aqueow; m1; th1 ,nol. 'l'hese preparations with 

ii. 

internal ::; ta.ndards were then dried :rnd converted to their 

trimethyl::: ilyl de1·ivat ives for anaJ y f-;i.:1 by ,~as- l iqui d chromatogr a phy. 

The me th(!)d provi<.kd n rupid and :::;j in1,.Lo procedure for tl1u concurren L 

separa tion , i dentification and qwint:i.tativo s naly:::,.·i s of suear s and 

non- volatile ac i ds in appl e j uice . 

A pilot- plant sca l e Abcor '['M5- 1tl- RO rr.oclule was used in 

this stud.y so that the r esults obtui ncd could be appli ed. to 

indus trial processing . Preliminary CXT,'2l'iments we re conducted 

with dilu te sul t solu Lion~~ to en,;u rt' tha t the membrane performed 

satis f actorily, and to monitor any chhngcs in the operating 

characteristics of the membrane ns the experimental work progre:::::ied. 

These data provide the common means fo r comparing different RO 

sys terns . The results obtained es i,;_wlished that the membrane 

performed satisfactorily, and that the membrane characteristics 

(Permeat e flux and% Rej ection) r es ponded a s expec t ed to changes 

in the operating parameters of pressur e , temper atur e, f low rate, 

concentration and operating t i me . The membrane characteristics 

did not alter s i gnificantly over the time during which the 

experiments reported her e were carried out . 



A cv.rr cn t t heory ( the Kimura- Sourirajan analysis) ,vru:, 

used in an a ttempt t o p ·edie; t the membrane performance of the 

i i i . 

RO modu:tc i·:hen t he system sodium chl oride- water was used as t est 

solution. Tlie Kimura- Sourirajan analys is had previ ously led t o 

t he development of a s e t of basic t r ans port equations which, 

together with t he correlations of the RO experimental data , 

enabled t he predic tion of membrane performance from a minimum 

of experimental dat::i. . The application of this analysis to 

the RO sys tem under study did not es t abl i sh nny s i gnificant 

correlations between the solute transport par ameter (D AM/K~), 

and f eed c oncentra tion and operating pr essure ; nei ther were the 

average UJa ss- trans f er coeffici ent vulues (k) significantly 

correl ated wi th f eed fl ow rate . Experimen tal results obtained 

suggested a more corr.plex rela tionship between these parame t ers , 

and the narrow r ange of f eed flow ra tes under which the RO 

system was abl e to be operated rwan l. that tho Kimura- Sourirajan 

ana lysis could not be used t o meanini fully predi ct t he performance 

of the membrane . 

A further a t t empt wa n ma de to prt~d.ic t membrane performance 

from a knowledge of t he 'l'af t number.~ of the sugurs ancl aci ds 

pr esent in t he juice. Expe rimen t s carr i ed out on model solutions 

of sugurs and acids prHsent a s sinc l e components or as complex 

mixtures confirmed the Taft number us li cr j t erion f or predic ting 

the organic r ej ection of the RO membrane . It was a l so 

establis hed that molecul ar weight wa s indjcative of solute 

rejection, higher molecular wei ghts gave higher r e j ection by 

the membrane. Results ol, t:t i ned furthe r confirmed the fact that 

the mechanism of solute r ejections by RO cellulose acetate 

membranes involved both prefe r entia l absorpt i on a nd capillary f low 

of solutes through the membranes . 

Finally, actual apple juice was concentr a t ed by RO and 

the results obtained on permeate flux and solute rejection 

confirmed those found previously wi t h model solutions of sugars 

and acids. I t was es t a blished that apple juice (initial 

concentration 11 °Brix) could be concentrated to 35°Brix at 7C 



and 99 atm pr essur e withou t any nir;nificant los~, of suea r s and 

or gan i c nei.ds . Expe r iments wer e also carr ied out to as:Jcss 

the advantage of opr:rat::.r:g :., t a high0r t emper a t ur e ( 20 C) , 

s i nce a ny i ncrease i n f l ux would b 0 des i r::tb l (:: f r om a comnwrcial 

point of vt.ew. The end- to- end flux or the TM5- 14 modul e wa s 

found to te 16 . '1- 1/1/hr a t 20 C c ompared to 11. 7 1/n/lir at 7 C 

when sint;~.e s treng th appl e Juice was concc-:ntr<l t ed to ~;5° •,r·i. x 

under maximum pressur e ( 99 a tm) , an incrc1a:~(i in flux of ;W%. 

1'h<" r i l ot pLmt data thus obt&i.n0d for t he RO modul e 

we r e .:.i.ppl:i.cd to a study of the reasj !Jili t y of us i ng no us a 

pre- conc en tration s t ei, prior t o ,1 v1.Lporation. 

compriain:: of 296 modules (mE-mbrane are,, :-508 

An HO plan t 

m2) with a permeat e 
'> 

f lux of 20. 7 1/m' hr was f ound Lo be: J"c[,si.bl e for concent:rc1ting 

t he juic1 · f r om 11°Br i x to 20°Brix i n 7 . 5 hours . 

'l'hc economy of :;uch ;, proc-G:;s 1-.aG a l so assessed , und 

compa r ed wi th that obtained by us:i.n1~ ,t t ri pl e 0 f' f cct AT'V plate 

eva po1·a l OJ' • 

i v . 

A comparison of the concen t 1~tion costs ($ /to1me of wate r 

r emov e d) of t J,e t wo sys toms r e:vc; ,l..:d that HO w.::tG mor e t ha n t wic.;,.J as 

expen sive than evapor c.tion ($1 22 comparecl t o $51) fo l'.' 900 ope r ationAl 

h ours pr- r ycn.r , tlius cun1·irn1ing r c:.iul b-: l' .rom t he r,ubli . .;hed literatur e , 

which also sue-t~estcd th1d. t h e cu~, L of IW was compe Li tive with pla to 

evapora t ion when oper a t ed year r our,cl ( 6 , 300 hour s/ y ear) . The 

r esults f ound in this s tudy i ndicated that t he annua l oper ating 

cos t s f or RO ( $142 , 200) we r e a lmos t t wi ce as hi gh a s the e quivalent 

for plate eva poration ( $71 , 500) . An we ll , the capita l inves t ment 

for RO was s ubs t an tially h i gher than that f or the equiva l ent pl ate 

evaporator ($700 , 000 compar ed t o $282 , 300), t hus makine RO very 

unattractive for s hort seasonal operation. 

Thus i t i s c oncluded that t he us e of RO a s a preconcentrat i on 

t echnique in apple juice processi ng will nev er be r ealised unle ss 

capital c os t s are r educed cons i derably a nd operating hours are 



incr0ascd substnnt i.alJy. On the basis of this study, it i s not 

financially economical for thl Apple and Pear Board in Hastings 

to consider RO for the p:rcconcentration of apple juice when the 

capacity of their present cvapontor is no longer adequate o 

v. 
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2. 

The ' Reverse Osm osis Membrane Process' is a 

ceneral and wide ly applicable t ec hniqu e for the separation, 

c 0nc ent ration or rrLJ ct i onntion of l i quid foods. It 

consists in forc ing the J.iquid !ood to flow under pressure 

throue~h a selective porous mew brane . 'rhe permeate i s 
enriched in one or mor~ const i t uents while t he retent ate 

becomes more c onc ent rated . No hcnting of t he membrane , and 

no phase c hange in the product, arE:: involved i n t he proc ess . 

Despite t he rapid a dvanc es which are bein~ made 

with r espect to t hi s application , the process is stil l at 

its ear ly s taces of d evelopment . ~he basic principles 

involved are sti l1 controversial a nd no curr ently available 

theory on the me chanism of t he process is beyond question 

( Sourirajnn , 1 9 '?0) . 

2 . OSMUBIS AHD lu:;V tH i3.l.c: U~l·iX~l S 

'11he t erm ' osmos i s ' J :, U !,C d to describe the 

spontaneous flow oi' pure wat er i_uto an aqueous so lution , 

or from o. less t o a more; conc L'rtt i:·;itc\:[ ;.1qucous s olution , 

wtien sepo,rated by a semi - perrner.1bl0 1,10m brane U'ic; . 1). 

If the press ure on the aqueous so l ution i s increas ed , 
osmosi s is impeded , and at a suff ic iently hi gh pressure it 

is stopped all to~ethcr . fhi s pressure i s ca lled the 
osmotic pressure . 

A further increase in pressure on the solution ·~ .-··- . 

reverses the direct ion of flow , and pure solvent is r emoved 
from the solut i on b;y passage through th~ membrane , leaving 

a more c oncentrated solution b ~hind . This process has been 
conveniently termed Revers e Osmosis ( Pi g . 2) . 
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1 i '., "'l : , ':i.;, . 2 : l{ever · 0 0::31r:o si:...; 

• 1.' L'~ :, ·. ,_,. : J\' 1 : v,.: r 0 ".: Usmusis ' Laf~ now c;a i i1cd :.:.uch 

t;l.J.3L t.~1c t:.1', ,G(;~; r; , ~i 11ot 1,cstrict cd t., r; ti'll: po.ssuc;o of' 1/1,'J.ter 

from aqw"'()11:: ::.; o'.,xt.'isinS 1 no.r i:::: _; ,: r ,.-:·.-. tri.ct0d to 100 p,~rc 1:r, t 

s olute scpnrati oG . 

exp:L;:1.1,.at ion or the rne ch.: nisr:1 <:)J~ t h e procus~J involveii. lleri .:;..:.' 

it is mis l eRdinG to explain ' r everse osmosis ' as the reverse 

of 'o3mos i s' . In tot h process es (under i sotherma l conditions) 
tho pr efe rcmtj_nl transport of material through the membrane 

is always i n .. the direct i on of lower c hemical potential . 

Reverse Osmosis ( RO) i s a general t er m and i t is 

more comDJon to speak of ul trafi l t ration ( U:F ) and hyper­

f ·iltration (Inr). Although U.£i' and ill' u s e a pressurised. feed 

rjyDtem t 0 a ::;emi-po:rm e o.b l e membrane to achieve separation, 
there are i~ · 0rt~nt differ ences between the two , leading to 

.:iil' f8r~nt Li.J.;;>1:i.cat J.cms . The main differences are s ummarise 

~ n 'f!a.ble ·1. 
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~jo l ute mo l ecu l a r -;,Jeie;ht 
c 0nerally les s than 10u 0 

Demotic urcssures or t h~ 
fccci can- bC; u:;_:> t o t), i..t t .:1 

Operatin c; pre:::surc:., ··; ·cc 
up to 100 o.tn1 

oolute i s ret ained by a 
diffusive transport barri er 

The chemic al nature ot the 
membran e i s i mpurt ~nt in 
o.t'i't:cting t r ,:in :.q.io·r·t 
propert i es 

SCJurce = 

4. 

UJ. trafi ltration 

~io.Lut e: 1:1,., .I (:'C U I ur v,ci~ :-rt 
t;en vr·a..:. ·1 _ 1 ·,:·, cv er than ··hJJu 

U:-; motic pressures of the fee d 
~r e t cncrn lly neLl i e i blu 

u~e~atinc pres s ures a re up 
to ·; attil 

;::;.olut o :i.:,; :cetuinc u. Dy 
rn0 lecu1ar screenin~ 

'J~hc ciil:1n1cn.l n o. cu re of the 
1r:or .. i)-:--o.nc 1.:.., f~c n era lly 
uni!.i;)vrt ant 

l{,::j_d a nd lJ::·1~t on ·i 1: 1 S,~ l, rc,und i· l,;:-d: t lY 0as sLl: ',O oJ:' 

s a line water over :.-! s upport cd o.c .-.,:e: :·j_ J m or' c c·:!] u] o~ () a c etate 

( CA) at elevat ed pr.e ::;~-: t1r,·: r1..,::u .!t,: ,·1 : n t h,·· ~1er 1r..,:rt ion oI' \iater 

\:ith G. ~al t r c jl.•ct :i..0n CJ.,. ,_·;~) pc:·C·~ilt C1:r' ~I' ,_·: : ,:i- ( :_,u 11rce : 

I ·odall , 1<)',C) . '.L1h0 1.1 ~·- t~r t}1ruu;:hr,ut '!' ' 'J t.:1.: 1Jr fJux i i.l:., , ho,.:ever , 

very 101;1 (less t han (J . 1' {/ ,·::..:/per· .. :.: o,· 1·10; .. .n·::~rJc o r ea ) . 

1.l' b ...: firs t p :!:'a c t i c:.J J. ,...:l· r;i•.;1 . ...,.: :.:,·1:..: ,,,<_1: :. <Jcvc·IOf-00. in 'l C)bO 

by Loeb and Sour·ir8.jan at u.c . ·, . ,~. '1 1:,<.:<.I ,J i·_c,,;Vt:r1..;J & n 

anic o- tropic t:l <.: '1 urur1C: ·,. 11.LCtl h::,d G \ ,v.·~· tl--.·in .:ict i ve J.uyer 1:ith 

o. relat ively thick but vc.:.·<.I 1)0·:·ou:.; .. ur r·(E'G .i.112; l aye r . by 

producinc; o.n e:.ni~c;t;:.cop i c 1.1 -...: 1.101::m e , L.h: cxc e:;:; .; ive hy<l.roctyn.::u:lic 

res i stance i nher,.:nt in r r.eviou.s !1:.:- 1.:b:-u.no:.; ·.:o.~ ·;:- oduceJ. nnd 

practico.l flux r at o r; bcco::1c .f, OS ...,ill lc . '.:.' he .::o.lt "!'.'E.. j oct ion of 

thi~ membr.:.i.n c. ·.:a::: coi:ij:,a :;:-::. :.:, ::'...o t o '.:: !:<.: ..,nc a.0'1clcp ec. by Reid 

and Dreton but t h <:.: n .~x .:~..j i ! .. _p~·c-;-'1 t o ::-i::out :1c £/ day _per m
2 

at c ompar ab l e pres:mres (l ' odaJ 1 , i ·,·i r.: .) . A r.1enibrnne of this 

type c onsis t s of a very thin 1.,\, e r 0 i' den s e p ~; ·1 ymer ( about 
0 

0 . 2 micron s thick) u it h nor e.s of nr oun d JJ,-A in diamet er supported 

by a porous sv.c- 1.:.i~yer ( about 1ll1 l _. __ ; cro'!'ls t hick ) , with pores 

-rang ine; up to 0 . 4 microns diar:!2 t e :' . :?be Loeb a nd Sourira jan 

di s c overy r esulted in a s ur~.::e or , .. c t i vi t:; aimed a t the 



dev elopmen t of :?.C a::: a rra c tic: e l .'.':tr,v •• ~., e.fu l moth()cl. ot' 

flu i d sepnT~tion . In 1964, 

c orruuerc i al i :.;G.t ion of a tubular C: ~' :.:; t etn runn i nc; on sea wat er 

a nd uti li: :.i.n~:- a r0 ::; in- s tarved i'i ,n·r:::.: l ass support tube f o r 

the r: _\ membran 1-:; (lia v en:-; lnclu :; t r :i_c:::: , ' Jt)jh ) . fn 19C5· , t he 

c i t y of C,::1. 1_:i.nc;& ( Cali l'orni a ) ,. .. ,. 3.::::,, the f irst municipality 

to be supplied ci ri:nkinc: 1r1ater by 1W ( Source: Kavan.'.:l:sh , 1971 ). 

In 1966 , t he f i r s t co rn merc ia11;y cJ. vo.ila:) 1c packae;e ::::;ystern ~; 

u s:Lnc: l{O v,e rc announc cr:t by Universal \·m t c r Cu1:p oration , 

Havens Indu s trie:::; , General At orni c:_, , Aero j i::.! t Gener,, l 

( Kavanagh, ibid . ) . 11'or U./ app lico.t i on c.: , CA :i.s beinc 

i ncreasingly s uperseded by n on- c e llulosic s with ~r eat er 

chernica l r e s i .:..; t anc,: :J.nd t cm1H; r ,: Lure s t ao ility . 

only c e llu ·L0s ic t1.U rn embranes a re c urrent 1y ::1.va i l a bl0 

comrnercial 1y . C1l lilembr anc:; :..,ui't l=r f r orn a numi>er of limi t ­

ations , mo c t ly attri butable to t ue polymer 1Jrop e rt:i.v:~: or the: 

wcwbr~J.ne i:!::tt e r io J . 'L'rwy can s e n c rall,1 on l ;y be u sed with 

aqueous solution:; . l'·Jo~;t ,.mc, t Lk , , 1-:.: \i E:: t , ::-; inc e i_f tbe,y d r ;y 

out , the st ru c t ur l~ ti 0 :1t (:n:~; ,_u1Li L 11cy DCCl)1nc :i_i 11.:_li.. n:1e able . 

·J: e rnp erutuT·~ :.;1.Dov e: CO C have a :; i_ ;11 i Vl r ,. · L. J'cct . 'l1hcy are 

:msc eptibl e: t o h,yci.:roJJsi ::.; 0ut ,;id1' tl1<.! p JI r on;_ L" j - ;-., nnd :1re 

::;en:~it ive to cn ½.ttn e uncl rn i c r,;bial a tl::ic:, . 1io ·:1cvf;r , t he~H:; 

dif.ficultics ho.v<:; he:c n larl':o l ;y ov ,; l'.'C LJ[!IC' hy th<.c u :__;e; o :r 

diff erent mo.t eri n-l s , :;o l: J1at n <:v, c; r r;ic r:.~rn.n e:__; a -' , f a r more: 

ver ::,at:i l e . 

Cu rrent .s uppl iers of c o1;11:1er c i a l 1{v membranes inc 1 u clc 

amon s others , Abcor lnc . ( USA) , DDB ( JJani:__; h Su gar Corporation, 

Denmark), Osrnonic:...; Inc . ( USA ) , I'CI (J·· a terson Candy Internat­

ional), Havens Ina.u s tri es ( USA) , Aqu a - Chem ., Inc. (USA). 

4. ADVAH'rAG~S OJ? H£V_t:;HS.E U0hOdIS 

The advantag e of RO ov er traditional methods in 

·rood proc essing hav e been discus sed and tabu lated by Harrison , 

( 19?0a )and are sununarised i n ·rable II . 

It is evident from thi s table that RO opens up a 

large range of potential applications. 



TABLE II: Some advantar;o., of 1~C over trn.ditiona1 methods 

in l"cod nroc:esE::~nr· 

J-roduct I 1nurovement J:>os::,iblc 

Thermal damaLc t o delicate flavouring compounds 

can be eliminatcc.1 

Storntc li~c and quality increa~~d 

Rc:aoval 01 conta1.1·i_nrrnt :::; i,uch as saltG 

Sterilisation of permeate solution DJ retention of 

micro- urt_;nnisms 

Sweetness enhancowent b;y o.cid removal 

Product Uandlinf,; Improvements 

6 . 

Reduction of liquid volume yield::., lower packing , 

freezin~, storint\ , handlinc und transportation costs. 

Multiple process e s may be re[.1.l~,ced by a sin(';l c, proc ess 

type 

Lower energy requirements u1 cc1·;1parison with thermo.} 

evapo~ation process 

Source : llorrison ('F)7()a) 

5. R1~VI1:;'.-l O!,' li(JOD rJJDilf\·L·,,;r' /.\l t·!,JC.t.'f'HXJ~: 

i',_vL.;rse 0:.:;rno~.is hos l,v i1 rn',ipose;d as a method .!.'o:r 

the: conccntro.t j 011 of liquj_d r ouJ.:, ,. it bout p!vc.1se chance 1.J'!'' 

the application of hco.t . lt ri.ncJ.::..; i.t .:; o.i)plicat.Lons in t ·.;o 

main areas ol" Jood p~'ucesr.:;j_n,.:; : c.0r1r-:cntration and p urif i catio:-• 

) .1 Concentration 

Current rnctho(i:, o.:.' f()od r· .1nccntration c onsist of 

evaporation, cithL:.!"' a0 aL ;_,o :,:,t·1eric pre::;:::,ur· (;; .Jr under vocuum, 

and fre eze concentration . J,oth ol' these methods cause pha;.;e 

change involvinc costiy heat transfer and possible flavour 

loss. Concentration of fruit juices and syrups can be 

accomplished by RO without phase change or therinal damo.ce , 

without undue losn of solids , and 11ith considerable amount 

of aromn retention at a cost c0mpetitive to evaporation. 

( Leightell, 1972; Merson et al ., 19d3; Potter 1972) . 

5 . 1 . 1 Egg White Concentration 

On concentrat ine; e t;~ ~Jhi te by conventional methods , 

denaturation of the albumen proteins and foaming instability 

occur . 1rhis impairs it~.:; u:3e in the baking industry , and 

other methods for concentration mu st be used . 



Whe n dr ied e ~g whit e is p r oduc ed, Eluc ose must be 

r emoved , pr·~or to dr y inc , to n r e vent t he ~nil l a r d bro wnin g 

reac tion .:1nd t hu s i m- :, rov e the :' 1 n~' •..:d p r odu:: t . At pre :.· t:nt, 

it is achiev ed either by c ont r ollecl .fermentation of t be 

c; l ucos e, or by an enzymc..t:i c: method u s inc c: l ucose oxidas e 

producinc; c; l uc on :i_c a c id ( Harr-i ::<) P , ·'JC• r7,_ ·, b). 

A method has b een devised ( J,0 1.Je e t a l. 196 9) u s i n[; 
I 

a modifi ed W1 sy~t cm i n whi c h c on c entration and g luc ose 

r eduction oc c: n · :-;i_mu 1to.neously : the c; lucose p a sses throur)1 

the RO membrane with the wat er nnd i s co l l ect e d in the 

permeat e rather than the iin a l conc entra t ed product . 'Ni e 

g lucose r eduction short ens the d 8s u t;arin~ proc ess and t bu s 

offe r s p0to~tiu l sav incs . 

rl'he mocl:~ t ico.ti on t o t he l-W :__;;y:, tem facilitates produc t 

r emova l from t he sys tem, t o avoid she a r in t he p roduct, whi c h 

would di srupt i ts (oamin~ abi lit y . ~rot ein~ a re ret a ined by 

t he membran e bec a us e 01· the i r mo lecula r size r e l a tive to 

g lucose , but s a H :..; need to be 8dded back t o the conc ent r a t ed 

product .sinc e t he p r o c e s :.-:; l o vJer:; the i onic s trenzth of the 

conc entrat e by t he i r r- emo va _L. 

S .1 . 2 Viapl e Sap Conc e nt rat i_·..)~1 

I n t lie produ c t j on ul' rn a p l e ~yrup, r:1::1p le sap n e eds to 

be conc entrated 30 to 40 t ime~, d8p enoin.· 0n the s ugar 

content. Up to a few years a Lo, this wa s cfirri ed out by 

evaporation , but now 1{() s y ~,tcm,, hLLvc ~; e e n desicncd fo r th is 

task. r_r he final development ol' f Javour aud colour still 

depends on the acti on of he at on t 11e produ ct but 75 percent 

of the conc entration can be acc omplished by HO (the other 25 
percent by evaporation) . 'l'he main constituents of maple sap , 

sugars and flavour precurs ors , a r e r eto.ined by the membrane 

and water is removed 1'rom the system . A 54 percent saving in 

cost is envisaged usine; this method , which makes it an 

attractive commercia l proposition (Underwood et al ., 1969) . 

A similar process wa s evolved f or the concentration 

of wood sugar, an e f fl u ent by- product of the hardboard 
' 

manufacturing industry ( Kears l ey , 1974) . 1rhese sugars are 

mainly pentos ans and hexos an s in a wide rane;e of molecular 



weights and their recovery not only l owers the biological 

oxygen der:.and of t he ,, ,a.stc but may also provide f urther 

revenue for the indust ry . 

l~ractionation and Concentration of Whey 

~-

Whey is t he eff luent produced durinr; the manufacture 
of cheese or c as, ·in , -..1hi ch has in the past posed very seriou~:; 

disposal problems owinc to its high biological oxygen demand . 

Whey contains proteins , lactose , vitamins and minerals, and 

it is a useful ani mal feedstuff . l~vcver, its low solids 

content , and thus hi~h costs duri ne transport to the consumer , 

limit s its usefulness , and lar~e volume s are disposed of 

through the usual effluent channel~ . 

'I'he HU/U / p-roccss O!J ho.vo no•,v provided a means o.f 

recovery of ~hey and its components By choice of a suitable 

RO membrane, ';Jho;y cun be concentrated , or , by using a II looser" 

UF mcrnbro.nc , co.n be fractionated i nto its component parts . 

Lactose , one of t he cornp one11t.s: , ~1a~~ D vnril~ty of uses 

in the food industry - fron! th-; munuJ'acture of baby milk to 
dw~tine; po\.r<.lcrs for conl'octloncry , and 11lie;y provides 
a cheap and reo.d;y source of it . ',,J :lCJ c Jntains , on averaie , 
about 4 . ~, percent lact CJ;, · · ond thif> i:: the la:c-c.;est sint l e 

component 01' \Jh0)' • 

.tt'or 1 nctos0 production TJ 1.1• mornurancs are u.sed, and 
fractionation rno.y l'o] 1.),., L'.ci· pattcT'n of Li'ie;ure 3 . 

The lactose solution produced in the f inal UF s t aee 

may r equire further concentration to raise the s olids 

content prior to recovery by cr:r:~to.llisation. 

cheese whey 

Permeate c oncentrate I _ _..____ I 
lactose an minerals proteins 

Concentrate 

Lactose 

1 

Permeate 

I 
Minerals 

:· · · ,n'•"' 3: Lactose producti_on. 
l.Jource : Kearsley, 19?4T 



) . ? Ju r ific etjo~ 

Anol~r1cr ~ . .- :"'c of ;,pp ] 5 cntion 1t•hic h takes advanto.e;e 

of i~l1c u n i q1Je P"OI.'•.·» : i c:-:: of ;:() i.:., pur i fic0tion, o r the 

r emoval of some un<Jc,-·J 1 ·,11)·10 [;oJn t cc;8 ,,.;ith t h e permeate . 

'T1hc:;- mernbrnnc ., ;1·1 :,1 1 (); :;,, Jt:::; an d ::,ma l l ,'lt,1ount s of E1c1d.s 

s u t;c:i r rJ and otl1•.:-r hi•·/1 ;1cJlec uJi..,~· \.·:c .i. 1·' 1t .'.~ubstance s . 

9. 

,'roC't.1.oni.:,tic1n :·J1 1 1. concentration ol' c ott ac;e c heese 

vJl'Je:," (13.;~ bCL~l\ f'C;V)r'(, 1.:;!ll f),'/ l18T'Gi1a] l et ~J.., (1 968 ), in Which 

lac tic cicicl i.Jn,.l :; a~J ;;,; 1,;·vr::, be c··1 rcrnovE:d , lco.vi nr; o 

conc.c11trated solution ci' p1, ..... ifi.ed l octose and undenaturcd 

p r ote~n . 

1· ho s c:1J::-,u ,),; ,· :i 1,:-;ecl for the cl canjnc: and conc en-

tr::;ticm (• i' ...,.,_ 

conc• .. :n Lr;Ji;, ,,J ot Ju:' t1:;f11·ere.turc0, and v,i t h cm nppropria t e 

c ho j_c .~ 0 C' •v;1::;n1h:r·: 1 11c ::r;T-(\~_' it;,' ' 1J · dcr;i ":'' i1 l C J 0',7 mo l ocu1ar 

,,1c1. lit !,,_,lute-:; ran 1,c: r:-emuved nt tt)e '.:;nnir, t.i.1nc ( Smi t b , 19'?Lt-) . 

i. u ir;.::, tc 1 rui t juice sweet e r ( T•,e r son 
',_ ell ·JC1i' · ) 

l.! V •:. • , /'-·h • 

.·o rk c.lo.r.l, .i.P L hi:_, area J: ; :.:p:.tr:__:c unci r csu l t s are 

::30111ctim es c onf1ict i. n· : . ·!.' bis is not only clue t o the different 

t7pes of r.1embra11·:·0 used and t he various ex perimental 

conditions onc ount~reu , but also t o the par ticular type of 

jui c e studi e d . Pro;;res s in t be r.iakine; of newer and superi or 

membranes has been fo.s t , but D.s yet, no i deal membrane has 

1-:ieen developed t o c ope 1·:i t h t he variou s requirement s i nvo l -cred 

i n the c onc ent ration of fruit juic e s . 

t1·ruit juices c an be considered to be comp1Px ..1ixtures 

or s u ,urs , a cids , f l a v ourin c compounds and pectic s ubstances 

in solution . Merson a n d I lo::-~_~/3n ( '1 9GE3 ) hav e published work on 

, pp l e m1r1 oran~,-~ juic e c onc entration . rrho aut hors u s ed a 

r cl lu.lo:.,'.:: a cetate ':' _ b :::-ane c as t a c c 0rri_inr, to t h e met l1o d 

d.ev el oped c.: fv,e.n,jj ;: i ·11 1 and l •)e~, (T:-in jikic:• ·i , 19G7 ). '.Phe 

membr ane r1Rd.e ·.-:as ..,up?rF ·Led ori a s..i.1~tcred .stainlesG steel 
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surface 2 . 5 cm -.,,ide , 2 . '.) cm deep ei r,d L~3 . 2 cm lo:r;ig . The 

permeate was ~1 na lys ed f or solut,2s) and t he volatile aroma 

in both the f eed and permeate li c;uid was anal) ~:, ·J 

chromat o~raphic a lly . 

It was f ound t hat the min or constituents of the 

juice were l ar1ely rccpons iblc fo r satisfactory flavour, and 
the succ cs:-3 o:f the proc e::::s l.&r c;el:;.· c..cpended on t he behaviour 

of these duril~b 1:0 . It i:.:: t hc:rcforc important that t hese 

molecules be rctcincd bj the membrane in suffic i ent 

quantitie s to ;~ ive a l'_;ood conr.entrate qua l i t y . The nn.ture 

of the flavouring varied from juice to juice, and some 

molecules were r ~t a ined better than ot ne rs . Pectins present 

in the juic e increased the viscosity , which had an important 

effect on t he pu mp i n;___; r equirement s needed to circulate the 

feed . Increas ed visc osity nor mally hindered t he removal of 

accumulated s olids from the s urf .::.1.c.:.: 0f t he membrane , but 

conditi on::-; u sed in t he laborci.tor·:y mini tr1i ::,cd this effect . It 

wa::J foun d that clari f i ed iJPll l e j uice , havinc a viscosity of 

1. 1+ cp e: ave trw so.m e perrneuti (Jj_ J·atc, o.n t he whole juice , 

havins a vi s c <J.c-; ity oJ ~. u cp 1·JJ·wn t 1.teY ~vere circulat ed at 
1 m/ sec and mEJinta i ne d. at 1 1,.0 1-,rix . 

It 1·1as .f ouucl i' rom t-· :l c ,,n:,l y ~;i ;; t hat many of the 

-vo l atile c o1npunents J eaked out ui' the mcr11 in·Dnt::~ to som e extent , 

and thi s effect could be r educ \_;cl l)J uuj_nr : tighter membranes , 
with s ubsequ e nt loss o.r perm c~ ;".L I, ion , wliic 11 vJ ou 1 d increase the 
product co s t . '.Phe;y ou:..,erved th a t economic fa ctors \lil1 

dictat e a flow rat e a t which Gome aroma loc s occurs . At t he 

other extreme , the membrane cannot have such a high fl ow rate 

that solids are l ost . It was poss ible to lose some malic 

ac:i!d without harminc; t he taste, sinc e pH was not abruptly 

changed with small c hanges in acid content . The flavour 

of the reconstituted j uice was reported to be less intense 

than the fre sh material, but was s til l judged to be very go od 

as the f ull spectrum of t he apple aroma was well above the 

threshold concentrat ion . 

Clarified app le j uice is repo r ted to cause very 
little mem brane fouling ( Le i ghtell , 1972). To obtain a four­

fold concentration, operating pressures of t he order of 
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102 atm are rer::ui r e cl. b ecam:;e:- of t he hic.)1 (~U. LJ- atrn) osmotic 
C ( ITTrbl ·1-1 ) pre..,sur c .J. c:1. _._ c •. • Su::.:; tai1toci h:i.:_)1 :i. lux 01,)0 r ation at 

this press ure ~-8 ~09urted to be current ly n ot a tt ainable 

( Roosmani et al .,1 974). 

']:ABLE III : '.l.1yri ·i c.c1.l o :.:ilwt:tc T) l'C; ,':':~-;ures for different foods 

ApproY.imatc 
c onc <.::ntri1t i on 

Whey 

Oran e;e juice 

Apple juice 

Gro.pe j v i c. l" 

P i neapp l e juic'-" 

Maple s.:tp 

6 

c ' 
/·) 

-
11 

14 

r) 
I 

1J.i - 1 L; 

1 Lj 

/_~ - C 
/ 

Source : Lci[';htelJ. ( 19'?2 ) 

Approximat e osm o tic pressure 
l)Si :(i-yJi 

1un 6 . 8 
23~) 15. 7 
300 ;!u . L~ 

300 20 .1~ 

j ·) () 20 . 4 

1 00 ,- I > 
i ) . ,_) 

J.J1c r s on and t,iorL'/J.n ( '19 CH ) curried out s ir;1i l ar 11o r2-c 

to apple j uic e , on o r.anl.>-· J Lnc: , • 'l ' !ic, juice \Jas r eamed fr o:::. 

Cali fornia Vn lcucia 01·0.nt}:.::_; und :.;ccd~; and -, ·.1ru: pu lp 

purt ic 1 c ~, remov e d by pas~;inc_: t !1r ,)u~~~1 o n 1:30 rne si·1 ::; creen . 

The juic e i:o.:, t hen c onc l':nt r aL, .d i n ti;.G ~o.me v1ay as apple 

j uice u sinc; a tulrnlur cl.c:-;:i_~,J ·:1 1 uii:j_t :::_:up.rJ.i.ed L,y Hav en:..:; 

I ndu s trier, of _(_;cm D:i c r_·n 1 C.3. :."i :t.' o r 11i. :1. ·L'h c o:i.. l c.ontent of 

t l1e juice was ;;O pp1;i . 

The aroma of OJ·anc c j u. :i..c c J_::_; considernbJ y more 

complex t han t hat of app le juic e . This is be caus e muc h of 

t he aroma resides in a n oi l pr:&.:..:.; present in the juice in 

the form of an emuls i on . Thes e aroma molecules are mostly 

hydrocarbons and are only sparinc; ly ~-:,o l uble in \vater . They 

are inno luble in the CA membrane and hen c e are easily 

retained . This ~as shown by t he retention of volatiles in 

the p ermeate being ver y lo ·1, e . e; . the concentrat ion of 

lirnonene was 100 time ~; more i n the feed than in the permeate. 

As in apples , hmvever, s orne v ery i mportant flavour comp ounds 

are water-soluble est er~J , a lco11o ls , a n d aldehydes. In spite 

of some loss of these during concentration by RO , the 

fl avour of four - fold commtrates produced was judged to be 

excellent. With RO , the: aroma ret ention depends upon the 

"tightness" of t he membrane , be i ng hi gher for a membrane with 

a low permeation r ate . 
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In commercial evaporat ion of orr1.np;e Juice, all the 

water- s oluble nroma compou·1J.::, are completely stripped of f . 

To compen3ate for this, cornrnerc i.'tl practice i r; to ad c1. pe:cl 

oil and to overconc entrate, e . g . to r.53 L, Il rix, and t hen cllt 

back to 4? ,,_flrix with fresh juice . 'l'hus, in a drink recons ­

"ti tuted to 10 . 5 "Brix, only 8 or 9,, ', of the original water­

soluble flavour is present. lly contrast, concentrating four­

fold through a membran e by RO results in a drink with at 

least 25% of the original flavour, even if the membran e is 

very open. 

Essence rec overy is us ed commercially for concen.tra­

ting apple juice. With a ti ght membrane, HO may be able to 

prortuce an equally flavourful concentrate with a single 
operation . l•'urthermore, the flavour may be 1no re stable durin{s 

storage because it has never been separnterl from the juice 

and has no t been subjec ted t o ritsorous thermal processing 

(Merson et al ., ibid .). 

Feberwe e and ~vers ( 19'/0 ) :~ vest i.p;nt ed the influence 
of both the molecular weigl1t oi~ the or, .. pnic solute and its 

solubility in the cellulose acetA.te mernbran e on the degree 
o f separation. '-later-so luble or,0;ru1i c materials ,-.rere chosen 

ranging in molecular weight from 5.'.3-5 G,5 . The pressure diffe­
rence acrosR the rneinbrane was 100 atll1ospheres in all experi­

ments. It was found that the retention of the organic solutes 
was primarily dependen t on tl1eir molecular weight , and not on 

their solubility in the membrane . For compounds with a mo1e­

cular weight of less than 100, retention was poor, while 

compounds with~ molecular weight of 300 or more were almost 

completely retained . . ;etween these extremes, retention in­

creased steadily with incr.aasing molecular weight . The au­

thors conclud ert that concentration of food liquids oy RO i s 

therefore likely to result i n t he loss of important low 
molecular weight , water soluhl e flavour components. 

Gherardi et al., (1972) studied the influence of some 
variables in the concentration of apple juice, orange juice 
and grapefruit juice, with special emphasis on the chromato­

grams obtained from the volatile fractions of the concentrate 

and permeate. 
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Two Ab cor modules made of r: A membr3.Yl. e s were u sed and 

could handle pressures un to 100 atmo sn.he r cs, with a total 

.J.seful s1.1rface arGa of abo ;.1 t rn a- . 11,·,py fou nd tnat the o,"r-

meate flow rate increased with increasing applied ure2sure, 

while it wn.!:.1 in denendcnt of variation i n the capacity o f the 

pump. Pen:1,· !" .. -' .., o w dec reased with i nc r eas i n.-~ concentration 

of liqu:.. . 1·.Jods . 'rhe authors reoorted that losses of solute 

j_nt o the permeate were not noticc: :. hle untj_l the con ,)en tNrti on 

reached 20 .: Br ix. . i th much hi ,o;her concentrations, }1 oweve r, 

·~rowing qrn-m ti ties of sucrose ancl ci trtc acid begin to ap'Jear 

in the permeate , f inaJ. ly be comin,~ qu :i. t e considerable . '2h e caus 

of this was attributed to a real an ·l charac te ristic saturat ion .... 
of the membrane by various solut es , Hhi ch a c .:u mul ated on the 

surface with resulLcnt ne--~ative ef 1'ects , ,·1o t only on the snt::cd 

of peri 'l eat ion , l m t also on the scmi- ner meabili ty on the :,arne 

membranes. 

~'he J.o:J ses of a ~i corbic acid wore l j_1:1i teri largely to the 

final stages of t 11e concen t r c:L tj_o n l') roce :;:.,, nrovi 11 g that '.:O j_s 

a ,t:;o ocJ. rnctboc.l l'or conc ,:n tra ti n ·; t11is narti cul .:1r neat sensi ­

tive rnnt cri al . 

' /i th anple jui ce arom:i , :'n.j_rly cons i. de rable losses were 

noted i n the oenneatc . o wevcr. j _11 spi t e o f t his, the p roduct 

after concentration ~t ill l,a I a charact,:ri ~, tic Ftroma a Ed aho ­

ve all a distinc t f re ,:h11csn due to the nre scnce in th e correct 

"91\)portion, even thou ;11 i n ,~rn,111 (l ll[Llltities, of almost 3.11 

the voJ.nt"i.le c Jmponents ne cu l.iar to a nn Le. 

More ~~ati s fac to ry re sul t ·-:i were ol :tair1ed with the grane­

frui t and om.n ·~e juic es , as the oil- soluble (water insoluble) 

flavour componen ts we r e better r e t ained by the membrane . One 

of the major d r a wbacko of .:0 pointed out by ~herardi was the 

slow speed of permeation at the hig he r concentrations. This 

was due to the increase in osmotic pressure with concentra­

tion, the effect of concent ration polarisation, and the oc­

clusion of pores of the membranes with s u bsequent loss of 

permeability . 
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Thus to overcome t 'lio or·oble!n it would :,e ri ecer:;sary to 

ensur(;' turli ,1 e>ncr; of the fe ed inside t he mem t,; ra.ne . 'di th better 

desi gned memt) ranes to withstand f,i '~:her t".'xterna l pressurc!S , it 

is hoped that these problems colu d be overcome n.nd :>rovide 

more interestints results in the area of the concentration of 

fruit juices . 

.Peri et al ., ( 1973) investif~ated nome aspects of the 

concentration of' orang e juice by RO ( retention and permeation 

r ate ) . The concentrRtion was carried out with a laboratory 

DDS ( De Dansk e ~ukkerfabrikker, Co penhagen) u n it having 

3600 cm::. l!lemiJrane surface area . '!.':he juice was clarifi ed by 

centrifu.1_,;ation and successfully concentrated by RO at 5- ·r C, 

at pressures ranein~ f r om :50 to ·1 0 atm and i.-1i th different 

membrane t ypes DDS 880 ( 5 ? ~-~ NaCl rejection) , 990 ( 91 ~~ Ua01 

rej ection) and 999 ( 99% l•1aCl re jection) r aisine; the concen­

tration up to about 2? v l1rix . nesul t f; obt a ined indicated ~. ;_ .. J1 

retention ( 98-100o/~ ) of sugar, acids , phenolics , nitrogen 

and ash and retention of of 50 to 100~~ of volo. t·u e n1-.>111nt:ic 

consti tucnts ( cnlcula t cd from nrom:=i.r:rrnns for mr•mb ranes nno 
and 990) • rl'he nermeabi li ty w:,~ found h"L,'.:her thrm t hat r epor­

t ed in the p r evious li tteruture, rinrt icularly with t he mem­

br ane type ' )J)'J 9·)0 . 

Peri (1 97~) suhsequently ~alcuiated the costs of the 

conc entration of ornnge JuicP hy RO , ll,1.i:,cd on permeation 

rate values o htain<:: i u--:i11,c: the !)D'.J asse1:11Jly ns above . '.l.'he 

values r e ferred. to c.1 ? , 3 and. 1). - t'old concentration with a 

woncing per iod of 60 and 1?0 d~ys/ycar, 20 hr/day in a con­

tinuous operation with d stap,es in series. For a period of 

60 days/year , thn cont ~ ~re Li ra 3b90/tonne, 4781/tonne and 

69't 2/tonne treated juic •", corresponding to a 2 , 3 and 4-fold 

concentration . /o r a period of 120 dnys/year, the costs are 
Lira 2140/-tonne , 5333/tonne and 45 ~2/tonne r e spectively . 

Peri (ibid . ) concluded that th~sc figures, JJased on conser­

vA.tive cost and perfo rmance estimates,are competitive with 

comparable concentration techniques such as freeze-concen­

tration or evaporation with cut-back and aroma recov e ry . 



Schobin~er e t nl .. ( 19·1 4) •.' i.rried out stctc'lies on the 

b ehaviour of t he arom?.G of ci ' :l' dm·in.J' con cen tra tion by EO 

at r oom t r~~meratures , as corJ.D~r ed t0 ~1 c on ventional t hermal 

pro cc:c;s hy cvanoration. Snml)les o f cornn1Grcial cide r were con­

centrated ei thcr il l 1°1 nilo t - nlant singl e sta.-;c Uni pc :tin c . a­

po rato r ( 3 )as sa~e s) or at room temoernture i n a l ao o r ~tory 

t,0 unit ( 1Yl C) ' J5, '. o o cnhar;cn I to '/ i cld concentrate ~, of 2 ? 

cwd 23 t Bri x r etrnec t ivcly . 1,t variou.s ,': ta_c,;2s i n the concen­

tration cycle, the titra tn.hl c a.cidi ty , alco·ul content, t otal 

extract ~rn d C3Xtractahl e ar()1:1·1 ,wre dete rmine d . :oncent r ,ction 

with RO was f ound 11,, t to :;i vc better recu l t ~, th :m ,:onventio ­

l tal evaporc.ttion. 'L'hc CA meml)rane u.:_;,~d rtllo1ted the <ajDri ty o f 

the aroma ·Grr. lo tmd ~; t o 0,-1 2,~:; tllr ,w ;ft ~-he me mb ran e wi th the w:.,.­

t er ar:d ,:thanol . As rcr~n.rd s or 0 :cu1ic acids , '.1chobinger et al. 

(ibid ) r epo r t 011 t hnt rnalic :is wel i. as lactic .Jiffused t t1rou,,r,h 

the ,aem'.)r:,JH~ with incrca sin('; c cw,~cntration . :~itric a cirl , on 

the other 11and, apneared to bP. r e tained exnerimcntally . ;, 

slight quantity of ~-m .. ~ar (0.2 ,:/t) was also detected in the 

permeat e :wyond the value o I' ?.O 
0 lsrix for ·Urn extra ct. On the 

b as is o f these rcsul t s , the concf::ntr:ition of 8.pple cider 

by no is not recorilrneuJ cd • 

.Pornnei and Hho ( 11)/4) conc \: 11trat 0d l':-ts:Jion l~lower Juice 

by HO usir1r~ t h r ee different illdrd,n 11e tyoe s DDS 990 , 99 , (9 t':l, 

NaCl rejection ) ru1d 999 . They obtained be tter a roma r et ention 

t han wc1.s the case with apple cider . ·11est s were carri ed out 

at 6 C at different onerating or,::-si,ures ( 4 0 , 1)0 n,n.d 70 r1. tm) 

with t he thre<; 1nembr anes , e :1.r.h !mvirt~ a surf ace area of 0 . 3 b 

m·.i.. Ana1ys es of permeates n.nd c oncentrates ol lt a ined showed 

high retention of s u r~ars ( >99~~ ) , acidity ( 97~·~ total acids) , 

nit ro gen compounds , oolynhenols , :1otassiurn , and n o tably vola­

tile aroma constituents . 95% oi passion flowe r aroma is re­

po rt ed t o con s i s t of e t hyl- outyrA.t e , ethyl- caproat e , n -hexyl 

butyrate and n - he x:ylc11proate . Pompei and Rho 1·ound retentions 

o f these in the t hr ee respectiv0 membranes in th e o rder of 

32 . 5% , 4 1. 5''1, and 70%. '.l'he authors added that the r econsti­

t uted juice was not ort~;_...nol eutical ly different from the 

origi nal juice with respect to aroma and freshness . 

Peri and Pompei (1 975) studied the partial con c entra­

t ion of grape juice to 25 °Brix using t hree DDS membranes 

IS. 
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(DDS 990 , lJDf·\ 9C\:-, and mr: 999 ) , uncl ev a luated the influence 

of th0 QI)er;:, t -~;1~_ ccnu.ition:.:; : r,,-1 t- h,· typ,·, )1 111-.:-m:)r anc· on t he 

permeat~ l ·i_ ty , 2nd the re tent :;_ , , 1)J.' some ,,f' t he c on.:·t:i.tuent r3 

of the ~uice , part i cu larly suc ars , acids ~nd total p~e nols. 

'l'bei ·c· work was very simi l.:r in n&turc to t he one published 

earlier ( l-'omp e i and 1<ho , 1974) . All the tests were carried 

out at a t8t.1.~J,·ra-ture 01· 1., C , G.t t hr e e differ ent pressures 

(50 , 60 and 70 atm) . iacn membrane had an effective surfac e 

area of U . j C m
2 

• 'rhe juice us e d earn e from a white e;rape of 

the Pin0 t variety . It had earlier undergone clar ification 

treatment Ct·\; latine - tannin - bentonite) and had been kept 

at low temp er ature , with the) preparation of a sparkling 

wine in v i ,:\J . At the time o t' t lw t e[;tu, the juice was 

.slightly fermented and had a r ~s i d.u a l su:__,ar leve l of nhout '1 0/. 

Thu j u ic e was conc entrat eu at a pressure of 70 at~ospheres . 

'l'he aut hors found that t he p ,.!T'!rteability tended towardr; zero 

f or a suc ar coneentration of ah out 2(/:, nnJ tktt retention ul" 

the SUL:, ,.1:r.s b ~r the thre;L) ,.v11l) r.-;,r,c :.., w e.CL' identical and almost 

total, wh.L ·1 •,: a le oho l rcti n tior: 1v;1c n i 1 . 

\Jith respect to !1l)1mo l :-, t.hs;:,r l'ourid that simple pheno Ls 

1)crment cci. t hrou[';ll t lw me i.1uranc , \1 hi l e: t.rk inor0 complex flavour 

molecules w•2 r c c o1nplctcly t't;t : , ; ncd . L1'1e nuthors concluded 

that tb~ 99CJ ,,i embrone, 1.rhi .-_· ti :,. :..~ the r:iur_.t poroli s us e:d , 1-ms 

best for concent ro.ti nL>; :_;t'et p ,: ,Juic0 , ·· ::; ince it 1tnd comparable 

retenti on to the 1i1orc c0 paGt one, c,1,•J · •. ;~l,., mucll more permeable. 

;Jourirajnn, (1 '..;1'/U ) i n :.1. :1 t::nti!'el.y di f ferent approach , 

laid out the physico-chcrn ica l c rit eri a f or the isotbermal HO 

separation of water f r om bina ry a queous solutions based on 

Loeb-:-Sourirajan typ e ..-,l. co L1s Cl\ rn ~mbranes . 'I'his approac h gave 

rise to the Kimura and _c'our irajan anal,/ .sis of RO experimental 

data ( See Chapter 'I'hree , Section 2) ~,hic h led to a set of 

basic transpo!.·t 0quntion:-~ t hat c uuld be used to predict 

membrane performance ~Jr ~ l ar3e number of binary aqueous 

solutions from do.ta obt..,·i.11011 t'or a simple appropriate ref erenc e 

solution system . 1-:2.t s1.:ur a a ud .Souriro.jan ( 19?1) extended 

their investi(:ations to the s~paration of some organic solutes 
in aqueous ooluti0n u c inc CA membranes . The systems studied 

were glucose-imt er (0 . 1 t o ·1. :.· r-: ), 1f1altose- water ( 0 . 3 to 0 . 11 M: 
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lo.cto.se- ·,,1.: .. 1:er (0 . CJI: t.) u . ~~2 l·.) > ol t12:le ne ;-;lyc ol- v.,ater (0 . 2 

to 1 . ~;L·J) , f'T'O!JJlene g l y co l - v10.ter (,_;.c! t o t) . :-, 1·.) , anct. eth01 lene 

glycol- propylene 2;lyco l - \'fater (total mo L;.J.i(,· /'V /1 . 0 M) i.n the 

concentration ran(;·c r.,tudicd . 'l' iic correlations 01 dat ;_ i ·01· 

the s in[:;J.c ;u·l ur;c s.; :... te:rns \.'ere L.:lfLl :Jirn"i. lar to those 

reported for the t\'/ :]~ ,:::-: ::::od::.m1 c '.1lorido-,vutcr . Hcsul ts 

o u taine::d \rith t h, r1nx,:;a solute ::::ystcm strnwe<.l that the Tlrcdict ­

ion tec hniCJ_ue dcv elope~ for a cuh>us :::~olut :i.on s yst c::1:1s con to.ini nc 

mixed inor r,:m1i c ;::;olut,·-:; Hith o. e ornI,1011 ion i~ applico.ble .tor 

~'sterns c on-;:;o.inin~~ non- ionic rnixc, · ·:J r~:;anic so J Llt cs . 

Mat~uura et al. (1973) l~ tc r ctudi2d the RO 

c oncentration oi' fruit juices u::3inr·: a !'.:;imilar approac b. 'f'he:.,­

present ed the; p h;y:.:.i co-c heinical c riteria 1'01· the .:~·, ~,e::.'>r.c ···nl;ic)'.. 

of inorc;anic jonc , alc ohol::;, alc,",b,1 dcs , b.:tcme:~ , c.scu·~,. , :.('~_c1,. , 

sucars and n0n- pol.,:tr: ~~uh.s tQ11c-.:~: .1i th rc:;pL~ct to t'1c ~;t):, ·, ·, . 1, 

of Lcui t juic e comp on "nt ;-:; u:.,in ,_; , ,<n ·, ,u~: CA :ncmhrmh.:~: . ..,< C!C .' 

of the flo•,, - type '.icre used , c.:-tc1 1 buving an e.L°l'd.:;,JV •_· ! , i.r., 

area of 9 . b en{ . .Gquo.tion ::..; oi' .,·,J t ;·, ,n:-'por-t a.ppl:i.ca,.:.Lc , ~- t .,c 

p:cc., c8S~,i.nL 0 1· fruit jujcc .. : 11e;1 ·,. c.1e ri_ve<l bv i.t .... : <.-tlt/ 1n r:.; ,1 nd 

round elf<) L.i..cn·u Le ±'or: t Lie: Ch; te.:rn~ ct :1 t; j_on ,11' o::,rnot i.c .9r,2s::;u:r'() 

of tnc juice solution..:; . 1·,':-:, ,_:! · i ,:; ,J: L:tl uut::i on the usmo t J,·. 

juice, m·:m~,~c jui.cc, / rupc;1·r11i t. c:tt:i.cc , [I-ape ~jtti.e: c and tnr:t:r': 

juice anu their conccntY.'~.!.t·i or., ,,:,.:re ,LU,o ~ i.vc n. . ·!1l1c; o.ui·. 1
· ,r:; ' 

system 01· analy :: is c ,ut (i be t1.· >'.d tu :n·cd ic t ·:1c,,1L,'!·unc 

performanc e Jor the t<O conc (:1. 1 r·:,l.i ·i'l o.r' i'T· i 1 :. ': juices provided 

the fol lo\·1inr.:; condit :i.on~, wr.·r, :;a I~ i :-: J' icd 

(i) osmotic pressuru of solution is proportional to mole 

fraction or solute ; 

( ii) so lute c onc entration ir1 p1·0<.1.uct i:::; small compared t o t hat 

oI' uat c: r ; 

(iii)longitudinal diirus i on oi solute is neglicible in the 

process using a flow- t ype ce ll apparatus; 

(iv) the solute transport pai·a1.10ter (DAf'i/1 &) is independent 

oI· feed c oncentration ( .see Chapter Th-ree , Section 2 ) ; 

(v) molar density of solut ion is constant , and it i s 

ess entially that 01· pur-e 1.-mter ; 

(vi) membrane pore structu-re doe s not change during the process . 
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E:xperi.mcn...-&J d.'.lta on t'-:c pr>ocessin['; c;:ipacities of 

some typic.c ' r_;r:, r,:embranc:::; for the concc-ntr;..t r,n of the c.hove 

juices were fina l ly ~iven by the author . 

Matsuurn et al ( 19?4a) cnrr.ied out further :Jtudics 

on RO for c oncentration o:.· 1'1· 1 • t- ,: l, ice:s usj_nc non- flow tyJ,e 

CA cells whi ch boa a f:i.lm nx-eo. o.l' ') . b cm2 
• '!'hey ::; 11owed that 

:;_mi tc.0 .:perr.r~urr· ( '? C) HO treo.trnent oI' membr ane permco.tcd appJ.e 

ju:i_cC: 1,1ator.s ::c-csu1ted j_n si~_;ii.i.ticant recovery of ctrorna 

compoumi:; ·,,hica csc~1pcd throur•)1 th0 r10rnbrane durini__; the 

primary concentration l)roc e::;s . 'l 'hc mi.thors sue;cested a two-

s tage procer;n . lu the f'irst sta~;e, the objective \ms to 

recover most ( > 99::) c..,:· t ~ --: sur:n,~:; prc:j(mt in the juice . In 

the second stat;e , 'TIO:Jt or -chc f' I i1vou !' c omponent:::; \'Jere 

rocovc1·ed .'11,d. analyses s!"l0i.1cd l;'.1at this \Jas more s~1 at 7 C thon 

at 25 C. '.l'he;y al.so found thot t he 1,i·.:cr proccss ·;_it, · capacity 

at t he l0\J0r opcret in[ tctnpcr·atUT'l u··~·b:5 ..e/da: !11~ at 25 C 

compared to 11UU l!./d[I.J n/ Ed '/ C) :·u.· coinpcncu.ted by hicher 

aroma recovery j_n l, l1c, conccntrr.i.t, r the conC'entrat i uns o.f aro,'i!a 

compounrl.s in the c<,nc011trat · •.101° 1 • ;,;:, . ·:'and '.Jv . ,·'.· hie;hc:r. 

respcr.tiv, '., ,-::~;rn;),,i:-cd v1ith the c:onc1·ntrc~tion in the feed) . 

L1 H :r·cct:nt ~,tud.'i i)!, ~;() : ·~OVl ·T.·..,· or :'b.vour component s 

from apple juice 1:Jo.torc , k''~::·,t,.J··r~ et ·d.
1
( ']~1'/>) u:...cd the non-

1'lo\1 type CA c,.: 1 ·1 ( :,urL.lcc· ·lrc· :. ·- '· . (J rr() iur the l'irst t1tnr;e 

conccnt1·at i.on or LlJ:>!) le ;juic-.! : .. 1:1 c .. ·. pc~rr.H.:at(; obUtincd · • .r~, .~ 
::;ubce<J.uent .Ly couc, ... :ntrat:od u. in;: t !1,·· ,· I n i.1 t,n)c ee l l. ( effective 

i .. 1 '1 -, .... ~ ) l · ·1 ' t . 1 . d i m ar00. "" :; • ,· r', , ·1c c 1 1·,: :,1 ; ;)ora or.> aromatic po yam1 e 

membranes . Bo.rlier work ( Mo.t:::uu~·r et: nl., 1974b) had indica.ted 

that polar on;anic soluteD o::· t:'i...: tj·pc present as l'lavour 

componentD in fru:i t juices l'1crc 1,11~ch better sepa:t' r..Lted with 
aromatic polyamide membranes than with CA membranes with about 

the same averace pore f~ize . 'J.'hc nut 110rs verified that a 

higher operatin;:; p·pcssu-.:·c to.:.: the r \Ji t;b a lo\ver operatinrr, 

temperature resulted in a relatively hieher recovery of flav our 

component s :Ln the conc entrate duri11~; the no treatment of apple 

juicO wo.ter:..; . '11ho,1, concludcrl, however , that due to the lower 

procOssint; eapo.c:i.tics of the polvn:nido mcmbro.ncc t tudicd 

(31'+ J!./do.y ui2 o.o comparod ,,.ith 1~UO £/day mz for CA .ncr.1b rurlvS) , 

further develop:Jcnt -:.;c:....., ni3cd.cu. for r:iore productive aromatic 

polyamid1:) r 1,~:.,tra:::cs if recover.;/ 01' J' 1 avuur CO!· po:.1ents 
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f rom appl e juice ".Jermeate w·1.s done on a commercial scale . 

7. C0l~CL'u8IO.cl 

From this review of the litt erature, it can be con­

cluded that RO, as a tec hnique for the concentration of 

fruit juices, should be favourably re :;arded above all 

because of the advantages it shows regarding the qualitative 

char acteristics of the final conc entrates. With the exception 

of apple ci der , advantages in concentrating frui t juices 

such as apple, orange, and e r apefruit Juice can be summarised 

as follows : 
(i) Good retention c r:macity for su~ars, or:~anic acids, mine­

ral salts and ni trogeneous sut)stances (Peri et al., 1973; 
Pompei and Rho , 1974; Pe ri and Pompei, 197 5 ; r,;atsuura 

et al . , 19 / 3) • 

(ii) The possibility of pre sc rvinc: a lmost entirely the natn­

ral content of ascorbic acid ( Gherardi et al., 197 4) . 

(iii) 'l1he possibilj_ty of kec oj_n {:. at a r es:1ectable level, the 

various vo latil e aromatic compounds in a sin.·i;J.e ~t:-i.P,e 

RO proces s (1·1e rson et nl ., 196f3 ; f-le:r.i et al. , 1')?); 

1
1 ornoei and Rho, 1974; ·Jhc: r ar-di et ~~1 ., 1974 ) or as n, 

two-sta~e recovery procerrn (;. n,tD .u.ru et o.l ., 1974a; 197 1
·~) . 

On the oth er han ,t, th,j d r a1 .1 hack 3.i.Hi. difficulties wr1ich 

are still encountered, : t1 1 1 whi e h "._·v (~ re-1 y li rni t t his new 

technique, are r~u c h that its trnG on m1 industri al scale for 

the concentration of fru i_ t jn i. ce ~"1eemr; at t , 1e 1noment nr1.,rna­

ture. :Iowever , j_ t is hop ed '~hat t\i.e improvement of existinc 

membranes or the develooment of ne w membranes (e . e; . aromatic 

poly amide membranes) wi ' l eli:1itrnte t his p :·obl em to a large 

extent and thus make this int e r esting technole ical process 

available for wider applications . 

Because most of the wor\.: publ i s hed i n the li texature 
to date on the concentration of fruit Juices by RO is empi­

rical, it was decided to select on e fruit juice (apple juice) 

and attempt to predict (usi n,s currently available theories) 
the retention of certain components (namel y sugnrs and acids) 
when the juice was concentrated by no ./\ pilot scale Abcor 
TM5-14 mo dule was use tl ( t l ie plant is described in detail in 

Chapter Three , Section 1, oa~a 51 ) s o that the results 
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obtained ,·:ould be o.r. value from ['l. co1 tm~,rr'i. ~. 1 0 1.)int of view. 

Prclimina:r:,r HOrk cons· sted of conce,,. ';r·-Ltinrr sirn:il.c e;,:1 1_ .:i.ttonp. 

containini::: one o r more sw~arn or acids in an at·t"c ' 1 0"; tc ,~e­

veal whether or not there w:-i.s ,u1y -Lnt eraction bct,veen c h 'f~t1 

comoonent s . Fi nall y , ac tual apnl e ju i ce was concentrat~d by 

no , and the r c:mlts obtnined compared with the .. w rk none on 

model solutions . 
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SEC1l 1ION I 

1. IN1l1HODUC 1.l1IOH 

The f irst requirement in t his stu dy was f or a 

met hod t1h:i. ch would determine ( bot h qualitativel;y a nd 

quantitatively ) :_mgars and acid::, p r (-;!"3 ent in aqu e ou s 

solut ions . .Gee -- use in rno.n:' cas te:.:; t h e level of s u c;ar 
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··lY) ( /j , \~ .. ... 1,_.1.,. _ ,.. _ VI 

acid i n the s o l ution wou ld be v ery low , the met hod se lected 

would need t o oe sens itive and precise . Ii possi ble , the 

method should also b e r elatively qu:ick anc. s i mp l e , a s many 

solutio n~3 vJOuld n eed to bG o.n:)-! :y:_:-.;, ! .• 

'l 1h c ol'ficio.l r:ic: tb ud~; fo ::~ u :-1::i. ly.'."-,:i.:; 0 1 total s uc ars 

and o.c ids in .l°rui t s a nd fru i t 1:;1·,1\iuct s o.r e pub l ished b~, the: 

As so c i ation of Offi cial J\na l Jti c: 2l Clw:nL~t ::., (A . O . A. C ., ·r·: 

In bri c::f , tot a:L o.c i c.::.it;r i:1 t,J ·, c :iu( c c i .s d ct cn1,i'.,c cl b;y 

titratinc; t he juic e t?. ~.r.: '' ) , · 1 , .... 

plltalE;in as tlJ.-..: indic .st,_~-. · . 

_jt : :,: l: :1!_ j_ ( U :11 1 ) u.s inp~ _p· t,E ,) 1 -

'.j t;, '. :,u~).:u.- :_· c ;:,n be d.c t c r rnin~ : 

by the:: , : i..-' J . .son - :__;orno :_;)· i r:ic t -o d c~ c: c; '-:, r ime: tr i c c uv ,er rcdue: i:-~-<-,'' . 

on t he overa l l umoun t of s u; ·· : ,.~:·;_; or ctcic,.s in o. c-iv e n s ,3.mp l8 

of juic e , thc;:;r cou lcl not h,.: u:·. __ .:. .:' 1.n.:· t lic ::.:;ep:"'rat ion and 

i dentificat i on 0 1 ;:; u ~22.· ._ ,:'.n! : .. : : iu ·; p resunt in c ornplex rn:i_xi..t;;. r (·. ; 

i n app l e j uic e.: . 

Thin 1ayer c hromatr)c;raphy (tlc) has been used to 

separate and ident ify t he ~u ~ars present in man y tropical 

fruits (C han et a J ., 1975 o , b) and t he ac i ds present in 

Canadi a n apple juic e ( Hyan, 19 '?2) . 

In bot h cases , tlc i s u sed in con j unct ion with o r 

prior to gas- l iquid c brornHto2:raphJ ( e; lc ) a s a qual itat ive 

test. Tlc cannot be used as a 1uantitat ive p r ocedure 

because of it s l i mit ed a cc urac y at t he lower c or centrat i ons , 

t he limit oi detection be iu~ aLout5 f g in t he c a 8 e ot ac id 

( Ryan, 1972). Tlc ha s a h;o t ailed to pos it i vely s eparate 
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acid comp oner..t:::· having c lose HJ!' values ( Ifrat hcrbell , _ 1975 a) . 

While ion- excl ;;'J:!~e has been succc.ss f ully ·l,,.-:;0d t o ~,C'part..t- e 

orr~a.nic acids present "i.n c·1.~:H' . ·c l.;oosebcrry frui t., i.t .tai_led 

t o s eparate any of the suc:;.1r s 1, [eo.t hcrbell , ibid.). 

A recent metho d for the separat ion , identification 

and quantitative an&.lysis o f c ommon J.·ruit s ugars and non­

volatile orfanic a cids was developed by Heatherbell (1974) . 
I n this method, acids were precipitated as their lead salts 

from fruit ethanolic extruct~ , nnd the SU6ars in the remain­

ing supernatant and wushine;s partitioned into o.queous 

methanol . 'l'hese preparat i on~:; \·1ith internal standards were 

dried and c onverted to their trimethylsilyl dc:rivativcs-for 

analysis b;y l ;le . Total SU[~ar:; nnd total acids determined by 

this proc ,cturc e;nve comparab l e r c? ~ult::; with those obtained 
' . 

usinB sfandard A. O. A. C. procedures . 

This method has many advantaLeS over other methods 

in that i t o f f ers a rapid and :;impl l_; i·my or quantifying 

su~ur8 and acids at the same tLme . The method permits 

identification of most i'l'uit c1(~ ·i.d~; anJ the quantitative 

determination of o .,ido r anee 01: c 0rnr.1on fruit ac ids and 

sue;nr.s . 'l.'J1crof orc , Heathcrbc J J ' ::; procedure '> iD.G adopted in 

t h i::.; :..;tudy and l s,:d .t'or the .:1.n • l ysic of sue;ars and organic 
.. 

acids pres ent in apple ~--t icc . 



ANALYSIS tJ/ ;JJGARS Al'JD NOl'~- VOT.A'J.1IJ ,~~ ORGANIC AC J. D8 

1 • Hi ~~HODUC 1l 1ION 

Ga::; c hronw.toc;raphic met buds l10.vc rcc eEt l ,y 

superseded exict inr:..; o.nG.l;:;,t ical .:-::ethocls for carbohydrate 

und 3.cid ::i.n.::d _y::::;~.3 . t1h c o.clvan t ~:i.. __; c[: :·. 1.' c;a s - liquid chroma to­

c;raphy ( t~ lc ) over II class ica l " met hoar: s uc h as paper, thin-

1 ayor and ion- exchane;e ehroma t o r~ rap.h,y a r e many . 11'irstly , 

the esti mation oi the amount oL" ~'n1_:,1r ~1nd ac i d i s p art ol' 
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a sep:J..:c·,:1.t ion- identit'ica tion proc eci. ure ( 1· Jdu1i r et a l. , "19bf3 ) . 

Se c ondly , c;lc i s a ve ry s ensj_t i vc method of ana lys i s a:-3 

rnon or.:;acc harides of less t hDn one pr'.101 11ave been detect ed 

( Clamp, 1974) . Third l y , anoth0r advantac e of elc is itu 

flexibility . The t yp e or liquid p hase and p e rc entage 

loadir:. ~e, , oven temperature un, l pT'i _rarnnin c: rate , c a r rior gas 

flow , etc . can be va-r·i '-, d !; ,-:, :·c~--,;:; -;--··L t e o 1rnost any comhina.tion 

of or l~anir.. :,o ] ut c.s . 'l1 hc 0:1J;: ·1 i. rr1 it3t ion is r:iiat t he c hemica l 

handlinc; proc e:ciure should (J_U:c,n ' : 1-atively tran sfer t o the f i na~ 

injection -~)roc(:du.rc all the c.onst ·i_r:u,:n l: :: . · !
1.r :in1etnyl- r,i lyl 

(
1L1l-i;_:;) deriv: .. ;-j_sc:,ti ..:>11 ~d. o rn.l;·r·.:,rj :· .;' ::_;v; ccl ._: .Y e t al (19b_::'.;) ho.s 

l o id out a f irm basi :_: l'o r (1u.G.Ll;ito.tivo \, o rk u sing £:; le . 

£ inally , reli:1oi :L it~. :.,r;cl I'l:p \_;c1L: ;JL·; ilit~· c~11J De o.chieved 

providcc peak areas c on b(: &e<·.n-ate l)' int cL::r:3.tl.]d . 

t~eccnt wo:ck on [~. le a ~, an ;:rnaly t ica l proc edure has 

led to t he r apia ancl concurrc.:nt r c: cove r y of sugars and a cid s 

in fruit s ( H0athe-rbe ll , ·1 ~J?4) . k m y Hew Zealand f ruit s have 

been s ucc essfully analys etl for s u cars and orga nic acids using 

this method ( Heatherbell, 1971+, 19'7S:a , 1975b ) . 

The obj ect of this work is a f urther investigation 

into g lc as a quantitativ e method fo r analysing sugars and 

organic acids with special r eferenc e to New Zealand Granny 

Smith ( GS) apple as r·aw material . 'I'his , in the end , 1vill 

provide a direct and convenient met hod to s eparate , i dentify 

and quant itate GB apple s u~ars and n on-vola tile ac ids s o 



that their fate can be fo llowed durinr, the concentration 

of GS apple juice by Reverse Osmosis. 

2 . EXPERIMEWI'AI, JilA'eERIALS AND MET!TODS 

2 .1 Gas Liquid Chromatoe:raph 

2 .1 .1 GLC Equipment 

The ~as- liquid chromatocr aph used was a Vari an 

Aerograph model 2100 with dual column and differential 

electrometer . The columns can be balanced and operated 

with Flame Ionisation Detectors ( l~ID) and/or .8lectron 

Ca pture detectors ( BC ) • .r'or this iJork , a sine;le column 

with FID was used . The pen recorder used \JaS a HIKADENKI 

dual pen recorder . 1l1he c hromator;raph was connected to a 

Varian model 485 electronic dii,;ital i ntegrat or for 

determination of peak areas . 

1rhe f' l ovJ of carrier r.:ns , hydroc;cn and air was 

rer;ulated by fine contro1lcrc and metcrin1: valves , ·,nth a 

rotameter in the carrier ~as Jine . 

1rhe c olumn oven cou]d !iv c:,pcrated by d.i.rect dialiP! 
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up to a temperature of '+OU C \l itll ~ l C repcatubility . 

rremperaturcs couJ d also be s~t o.t difi' orunt r.iodcc : i:rnthermo.l , 

pro[';rammed at o. prese:l.ect ed ro.t2 ,.1. rate to a preset limit ut 

1rnti<: :1 it could be held or cool.ea do\vn . 

2 . 1 . 2 Column 2ref,arntinn ;md condi.tionin['; 

A 1. 8 m x 3.2 mm I . lJ. 1J- ::::::l1Ltp0d t,lass column packed with 

5% SE-52 on 80/100 mesh Varaport 30 was us ed . 

The c olumn was prepared by dissolving the correct 

amount of liquid phas e in 3 suitable solvent (n- hexane) and 

plac ing i n a r ound bottom f lask . 1r he weie;hed amount of 

solid support (Varaport; 30) to give a Final 5% SE-52 was 
then added . The flask wao c onnected to a rotary evaporator 

e.nd the solvent sJowly evaporated at room temperature until 

just damp . It was then i~mcrsed in~ bOC bath under full 

vacuum to evaporate al l the solvent . A smal l piece of 



g lass irnoJ was then placed i n one end of ·.;:1c c olumn and 

a v acuum pulled on that end. 1:1hi le adding the dr ;y packin~·; 

in ~:mall quantit ies throu e;h t he open end. Full packin~.:; 

was achi eved by vibrating and c;ently tappine; the column. 

Aft e r t h e support had settled , t he open end of t he column 

vrn. s pluc;e;cd O,\c r·Jair et a l., 19()8 ) . 

The column was f inally plac ed in t he oven and 

conditioned at ?L+:_j 1 ' o vernight . 'l.1J10 oven was then cooled 
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to 225·C G.nd t r1e c o l u mn condit i oneCl with a srnall carrier c;as 

f low r nte (10 m£/1:1in . ) until stublc . 

2 .1. 3 GLC Conditjons 

l'.-.:r;t ur0ro.tint: cond :i.ti..ons 1.,:c,ro obtained with : 

Injector temperature : :.;~>0 C 

Detector temperAtur ~: 2 50 r· 

ii i trocon co.:'rier Clo•.; rnt e : 30 rr.£/ min 

llydroc:en flow T·ate : ;<, 11:£/min 

Ai-r· i' l O\v rate : 2 :,c, :n .t'/iri in 

'.('he oven tcn,perat tn·.: ' .. · ,:.:: {!ro::.ramr:1cd 1·rom 16~· r: -t; o 

2 4'.) C n t 4 C/min 1·or the su · · i, ·: ; 

0 (;/ m:i..n 1' 1.) • · t;, ·,,:, 0ci dr.,; . 

."r·o!n 1 00 C to 225 C at 

2 . 2 Centri:L'w,0~., ::•n 1... :1·.1c:illi,-, 1 · i_, · ; 

A 1··1J~ c 0ntrii'uc-.: v: ·.ls 1..::'.( .• t or the 2)0 rn f bottles 

and ~O mi c. entrifuL;c Lu t) •.:' . ,\ ·j .. ; J;.;.u- bcnc h centrifu t;e 

vms used to sedirnGnt solids 1· : ·u!n i.;he 'l1fVlS- dC;rivat ives 

contained in the 3 r!1l via1s . 

A BTL mechanical shake r wa::, used to ensure good 

mixing and to acc elerat e s i l yJ8~ion i ns i de the vials. 

A Varian Acroe:rap h Ult rRsonic was also used when 

more thoroueh mixin~· was r equired . 

Via ls and connections 
The 3 mi v ials (Pierc e Chemical Co.) had Teflon­

lined screw ca~s . The vials w~rc attached to a modifi ed 



11 Quickfit " tub i ng adaptor connected to a buc h i rotavc:i.por 
by plastic screw caps also l ined with teflon silicone 

rubber f;eals . 

Sampl es were stored under vacuum over P2o5 until 

silyl ated. 

2 . LJ 

5 and 10 f l syringes we re used for 3lc injection. 
A 500 J,U?. syringe was used to add '11PriSil 11 or urrriSil Z" 

(Pierce Chemical Co . ) into the 3 ml vials for silylation 

purpose • 

.All s " r·in•res wer0J i"rorn ~-:> . c.; • .;.:; . ( Scient ii'ic Glass 
J -~ 

.Engineerinc; Ltd ., ff: c l bourne , Aust r alia) . 

2 . S Saturated Lead Acetate Solut ion 
this wa s prepared by dissolvins neut r al lead 

o.ceto.t e ( appr ox . 16 e; ) i n water ('luO ml ) . 

2 . 6 Internal Standards 

Inositol (!:10so ) - inactive u sed for the sugars was 

from BDH ( Br itish JJruc !lou se Ltd , Joole , .i!,'n,·:land) . 

D- Tartaric a cid us ed .or t h& acids was also f rom 

:SDH. 

2 . 7 
1r riSil for the a cids \Jere obtai ned in 50 m.e vials 

and 'I1ri.Gil Z ior t he sue;ars in 25 m.e vials . Bot h reagents 
were from Pierc e Chemica l Co . , Hocki'ord , Illinois . 

2 . 8 Other Chemica l s 

27. 

Glucose , fructose, sorbitol and s ucrose were 

obtained from BDH as were succinic , malic , citric, ascorbic , 
gal acturonic and glucuronic . Phosphoric acid of the highest 

purity available was used . ~uinic acid was obtained f rom 
Sigma Chemical Co . , St . Louis , 0 SA. 



28. 
') 0 ... • ,' Snir:DJ e F'renarati on 

L ho le apple or apple j 1-.1 ice was f to::'cd a t i.+ C before 

-i-:,:, 1.ysi s . } eeled fru it or juice ( 50 ml ) was t rancfer1:'f·d to 

n 1·/a rin t blender and 9~ii) ,~tha no J ( 1 ~J0 ml) \vas adc!ed c.1 "!'_·' ,: i e 

mi xture blended for 5 min , Li vim · ..::. l' i!la l concentration of 

approximat ; J y ~O~~ - After fJ tu.llCt i 1 , for 'I hour t he E:xtract 

.1as cent ri!'u~ed. at ?(JOO ~: for ' lv in in . 'l'he s upernatant vmc 

decanted nnd the rc:; irl.ue \•1a~;l1 ed t-1i.c,.; \Jith RO:;~ 1:,'thanol 

( 25 mi) . ~,upernatant and ,va:..;h:i.n, ·::.; vicre c c11nbi.ned o.nd di l utc.:d 

to 250 mi v:ith S~~~ 1.:tCfl . 

2 . 10 Sample det ermi.n ~tion 

5 mf .-=-:1 iquots oC prcpnr<'d :-:<•'·tn lt~ ~·,ere tran~, fc.rr~d 

to a 50 mi ccntrifuc:e tuh C; . ~10.rtur.i.c a c i d ( 10 me; as 1 mi 

f 1(';/ 1 t · · 9' ·/ .••'t''· ll) d ct f' 'L I ct , UL.. (' ' i · IT o ,v :::, o_u - 1.on 1n · . ·'.-· ._, v i1u: .. , o.u 0 , o ..:.. ,-; ·,,e oy u , ,, . .!.,;\' 

( 10 rn.e) and ~; ut nrct1.Jd lt:ad acetr,h · : ,olution ( 1 1:1.t) t o 

precj_p itate the oc i(L . 1,I' t 2r ui.Y i.nc t hurou[ bl .; , tho extroc- ·!: 

·1ms allo vH.:<L to s tand for 14 ~. 111 :i.n •JC lon[Cr, ,.md the n corrr.ri J'u. ~, ·! 

.:1t hOO ~ i'o r ? min . Cur l~)l-=t-- i_,·1-~cipitut;ion ol' t hL) acid[; v,, 1;-: 

c heckctl ty :iddin:; ;A , 1 J··0p or 1,;nc, a cetl.lte so)ut; ion into th,:; 

SU!~ ,;rnn. tan t . ·J.1he lat t _; l' ( c o.t :·; : ,J. nj u,_,_. l'.!1c : : u: ·: .. r.s) ~vas dee ant t}u, 

t he rcr.;:i.nu"::; ,1er1.J \tu sl1..::, i t:llr 1;c1.. t; j .. ;,; :_; -,j_th b:~;,; ~tUH (1 x ·10 171,f 

f,·i}lo~wd t\ ' :? x :· 111 /) (u1J t :1 1.,: 1...: 01 :,l>int:d :.;upcrna t, ,,r!I: a nd 

,,n:;ltinL·;s .:u:·c riart·i.t t. 0 ,,L'ci b..:, L-,J(:.:.. 1, c , 1(.i r o t'o r rn - rno t hnno] - \mter 

c-1::\ 1 ;1.e of t\ : 14-: 3 v/v) . L' h e I , , L 1, ( , r : .. t t • , , 11 ri ~ _ u . ; (; u t; o p r <) v I n I: 

any p o s sible :Lnt 1..rfer c:ncc fr·G •:1 :> •11cnt 1:incl lipid materi,'1 '.· 

in the n8mp Je . 1,co.d . ··1t.: duri.n: ,·::~h \J:J:.:;hin1. 1; ,;,. Y·e car81°t, 11.y 

r csuspe1wetl u~-; int·: ,, ':patu 1a :•nd 11 l ty·u.sonic bo. th . 'rhe 1.o.,cr 

methano 1- c h l orofo rrn la:1 c;r contn.in·Ln r·; n0~l i ti.b 1 c amount of 

sugar ~,as discarded . ·, •; ,,~ UI·fl t;1· 111t·:thano l layer was made up to 

100 ml with 80% 1:,'tOH , 1 ml aliquots transferred to 3 m.e vials , 

i nos itol added ( 0 . 2 m.e o f 0 . 1/ ii/v) nnd the sample evaporated 

to dryness on a rot ar;y evaporat;o r . 

The pr ecipitate contain in~ the ac ids was washed 

with d..iethyl ether ( 5 ml) , centr Lf u~ed , the ether decanted 

and r esidual ethe r evaporate d b ct'ore overt drying at 1 00 C 

for 1 hour . Dried prccipit te wt.ls tra.nst'erred t o the 3 ml 
vials f or silylation . Bamples \'/Qre s tored under vacuum 

over P2o5 until siJ ylate d . 



2 . 11 Preparation of TMS derivatives 

Su gars in the 3 m£ vials were silylated by adding 

TriSil Z (300 r~ ), shaking for 5 min, heating at 70 C fo r 

20 min a nd then s haking f or 1 5 rn in to ensure complete 

reaction . 

Lead Salts in the 3 ml via ls were derivated by 

adding Tr i Si l (1. 5 m£), shaking t horoughly for 5 min and 

heating a t 50 C fo r 30 min. 

Sol ids i n the via ls were s ed imented out by 

centrifug e and typically 0 . 5-1. 0 ff of the clear solution 

directly i nj ect ed int o the [')1S c hromatograph. Samp le s ize , 

conditions and sensitivity l evel were adjusted to k eep 

major p eaks on s cale. 

2.12 1--reparation and d9te r rn i:nation of standard. 

All suc;a r s ·1:ere dri ed ,,vc r l'r)OL_ under vacuum pr i or 
c. j 

to \vei c;hin c; . lJ- fruct ose , D-~ l ucose , D- sorbito l and .suc :r.' O::;G 

1·ic re accurat e :!_::,, ·,,eiched to 1~10.kc up 15~ (',1/ v) s t andard s olut i AJ · 

in 8096 EtOH. Ca1i h :ra t ion r.u·c-v cis \.'c.' r e obtai n e d. fo r each suc;a-r• 
over th e conc c -: :r ation s tudie d by c. hro inntoc~r G.phi ne; va ryinc: 

amount s of su t: ·: · ( O. ' I to ;:-i . u m::J \::i_ t l·1 c.,;ns tant a mount s 

(200 f c) of inosit o 1 • 

r·.trrn clt1rrl. ac id s o l uti 0nr; 1;1cre similarly prepared by 

disso lvin e: c":y.•·'·. : :·11 · ne o.c.i ds h 80:fS Et: OH . 'Ph0 c onc entration 

of each acid \; :1.s :;t udied. \H i t hin the approxima te ranc;e . 
common ly foun ,J i n t.·ru it . Aliquots ( 5 m,e) of a standard acid 

solution were t r ansi erred int o 50 m,e c entrifuc e tub e , tartari c 
acid. (1 0 r.1e; as 1 m,e of 1% (w/v) so lution) added and the 

solutions t r ec.1.ted i n the s ame manner as described in Sect~:op 

2 . 10 . Calil>r ti on cu :r.·v e E3 plottine; weight of a cid/weight of 
standard ( vJ1 : 1·/

8
) ae;ain s t the corres pondin g a r ea ratio A1 ;,A~ 

were prepared . Conc entrat ions studied were from 0.04 t9 
1.0% ( ·,11 : 1,v

8 
of 0 . 2 to 5. 0) for the acids. 

I n add i t ion, mode l. solutions of mixtures of sugar 
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and ac id standards at a w1 : Ws of 1 . 0 wer e prep ared for 

r ecovery analyses, fi rst by direct injection of t lle 'l1l.,18 

derivatives and secondly thr ough the entire analytica l 

procedure. These model solut i ons s i mulate GS apples 

containing a 1% (w/w) concentration for each acid and 2% 
(w/w) for each s ugar on a fresh wei ght basis. 

Calibration curves wer e prepared by plott i ng 
Weight so lute/~Je i e;ht standard ( \v1 : Ws ) a gains t the cor res­

ponding area rat i os (A1 :As ) . 

2 . 1 :S Calculations 

Re lative r esponse fact ors (K ) f or s uga r s and acids 

were calculated as : 

K = 

These were used to ca lculate the amount of a ~iven acid or 

s ugar b :y : 

Weight of unknown= 
t"Je:i1 ht 0 .. · interna l std x peak. a:rca ··· u11kno\m 

f: l)f·~··op1·.i. :1t,· l: val ue x peak o.rea 
internal std 

In t h 1.J case of f ::::l1cto -:,, nnd T::lucose , two peaks 

each appear, t h0rel°ore , the p (:Ol<' o.1'()a of .su '--;c:i.rs is the 

sum of the two peaks • 

. 3. H~~SUI,TS AND DI!.;CU 8SIOH 

3._1 ·. Qualit at ive analysi eo 
'l.1he principal purpos e here i s to separate and 

positively identify the s i Eni ficant s ugar and acid 

components in the apple materi a l . The Granny Smith ( GS) 

variety wa.s c hosen because i t accounts for 80% of t he 
apples process ed i nt o juice by the N. Z. Apple and Pear 

Board proc essins factori es ( Gyde , 1976) • 

. Preliminary an a l ;ysis of' a r epr esentative GS 
s ample without i nternal standard r evealed t he presence of 

4 sugars be i nc presumably f r uctose , g lucose , sorbitol and 

sucrose. I nos itol was c hosen o.s internal standard for t he 
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sugars because it had not been r eported in GS apples, it 
was readily available in pure form and was chemically 

s table and solid at room temperature ; and it gave a 
completely resolved peak close to the mid-point in an 
unoccupied region of the c hromato~ram . A typical glc 
separation of TMS derivatives of t he sugars present in GS 

apples is shown in Ii'igurc 4. Comparison of the relative 
retention t imes of the unknown peaks in Figure 4 with 
those of pure crystalline sugars (fr om Table I) established 

and confirmed the presence of oJ.. and ~-~- fructose ' d... and r-
D- glucose , D- sorbitol and sucrose . 

A similar "blank" was run for the acids in GS 

apples and comparison of the retention times of the peaks 
showed t he possible pr esence of the following acids : 
phosphoric or succinic , malic , citric , quinic , p- coumaric, 
ascorbic , glucuronic and/or galacturonic . Here identific­
ation of the acids presented rwrnc difficulty due to the 
c lose resoluti<m of some peaks on the c hromatogram . Tartari< 
acid was chosen as internal standard for t he acids because 
it had not been -reported in GS apples and .i. t s l ead salt 
is completely in~oluulc in wat er or ethanol (Merck, 1 960) . 

'Pypical Gl c patterns 01' non- vo .1.:tu.·i c o.cids present in GS 

apples are shown in li'icure:s ~. and ( . Compa"!"'if;on of the 
retent i on times of the n.cid peaks \1ith those of authentic 
acids on S.t:-52 column ( '!'able V) succco Led V1at peak 1 in 
Ji'ie;ure 5 could be either phosphoric or succinic, due to 
their ver y close.: retention time (0 . 11c o.nd 0 . 49 reGpectivcly) . 
The pr oblem wa1:.; overcome by 11 spikinr; 11 peak 1 with an equal 
amount of TMS derivatives of pure phosphor ic or succinic . 
It was observed that succinic did not build up on top of 
pe~K 1 but in t'o.ct ('.;ave a second peak next to the original 
one . On the other hand, pure phosphoric co-chromatographed 
with the unknovm peak, eivinB a sin~le peak twice the size 
of the oric;inal one . This established that peak 1 was in 
fact phosphoric acid. Using the same technique , it was 
found that the main non-volati le acid in GS apples is malic, 
with lessen:· amounts of phosphorie , citric, quini c and 
ascorbic and truce amounts of c;alacturonic. Peak 6 did not 
correspond to p-coumaric and peak 9 of .B'igure 2 was als o 
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unidentified . Cornparinc; l~ i c;ures 5 and 6 , it is interestir1e; 

to note that the relative a mo1 ·n ts of the non- volatil e ac ids 

can c han tse rcini.:.lrkably dependinc on the sample analysed. 
1l'hus, in Fi gure 6 , there wo.s no phosphoric and c;a lactu:ron ic. 

but a relo..ti.ve ly larc;e r amount of c -i_tric , quinic o.nd 

ascorbic. ·l'his is lil:oly to be ctuc to o. dil"ference i n 

maturity 01" t he .fruit analy.sut: _ _.._llacturonic h as be ,.; ,-1 

reported to exist on ly in mature or over- rip e apples 

( Hulme, 1970) \•;bile quinic :,u.c, ccen reported mostl.Y in peel 

and younc l'rui t ( Ulric h , 1970 ) . 

On t be bo.sis of the qualitative results obtained , 

it was concluded that the r:1Ain non-. u1atiL, or~~~anic acids 

oi' int c:;rcst in GS app l e: s \v erc: i) ;1 0.:.;phnri c, malic, citric , 

quinic and. ascorbic. 1_L1hese c.1.cic.i~, :i_n l'ac t: c01wt i tu te ':?;~ 
of the peak ar2a det ect ed . 

'l'ABL.t: lV : l~e:: lati vc ret en ti0 n t irnc o 1 1!11-i[; deri vat i ve: E, 

O J. c.·u~·~ 1 ·1· '' on '. ,',•,'- Li,' _._ ..., l~ u. ., ' 

D- i·ructos c 

1- - c·oru itc _· 

f - D- r:; luc oSL· 

J~n osit oJ 
(intl 

L,jtcnt ion time 

U. 5u 
. I • U'/ 
U. /j 

0 . 82 

1 . UCJ 

1 . ,lJ1 

ik ;.':-·_vc :~ .. ·tent-~on ti ,nc of ·rl\·is derivat ives 

o t' ·,- o _-vo 1 :ltiJ e or anic acids on SE- S2 

Acid 

F ho c;pho::·ic 

Succiliic 

l·J& l ic 

Tartaric (int8rno.l std) 

Citric 

·{uinic 

p . COUJi'l u.1:'i c 

Ascorbic 
Gc.lacturonic 
c; 1 ucuronic 

.t(etention time 

0 . 4-6 

0 . 4-9 

0.77 
1 . 00 

1.2'.) 

1 . 32 

"l . j8 

1 . 4-3 
1 . 4-6 
1,53 
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7,. 2 Guan~- 1· •-,, 1- i -, •. , ··--1 1 "" 1 ··~~ s .,/ .h I . • ,1, IJ . ,.. ,_,•~ ·.-. &{ •.JJ.. 

crystalline ::.;u:·y.r.~ :~,-1 their 'PI ,: , tle::::' j_ ·,;: t i ves was complete 
after a ;, n i n :;h> c c'oll c '.·(:;d OJ a .~<~llt le T i.xin~ for 20 min at 

70 C in a wc:J t 8-r ·; ·; i- ' ,3J"l< .:__, .L' ir1i:J J ·1 ~ .-i i:1 :::bo.ke to en~.;1n·e 

complet; c rcac !~j · . . , 

F'or more 
complex :;:T:-i trct :l.i:- "Jj :·tip·(' ~-; a .f.'urt r.<~T· '1 ;, ;,,j_:: shake may be 
ncc essar:, . 

. ror :::;u;·;:x·:T rcs1.:.J.t (_•,, .i n 1 o:;· -,.·:r:: ,)·.!, ·. ::· ._:;.1.' t ,:; indi vidual sucar s 
Cro!n n ::;,:_,rnt '"' <:>l:.1r. ,-,i-:s~tur (~ . ] L 1·;:·J::; ·1_·)'.,v,: c:::-f: : 1hl i shed that t bis 

- . : ·.urc in the via.le even 
o.fter t h<.; ::: o.rnrJ~;:; ,;ur·_, i~ r~·,;Jl ;:r, ,.':::-_;;· ·.;~; on a rotary 

evaporator . Gi l"'r.; c.r.n_p1cte .j--··. J. t'· .-,;, · ·cho sampl es i s often 
a.r cl.uou~; and tj_mc cun ::; nm.:1. n ,~ , l; nu :;:-, ;'<- .i:l.0m wo.s overcome by using 

has been r eported ,_·13 suitable .:.' or ·:;11~:nl~i t o.t ive work i nvolving 
carbohydr ate::; ei t her J.n dr:;- (,~_· :· r,, t conditions (Pierce 

Hand.book of .Sil,yJ at ion , 'l S'??) . :::Xp <:ri.ments confirmed this 
and led to t h e u se of Tri Sil Z for 3uc or s in the f i na l sample 
preparat ion procedure . 

3.2.3 Effect of s toraBe on TMS- dorivat i ves 
Repeated j_njection of the same TMS derivative ove~ a 

period of t ime established in t he case of sugars a slow loss 
of TMS- fructose and sucrose with time . Samples were best 
~nalysed within 6 hours of silylation. 

3.2.4 GLC conditions 
Studies on the effect of glc conditions established 

that length of chromatographic run rather than recovery was 
sienificantly affected by t emperature programming r at e : too 
l ow a t emperature program (e. g . isothermal or at 1 C/min) 
gave satisfactory s eparation of the components at the expense 
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of o lene;tb.,7 rim . :·;n ::iw nt;l;c:r h;__>n , '1 fas t pro6 ::::-c=-,mme 

ro.tc of tempervt 11:~~c r i:-:-,; ( (: . r_ . • -~~ (J ., -1 · ':': / min) eJ u tcd t h e 

,.. • I 1 () ' •"" ' ("' 4 C/ . J. Or 3Cl C,.S , ' - .-·,-_~ , !11 : _1 , ':,' ·) 

fo r ·2ac h 0.' • L 

- ' ' . '."" ,·• 
.,, j· - .... 

' . .. -;_:.t ·. 

JC2ks . J est oven 

:=. (;<.._ • 

Ln bot b C Ct:":iC S ' 

· " .~2, i_1t ratio was 
01" :: '-~ I"''\, .. . ._ ... ,,_: () \ T (: ~ t; ~"l '; (~ !J '~ (' ' .. ' '., ._ . I i ' I • ' \' ,·" 

1,.: t·~ ~ •1 : (" f 

1 

.. 

•1 : ·, : :, of u n it:/ . 
t' · ,-,, , ,· .. , •. 
•• . .. • • .., • t ·' . 

. ... 't·· ' 1 . '.· i\ ·: . :n:,· :1 r:o.d to n0:1 - 1 . .i .. ne:nr i t ;7 
·-~-l' -. i··o :-;tc wi t h r espect 

.. ,_ .. . ~\·,· ~-~ .:c :-- :~,:tor~ J{ c o }cu}_at e d. 

r.' AJ.~,T _,_, · · !_ : 

i 1- .f.'r t] et o ::· r-. 

D- ;_:;J. v CC';_; c 

U- s o r 1J it () J 

8uc r o ,:;c 

Fhosphor:i.c 

fla Jic 

Ci t rj_ c. 

Quinic 
Ascorbic. 

·1 : . • ··,· 
1 •• • , .,1 ,, _ •" 

*Averac;e of fou r dct1;r.minations 

D,Jtector respons P. 

0 . 52 

o.7e 
0 . 82 

o . 5E; 

0 . 7 8 

0 . 86 

0 . 70 

1 . 02 

0 . 91 

A mlz!-;;,;rc' of' su :::;ar standards made wit h various 
amount s of cryst aJli nc s uc;ars and a cons tant amount of 
inositol was ana lys ed f or individua l suga:1=' rec overy and 

u· :t: ,, 
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stand.:-1.ro:., chrom;::.t; o, ,,a1hc.d on i,. •- .•. -,< c olu-:in . 

c omplete i,ccov 0,,r·., of ,,u. ,._ j.':..; , ,);:. ,: ~1::x~1n..., oC direct 

injection c ould bf., ocnic'.vC unu,;.r ·.;,:t.·C'rir;,c:,to l condit;ons 
+ . 

with an accurac./ of - /. · 1. ur t:·1c :L _, L~ ·< u.1.t ~ s ugar and with 
an overall r cco,rcry OL. (;') - ,,, • 

':lJ\B],~ VII : 

{ ' . .... 1 ,y)I'O l ,., 0 . 

GJucoso 

1.1'r u c t o::..: c 

Sucrose 

?.· )(: 

'/i 

'.,,,UU 

I, ( .,i:.J 

>JG 

'.;CO 

'.::iC)O 

L\sc ..1 11r...:r:1· 

/ ):·, 

1'; , 

?·~ :S' 

'/U', 
l 1 . •• I 

·. 'I -

4 jj 

L~9i:} 

1,.7 '..> 

50'.; 

462 

525 

* AveraBe of three determinations 

r-· ·cL Ln .jection 

r~ ,. 
t~C C OV C.,...~' 

J 

'1112 

10~-i 

101 

92 
'l lJ/1 

,.,? 
0 

100 
or; 
./ , 

101 

9? 
1()) 

(ivcrall 
Hecovery 

Averar;e 
Hec ovcr ;y * 

1 U2 3n 
/-' 

9q + r·,,, 
, v/O 

91+ + '??S 

+ 99 - 7% 

99 + 3% 

Direct inj ection of a synthetic mixture of TMS acids 

resulted in recover ies shown in Table VIII. 

Figure 10 is a typical chromatogram of the acid 

standards eluted on the SE-52 column . 

Results f rom Table VIII also s howed that complete 

recover y of crystallin e acids by direc t injection could be 
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o.c llicved wi t h an ;:.i.ccur1--;.cy of 1-:;": l'or t L!(; i ndi vidual suc;ar 

and 11itb an 0·1er,J ll. rec over;? of 1 00 ~ 1!;.'. . 

'rABLE VIII : 

Acid Irip,.1_'-
L 

Mal i c 

.L 

Phosphoric l~ . 6 -

C ~· 
I-

Cit l"' iC -.,I - ;} 

( V J(: + -

-~ . - ~-, . \. ·, 
-!-

iy_Ulill C -

k ,corbic LL 
-j 

• I ' --
( ' I ( )0 + -

Hecovcr-: or 
proccdur(..: 

: . 1 Lj. • > + - rJ .1 

.'.L • j9 
+ 

' . 1 4 . (~ - U. 2 
/~ .. ~/~ 
/.i . . ·.s: 

, , . , . U I_; . 1 \ -.. . ( . 

,,I ) . ,,. : .. .,, ( ),: . 

i~ :~r i . , I 

\) . 1 'I 0 + 
0 . 1 . ./ 

l.l . • ( ~n,) 

:., . ~~( ,. 

I.:. • '1 > .1 
+ .-, ,.., - u . ,:'. 

...., - ) - ~5 . i...)) 

( j,_rcra l 1 

1 :e: c over y 

; 2:..: 2_r_::_. _G_n_d_ a_c_i_· r_:J_s_ b_..y'--a_n_a_l_..Y_'t_i_c_a_l 

Av erar,e 
n' R ., 1 _ _ ecovery 

1 00 

+ 4;h 100 -

94 
+ 2?' 

98 + ' )~' 
C... /C 

1 06 + 4 11' ;a 

1 00 

This ac ction will provide infoTmation on the secondary 
res pons e f actor ot the compounds which were analys ed as any 

chanEe in K valu e was r eflected in the recovery of t he 

compound ane?-lysed . 'l'hc p r imary response f actor was previous l y 

established by direct i nj ection . 

Synt hetic mixtures of crystalline sugars and acids 

s i mu latine; a 1~a w/ w ( w1 : Ws = 1 . 0) concentration of each a c id 

and a 2% w/ w ( \{1 : Ws = 1 . 0 ) conc ent rat i on of eac h sugar in 

r eal frui t were pr epared and taken through t he entire 

,proc ~dur e f or r ec overy analyses . 

Recovery of t he indi vidual s ugar in 4 di f ferent 

mi xtures of s i milar c omposition, average recover y of tot a l 
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SUQ;ars and overa l l a ccu:-o.cy a.re 1ist e d. in '.L1oblc s I X and X. 

J\J i xture 

A 

B 

C 

D 

A 

.h 

C 

D 

A 

c; 

D 

·p 

'·' 

C 

D 

Fr.uc to:..:; c 

G.L uc o:._,c 

"100 

··1 "1 > 
") / , 

o I ' 

O'.~ 
.,/C. -

Ui1 _, ' 

"1 \)', ) 

! J(_ 
I c. 

1 ·1 . .) 

Aver age 
J,:; Reco,rery * 

97 + 

+ 
9"1 - '1 4?G 

* AvcraLe of f our det ermination~ 
Overall 
r , 9c + ne cover y v -

'.rABLE X: •.rota. l suca r recovery by analytic a l procedure 
fr om mixtures A, B, C and Dat a \\J '1 : Ws = 1 . 0 

Bugar 

Fructos e 

Glucose 

% Recovery 
of ea c h s u gar 

108 

'110 

% Recovery 
total sugars 

Sorbitol 100 A 102% 

Sucr ose 91 

Fructose 100 

Gluc os e '1 03 B 93% 
Sor bitol 92 
Sucrose 78 



TABLE X ( cont.) 

Mixture 

C 

D 

Sugar 

B'ructose 

Glucose 

Sorbitol 

Sucrose 

.1:<'ructose 

Glucose 

Sorbitol 

Suc rose 

1iJ t"'(ecovery 
o r :::ach sugar 

113 
1QL.j. 

1 00 

Overall 

Recovery 

45 . 

% Recovery 
tot al suc;arr: 

97% 

1 ()()' .~ 

98 

Results from Table IX showed t hat variations in the 

recovery of t he i ndividual 3u3ar in ct iff ~rcnt mixtures 

could be as hi c;h as ! 139i and ! 1 1.J- ;.) :.·..Jr .tructo:.:,e and sucros e 
+ ~vith glucose and sorbito l rno1·'-' a c curutely de termined.. a t - 4 ~:6 . 

Ho~cver , if the rcc ove r ~c~ of the individual sugars were 

pooled tosethcr , the ovt:.:J··~d.J_ :·cctlT'iiCJ ,;a.3 c1uite adequa t e at 

93 ! 6516 . On the (,tl1e:r k·r1ci , ii' recover.> of total sugars was 

cons i dered, a hi;_;L. · · nv c ,··::,U 3.ccu1~"1G) 01' 9rJ ! 1+-~·b vm s achi eved. 

Si mi l:ir -r:· 2 : u l !::: 1.·nr 0CJ u.:::; nrc c;ivcn i n 'rable XI . 
Here on]y th , ··c·c'..,\ .·",:· ot th ~r.ri i.vidual acid i s considered 

because 01· t:1· ·· :ccpor:, .· cl I o:_;;, o.:.' :u._; c orbic o.cid. and the v1ide 

ina ccuracy in quinic acid lJ.Uant itatio:n ( 1\:: .:....t herbell , 1974). 

TABLE XI : tk('ovcry r.J.no..·1_.: ::; i s i).i. . mixtures of acids at a 
i r • \,fr, _ ..:.:.1. v,..., -

Acid 

Phosphoric 

Malic 

"I. , 1 ~'.> lead salt method 

99 

'j (Jlj 

99 

·J 1j() 

98 

Average Re c overy* 

102 + 4% 

96 + 4~6 
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TABLE XI (cont) 

Acid o' 7" Rec ov ery 

94 
a,, 
;, v 

Citri c 92 
92 

4f.l 

Quinic ;,'I 
5.? 
5U 
'.), , .. .,) 

As corbic 31 
.:;9 
. ., ...., 
.,) I 

* Averae;e or' four determi rn..1.tions 

Average 
Recovery* 

92 + 2% 

·:1 + 6 '' :; ~-o 

+ _:;1 - '?'ib 

v,cr c o'otain•,•l ::or t he ma i n three acid!: in Gf:. avples , nni: 

phosphoric , ·:o. 1 .: c: and c:i.tr i.c, t1il·h on accurac:,' of ..'.: 1;.: ' . 

However , t·· ;,oor '.~·:):uoi li t;y 8 t' the lc2c. salt of quinic 

acid (t'r:~1t;, .... ,(;.l.L~ '1' ''!1~) rl·; .;ult r:(: in v Gry poor recl,V·,:I'J 

( prc:3"- : . .:::>.·. · ·. uc to 0:-::i.dation ._tu:"'in ;: pr8po.ration and tr:;,_· 

dryin1~ r::.c·t· , ~ r, · · · t d ) ~ , I ·. , • • , , ] , ,.. "" +- }· -., i • • r.l...1.•.•J ., ,C .C-.t I •(;_ i n v .• ·J ,Ju- v .llu. .._1,. 

origin;tl ·,r',.r:::~- be·Ln,: recovered . ficntherbe L ( '1 ·; 1

1
1 ~; 

earl i0r repo"tcd a :~~ loss o:· :~corbic ncid by the oven 

dryinl'; me thod . 

' . , 
' 

li'UJ_'t ·1er ii'1.vcr;t i tatio11s int o the effect ol.' leo.d fal·· 

drying condit ions establi shed that there \·;as no significan·:.: 

differenc e between oven dryinc a t 100 C for 1 hour and 

vacuum drying a t 50 C ovcrnip~ht . Thus , the mor e convenient 

oven dry ine; method was adopted in the analytical procedure . 

It is als o important to bear i n mind t hat althou~h the loss 

of quinic and ascorbic a cids may appear important , t hey on l;y 

constituted about 2% of a ll the non - volatile acids present 

in GS apples , whereas the amount of phosphoric, malic and 

cit ric a cids represent ed approxj_,n.'ltely 95% of t he t otal 

acids . Since those t hr ee acids gave c ood r e c ov eries , they 
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constitut ed t he.; ~a i n non- vo lat il ~ acids studie d in 

l ater quantitotivc ~ark . 

3 . ~-1 : Rec overy o f :~1q ,,·T;:; arnl ncj_c; c f-;- ·--n apple extr.Jct 

Th8 cxc:c:::- ctiurj and t: epa . .ro t :i cm pr,JC cdure was 

evaluated by perfon:; i.n;·; r·cc ,:· vc.n·:~ :,-,-li0 r i :'112nts on the 

o.ctuD l bio Joc;:i.ca J ::; J,· tc.;m. ,_;amr .l· .. oi:' GL; apple ext ract 

p reviousl ,y an.:i.J.;y.';cd .i..' L•r. .~u:_:,:.::_~::.; u.:: .~. ;1c.iu~, were fort i Jied 

v1ith l:nown amounts 01.· S Ul,O. r. : ( c; lv .:o:;,' , -~·ructosc , s orbitol 

a.net s ucrose) and c1 c ic1.; ( pho ::.:phor•r: , maJ __ :_c : c i t r ic , quinic 

and ascorbic) . ,OC(Ncr-;;: in e::·, .-::-_;, · o i. r_;,;:.;; .f.'0:;.- t he cue;ars 

D.nd 9V) for th2 Dc .ic::; 1:10.r:. o b to :i.ncr: . ·i1 l1us , up to this 

point , t he nnn i ::tic ;. J :::·~oe:,;',nr,; i. ,::· l -:.. in t1'iis work 

permitted t he po::.;it .i. · t ., c1,: -~· :,;1." 1 :-tnc.i icientii' i cation 

combined with i, 11, ' 'Ci.))id. q11.:.: r 1+, i t ·,,t ·. •)n o .C a wide rane;e of 

non- vo latile: orr;:-rnj_ c c1cid0 .:1i:ci .:.;u_ Grs c o mmonly f ound in 

Jruit . Th e apy:. 1..: c ,J r0 i:;_i_i; _;.: oC t:1i r:; 0"1a lytical method wa.:; 

invcsti;:~; a tcd cine.: J. ~. T'cpc,r.tcd j_n the n ext s e c tion • 

. , , -, . .d . .... . 

ond o..cid ::; i.n (,:; orr l o .:-; 

'J":1,ypi.<:: :.11 r). c c l1:romatoc rams ot' t he ~,uc;;1rs and non­

volati le orr~anic ·tcicJ.;3 :i.n GS apple extra.et were p r eviously 

shown :i. n Ji'icu r cc j ,L~ o.nd. ;, • '.rhc :;le quantitat i v e 

analysis of sur ;.:1:--·s in GS 0.pples i:; rep orted. .i.n Table XII . 

H.e:.:ults obt a ined indi c a ted the predominance of 

fruc t os e as t he raa.in s ugar i n GS apples , f ollowed by 

~ l ucose and s ucro s e a nd trac e a mounts of s orbitol . Total 

s uc ars est a b lished f or GS app les were wi thin the r ange 

encountered i n trop i c al v a r ieties such as mountain and 

r ose app l e ( Chan et a l.> 1975). However, the result for 

total s u gar appeared low c ompared to the figure f or 

Canadian apple juic e . This dis c r epan c y can be accounte d 

f or b e cause of t h e natural variat ion bet ween a r eas , 

varieti es , climate , etc., and also be cause the Canadian 

figure was. t aken as an average from 20 samples made f rom 

a blend of many different variet i es . 
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11.:A .r.?LB XII : Qunntit·1tiv o det ermi nati un ()f .sueiar s 

in Gr,'J.ml,Y ;,:imi t1i applec t,,~ 1r_, ___ _ 

Sugar A/ CS ~l , f; r-Tount o :!_n !?o:· ,~ Canadian ,:J 

Conten t or,plc appJ c r :, r. : " (' 
b 

apple juicec 

l 1'ructose 
.., 

' '1. 5 r I I~ .. 5. 5 ( '' . c.. - • 

Glucose '1 • I) 2 . 1 3 • I J 2. 5 
;~orb itoJ. t race 1 . 0 

Sucro s e 0 . Li 1 . ; { 1 . 8 

'r otal Sue;a.r 
( c;lc) I~ • , ' ) . b ,.:, . 8 'lG . 8 

Sourc e ( Chan et :: - '19'/l ) - . ·1 7 ( Hyan , 19?2 ) 

o. mcpr e ~;scd on '-'· J'rc i .. : J1 \·!Ci~~'nt () 'l Ci.: · , ,~· ' ..... m(;/11,.)Uc fruit 

C • l:Jcprc::.:sed on a fres h .~uic c bw_- i :, < • . -.~ 3/'100ml iuice 

, 

rl' hc qunnti t r:civc rina'i_y~·j_~- r,. . ·,; :on- vo latile a cids 

in G8 :rnples i s reported. in 'J'al) l.c . , , i. . ,.i:o t a1 o.cids 

determined 1\/ :_:J c .,., :1 ..:.~ ~) . ( ,h~.~ o., c : ,;-;-. ·:; ·,_J to 0 . ;-670 de t erm i ned 

b:r tit r:Jtion a nd c::~-:.~:ncs~ (1d o,· ,: 11c r: :, · · acid (mal ic). The 

di~; crcpnnc:,,. in ~orrc ·1.a t inr:; t he t v10 _-'. :, .1ds can be accounted 

for. on t:-ie bo.~ i:.; of the diffc-rc'1'.; · , ~·, 1.e;' wc i c hts of malic 

(1 34 . 09 ) :.:mcl citric (;?10 . L1.) . J·~ccll · ,. a r;reement res ulted 

whe n r csuJts wer e cxpr e sed on a mill j.cquiva l ent bas i s . This 

was obtai n ed b,:· d iYidinc; t he me; o.cid~/1 00r; of f ruit by the 

appropriate molecu lar we i ght . 

'l'ABLB XIII : qum1tit ,.1tive det e rmination of organic ac i dsa 

111 Crann;r Smit h apples 

Acid Molecular \veigbt mg/100g of meq/100g 
fruit f ruit 

:Phosphoric 98 trace 
Malic 1j4. 09 330 2 . 4-7 
Citri c 21 0 . 14- 250 1 . 19 
Quini c 192 . 2 40 0 . 21 
Ascorbic 176 .1 40 0 . 23 
Total Ac ids ( glc) 660 4 .10 

Total titratable 
acids b (as malic) 560 4 .1 8 

a. .Average of t wo determinations 

b . Determined by A.O.A.C. proc edure 
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50. 
S t~X}l'IOH l 

'I'he Gibb:: cc:uation re lat i n.· t '1c surfac e t ens ion of 
a solut i on and tlJc exc ess concen tration of t he s ol ute at an 

interface pr edic t .::; t hat for aqu cou~, s odium chloride 
solution s , t here is a nocativc o.d sonyt; ion of s olut e 
resultinf. in o. .nu Lt imo Jecula r __ :_1.,-c~c oi' ·pur e water at t he 
int erfac e , t he th.i.cknocs of t he l e..', ·,.:r oc i ng a f unct i on of 
t he natur e or the interface . 

l t wa,; .f i::·:~1, ::;ur::: :e:::..;1;:,r_;_ _i_:,1 'l<y,e, that if the :.,urface 
lcJ.,ycr of pure wat, c.c cou~ d. lJr...; •. ,lci :, .. :-;cd 0.1_·.-c, then solu "~ c ould 
be ::;cpo.rat ed l'ror.1 s olvent . rnn::. , ,, .. , ~,:.."':.J.011 ·das the .starting 

point oI invcstl~:"t i ons L1L:o G:1\.; .., . · ::,J in.'J.t _,_ on 01· s ec water 
b;:-,: HO. 

i'hc mechanL.;m 01' .t \. co.n be c.:rl :w.J. ric :t i n terms of n 
conceptunJ model ,"nown G...:.; 1, no pr'~ ... ~~e:nti.:.i. .. Gorption-capi l l ary 
flow m·~:.:lF!.1.,is1:1 (u<.mr i ra,jan , '1 9'/1)). ,:1Jrc; the s olution i s i n 

contac t with a s olid mc•t,~rial ir. ·:, :1c f orm of o. porous membrane . 
If the membrane h~·~, :1. prefercnt; .i. ,.l .. , sorption f or wat er (or a 

pr efer ent i a l r epulsion f or so'utc_,, a multimolecular layer 
of pur e water cou l d exist on ~he membrane surfa ce. A 
continuous removal o.f this int crfacial water can be eff ected 

by l ettinr; .1t flo w under pressure ti1rough the membrane 
capillaries . This mode l also gives ris e t o the concept of a 
critica l pore diameter f or maximum separation and p ermeability . 
This is obvious l y t wice the thickness of t he interfacial 
pure water . layer, for if t he pore diameter is bigger, 
permeabilit y will be higher but solute separation will be 

lower, s ince some of t he feed solution will also flow through 

the pores. Smaller pores will increase separation but 
reduce per meability . An infinite variety of membrane solution 
combinations can give rise to different l eve l s of solute 
separation. 

In s hort, the indispensable twin requirement f or t he 
success oi this separation process is an appropriate chemical 

nature of t h0 f i lm surface in contact with t h e solut ion , as 



well as the exis tenc e of pores of appropriate size on the 

interfacial s urface of t he IiJ~ . 

11'or HO , the Golvent and .so1ntc flux can be 
described ;:; i mp l y by tho foJlo·,:.:i_nr~ r.:q1w.tions : 

SolvcnL u'lux, JJ,1 -= Kn ( A J.· -~n ) 
1-

So Jute .:.Flux ~ ;,t; ( 6. C) 

/ /'! ' 

' l / 

(2) 
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The resulL of r:::c 1n1bii.1j_nb :::J'JC.__,,., t wo c:quations i:-, that 
as t he prc.JE,ure i ;_:; .i. nc.1-:'e;a:::;ccl 1 ·,.,:_j, c.c __ :~ux increaD es but :=-:al t 

.L°J',':i.. does nut . Thus o.L 11i : _ _.:-, iY~' ,.:S....,iJ.::i.. ._:; , the wat er J: 10°:.: 

prcc...omino.t e.s -:,nd pure: \-i._1t er 1...;r;c:;:' [_;C ·~ ..L·rorr, enc membrane . 

tho::c _,_,_· a local. concc,'}t:T''1', .o,: oi.' :~Lute r(i, the s ite where 

pr· .. ::.,surc and dccrca.sc 1.:·. - · 1l,, ·;· ·: __ ·:: ort throuBh t his layer , 
a phenomenon termed cone~ ;~r~~ia~ ,~nrisation . 

'L'o ,_,,fl.:·rcc.: _ lhi ::; r e duction -'- ~~ ::.:_1.tcr tro.nspo:r.'t , the 

conccntrcll;cc.i. .JOttn u.J.'~/ lcJ"CI' ;nu~_.0 l> ui.sp l a c ed o.:_, it f orms . 

'rhis co..n be ucc.o,:1r. Ji:: bccJ. 'o.-.,, e;r1:.;ur1.11 t urbulr~:nt f lov.r condit i ons 

L1 t•le I ecd materi al ovc]_' t uc r,,cr,:ln·G.nc : -:.,r1'nc e so th:1.t the 

0olu~ ic.;.: o.nu. ,:ot c:i: L ::·.J.n:c.;port i:::o f acili tateu . 

) . DE:J\.J1{I1-'rlurl AUD ()l ', ~1~Af1(.;t.; 0.L'' .~' Illi 'rt-17-1 4 ViODUL.t: 

A f l ow di.::<:ram of the HO p ilot plant us ed in t hi s 

s tudy .L S presented i n Fig . '1'1. The A.8- '197 membrane was 

seamless , 1.27 mm in inside diamet er and 1 . 52 m long (Abcor, 

1971). They were inserted into porous fibregl ass e:poxy­

impre~nat ed support tubes , fourteen of which were arranged 

in a circular pattern and connected by stainless steel 

headers in each Tfli 5-14 module. A clear plastic s hroud 

encased each module for collection of permeate . 

The module which was freighted from .America, contained 

0.89 m2 of membrane surface with a tubeside hold-up volume 
of 2. 83 litres and could produce up to 757 litres of 

p ermeate.:: per day, depending on operatinG conditions (Abcor, 
'197r-,; . 
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The high pressure Triplex pump (model )20 Cat ptunp 

2. 5 H.P.) was operated at a fixed speed ( 355 rpm) and 

could pump up to 102 atmospheres . The tubes were fitt ed 

with turbulence promoters i n the form of smal l spherical 

plastic 08ads inside the tubes . 

A Greer- Olear hiEh pressure accumulator (maximum 

working pressure = 20'+ atm) was incorporated into the system 

to dampen t he sur ge produced by the: _[YLHn.P . 

A by-pass v aJ ve provided means or controlling the 

fee d flow rate deliv~red by Jhe pump , and a back pressure 

regulato r \v.J.::; used to adjust tl'.l- 11rc::.;surc in the ~:;y ::.rt0rn . 

Durinc st.:-~ncLby p,;;riod~ , the module was kept 

wet since drying out tightens the struc~ure o.f the membrane 

making it i!tpermeable . A Teel 11'6.55 I"iltcr 3.nu. , .. at·.;r valve 

were add..ed to the system to p1:operly store the membrane; 

this ua~:; clcne: by circ1..1_l0tinc;; 1'iltcr,2d \r/ater o.t a small i'lo\J 

r;_;,_c:::: (200 - ·:uu ru.:/I :.ir:.) . 

;__,s.1~:._· _._t __ ;..__ c_· th,:: t,,(lciule 1:,;_,.s J.one ;1f tcr each run b ;y 

d.iss oJ·.:_:·_;; co 1 •• ::i·c·.:1.l 1!:n:oc•,!_.:;.1..' it.c ( U . )~, , ·) in freshly 

filt erc-::., ·,1~1·t 

( ':. (j pr,, (' l \ , L), 1 1 ~/ ..... , / 

..,. , ( . I /) · .• ~·-·-~ r-J.nn:i.n, , the ~:rnli..1.t ion thus made 

~nc.or r- r,-,~-;surc J_· _, , . :1jout l'_; I;J in . 1I'he mL,dulc 
1:1:::..s t !.1011. rir.sc,u. '.:it L·,. r , t:,_:_·c ' .. :,tc.T r.11d the mcmbr c1n.es kep~~ wet 

as previousl. described . 

I3ec3.u ~: 0 01' the hi; :h pressures involved , all component :, 

downstream 01" "Che h"i. e;h ~~-;:-essure pump were able to withstand 

pressures of at least 102 atm bac k pressure . Non-return 

valves V 1 , V 2 and V:; ~\:er0 uced to ensure w1idirectional feed 

flow and to ·1ithstaHd hi t)1 bo.ck pressure build-up. 

The f eed to.nl: , hi f-:,h pres sure pump, accumulator, 

filter, module and all the int Grconnccting fittings and 

tubing, pipes and valves were built as a compact unit using 

commercially - available quick-assembly stainless steel. 

Operating the system r equired some care. Before 

starting the pump, valve V- 5 must be closed and valves v4 , 
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v2 and v3 must all be open . Initially, the pump was 
started and t he pressure delivered wa:3 increased slowly 

by using the bacJ; pressure regulator V- 2 to s et the back 

pressure indicated ut P2 ( ! i~ . 3) . Tho inlet pressure 

was slowly increased by slowly c los i n c the by-pas s valve 

V- 1 . 11 he opera.tine; prcssu::::-e aero.s o the length of the 

membrane was tak en as the ariL:imctic mean of t he inlet 
P1 + 1!2 

2 and out let back - pressure i.e. F = 

The f eed tempero.ture 1t10.s contro1led mainly through 

the use of t\,10 Alf o.- Lo.vo.l plrtt c 1-,00.t exchangers. The small 

heat cxc ho.nc;cr marked. ( 1) in 1 1'i ,. j haa 41 standar d plates 

and the bi[mer 1.,20- iL; nc:it ezch.:u; ;l11' (r~ ) had 63 p lates . 

Hunninp; cool tup v1o t(·r ·Vi:·_'1..,tl; ,~1 .; .. ctL ... xcho.n~er ( 1) and/or 

( 2) wa:..; sul'tic icnt l;o r;c11nt .... ,.J.,. , .1c ±:cea temperature at 

25 C. 

Eunn:i ne; at the lov:cr 'Lt. .. '~·.t.'uLur e howevci~. was more 

di.i.'fic11lt d.'t11..: t,r) ,,hG ::-u.pi<' he, 1.. ~r~,~ of the pump i.J.t the high 

p r essures ;::.nd ·.11~0 t ~) t,J;c 1:Jo.rrr ,, . .r.bient temperature 

(expcr.Lment:.; \•:o re porl'or~nea. ,.u:::-inr; Gummer) . In t his case 

bot h heat oxchun~ors were u~uc with chil led water at 1 C 

pumpcu. from a J.ar c;c n earby c ooling vat . Heat exchan ~er (2) 

vi:J.'..j u:.~ed to cool t J1 0 concentrate and heat exchane;er ( 1 ) 

the feed .:;olution via a small rccirculatint:; pump . 'l'he 

feed t o.: ... k wo.s fur ther insulated by circulatinc; the outlet 

chilled wo.t cr from the small heo.t exchanger inside thick 

plastic hose ( 1 cm inside diameter) \vrapped alone; i ts 

lene-th . 'rhe out let chilled water from both exchangers 

was r ctu.1~ned to the vat for coolinp; . The feed solution 

was either kept under refrigerat ion (2 C) before starting 

the exp.eriment or cooled overnight in the feed tank using 

heat exchanger (1). The lowest temperature achieved by 

this system under steady state was 5-6 C but ? C was 

chosen as a more practical figure. The concentrate and 
permeate were returned to the feed tank to complete a close 

loop system . Steady-state operating conditions wer e 

achieved after recirculating the feed for about 20-30 min . 

The main details of the pilot RO plant are 

summarised in Table XIV below. 
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T.A.BLE XIV: 

' ·. ' .... 2 .. . .,·;, d 

."Jv. rate 

10~ ~tm (1 500 ps i g ) 
~, :. ~-L.ccs/rnin 

110 C 

pH c · 'I. u 
Cone·'.: .. --:.:;i.oi• r:,r, , 

-, ii.' ( . ,, \ .:.1ourcc: ocor , .: , . ., 

,; ,, , Lu l ,,. · 0 ac et ate :·,wmbra.ne 

l <' J l C; ,.J _; 1. 0 \'/ . 

i' -, , -
I .I. J. I, ' : I , I ·--___ ... ___________ - .. -·-· 

- ------------------------ - --------- --
Mcr.1 b:r.·o..,i c 

'l',;i, (, 
\,,_; _., ~:C, I . ., . .;. 1

,_. J.,. 

-_- ,_ :, ing 
.. .:ure 

---------- --·--- -·- ---- ·---·-·-- -

' \ 
. .1'- - I (._ o.t rn 

!jr)UI'C'. : AlJl: .Jr ( 1<_, /1) 

I+_, J~Xi 1·,HHi t'..t 1
1

, > ·.i.i:TlJ 1JILU1.L1
1:, _;ALT GGLu1'I01,J 

Hcject ion 
r endinp;s rnadc 
at '1'=2_:-; G rit 
11.1 otr.1 af.'tcr 
jO min, 0 . -.,,<~ 
J-.iaCl .:oi ,t, i on , 
2 . U l/r.iin brine 
feed 

To ensure thut the membrane was per.f orminr; s .:1tis.fo.ct­

orily , a11d also t o be able to monitor any changes in the 

opera.tine., cbo.r<.1.ctcristics o.t' the membrane under actual 

experimental conditions, it wo.s necessary to first establish 

t he performance o.· the modul e on dilute sodium chloride 

solutions , since these data provide the common means for 

comparin~ different systems . 

4 . 1 £1CPERIM.E.'NT.AL 

4 . 1 . 1 Te3t Solution 

In every c o..::;o , this was an aqueous solution (0 . 59& w/v) 

made up of salt (food e;rade, 150 g) in fresh fi ltered water 

(50 £) . 
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4.1.2 Measurement of salt concentration 

The salt concentrations in the permeate and feed 

samples were measured using a Phi lips Conductivity meter 

type PW 9501 . The conductivit.,; :::-eadings K (ohm-'1 cm- 1 ) 

were convert ed to actual salt concentration ( % w/v) u s ing 

standard conversion graphs . The accuracy of the meter vms 
+ assessed at - 4%. 

4 .1. 3 Permeate Flow ( FD') and Re_jection (R%) 

11.11 rcadi nr~s were taken when the experimental 

operatin~ conditions reached steady state . The permeate 

flow (Pli') was measur ed using n beaker and stopwatc h. The 

permeate \ms co l lected at the outlet of the modul e a nd 

expressed in litres/min. 

He jection of solute expressed as a perc entage was 
calculated according to t he fo~~ula: 

0 c. 
I{~~ 

_< .1.· 

=- where 1.:' 
c' 

Cl!' = so lute concentr·o.t ion ~n the l'ced ( ~~ NaCl) 

cP = so_1_J.c\_. cone entr·c,:t ion L !1 the 'lcrmeatc e;_; NaCl) 

P.i.i' :' :!( It. : ,.,, c:o .. !:2only used as c riterio. i' or monitorinc 

lnemb ,., · · ( , 1 ·] c,,1 17,, ) .. ru.nc pc~:·~ r .·me .... er~ ... Jr_cy , v _ 

" :· • ·:!_
1
i _ _.,,- 'll~ ·:;uc~,. ~l; \::1.s f irst subjected to a runninr-- in 

period 1tin~ch con::~:i_.;ted of o_pc1:ating the membrane c ontinuour:ly 

under press .... ,_·- using the test salt solution ( 0 . 55'6 .NaCl) unti .~ 

the sepo.r·at;ion \.,f1iciency and the permeate flow drop ped to a 

steady value. 'l'h•.: reduction in performance was rapid initi J.~· 

but after the in:...t_;_a.1 period, the performance became virtually 

constant. 

4 . 1 . 5 Material balance 

A run was made to ensure t hat nothing was lost from 

the system. Pure water 1.10.s used , wi th pressure being varied 

from 14 atm to 100 atrn ( 200 - 1:JUO psi), while the permeate 

flow was collected at different feed flow rates to permit 

materia l balances to b e ciI·avm up . Results are presented in 
Table XVI . 
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L~ . 1 . 6 . £.ff cct e,_;· opcr:J~,J n~ l'rc:.;:..~ur-c 
1rhe el°.L , ,: , ol' opcrat j_nl'.'.; p"l -::;~ . .1 ,~c o~ the perforrr.o.nce 

. f-h b ( . ., ,., d . th o.L \, e mem ro.nc J., c:c,L ;\, 1_, :a::: '_,...,~.,:;:.;;sc t'y runninp; c 

t,,3t salt solu,,iJ., ( .' . h·; ~o.CJ.) th::.:·,: :.i h the oiodule at a 

constant r cc.:..:c · ! , .i.on rute ( '.; . O ::. , • . .:. ,t/·-:in) and temperature 

( >r + ~) c..,,, - ' l, • J\L. ·-~ J :..; .'.:lro 1.i::., tcd J.:J :i.1c...b1.c LIII and illu~, '.::rated 

in /j_r~ . 12 . 

'l'his 1.:'.:.t, " . .,:_, •_. ., . ou bJ · 11:-ini : ·· ._,:, ·,,du 1 r ., " constant 

orcsourc of '?:,; . ,,.1 J :...:.: 11... ccr.:., ,.L~1t 
. . . 

r:i~·:in:urr rccL.'U 1 :..t ; .,.-::l 

conccntre1t 10n u , r.i • • ,. I t l • 
L, 1. l , .... 

.l.l'lf. . 'l ) • 

.rai, ,J.J.'C 0f 2:;i C o.t the 

' . '- I . in , while Lhe 

; varied from O. ~ to 

.' ill . ~ illustrate~ in 

,, . 1 . 2, l',1°.[t]C {, ,, - ~-.:.:..-.'..!:.:~--.. ALi '_J - ~.:. - ( ,W) 
','be e.1.· .I. • 

- r,,. ~ .. . r 
I _ i ) l l-• U - ~ rate on the }> 1,' anJ. ;;' , v1as 

' . ,_ , ' l, . ·1.,1...:._;t . .:olt.!L..ton r1t u c .Jnstant pros.sure 

o r c0 o t, rn. , 1, v f " - ., . "'"" 
I l ~ ,., · (. ·u ·. :.:utc:..~.i.nc~ t'l0 rec::..rcu l.J.tie,_1 

\.. 'V. _ ~ ... :_::.;L -~' ... 1.:1 'I'c..bJ l :-Cl;~ ,·.,nd i.1.lw.,.,ro:r,cd in 

j.'J_ ~·; . 1; . 

1, . 1 . 9 ,::fl.'ccL or l.1.J(';:ol,Jnt.l 'I'j_;;ic 

1i1n0 0i'1cc L 0.~· co:np.:..ic vion ci. mcmb,·anc performunco ·.::a~~ 

curried CllJ.,: ov·:,. ;.l period OJ.' wix r:ionth:; 01 intermittent 

oper ation . :~c., C.:.. .J.vions chosen .i.·or P.l!' and H% were near the 

optimur:1 for the mcmbro.ne and were as fo llows : 

'1.1emperature 2L~ .:!: 1 C 

Pr e~~urc 77 atm (11 30 psi) 

Hecirculat ion Rate 7.0 ! 0 . 2 £/min 

Conccr:.tration 

4 .1 . 10 Effect of Tc_!!!Pcrature 

Thi s effect was tested at constant operating pressure 

(77 atm), :·c:ed concentration (0 . 5% NaCl) and recirculation 

rate ( 5.0 - v .2 t/min) . Results are listed i n Table XXI 

and illustrated in Fig . 16 . 
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6 . DISCUSSION 

On the b as i s of equation (1) described earlier, tL(: 

module a.ppears to perform satisJactorily ;'J.en run 1:it 1 

pure water (Table XVI) . At the lo'l1er pressures ( 13 - 27 atm) 

und lo\·;er recirculat i on rates (2 . j - 3 . 2 £/minJ , the P.B' 1:1as 

neglible but r·:radua lly i ncreased .1ith feed rate and opcr2t.i.ng 

presr.rnrcs, u:_; expect ed. ( vJor le:y, 19'?0) . 

1l1hc maximum P.F' for pure wo.t;er o.t ·aaximum p r e:;.sur:c 

( 102 atm) and mo.ximum recirculation rat e ( b £/min) \icls 

1 . 7 £/rnin . .Lt dropped quick] y to 1 £/ruin o.t the same 

pressure ( 102 at111) lvhcn t.n,.: DJ- •JuGs \i3.S slichtly opened. , 

rcci.ucin,__.~ th(:; r.ociL:u.Lo.tioL ro.to to ') . '( £/min . 

\tlhen run Hith dilute ~.,lt solucion:..~ (0 . :)1,> NaCl) tnc 

membrane also per forr::.cd o.ccol'~i.1.11 to equo.tions ( 1) o.nd (2) . 
1.I'ablo :(VII o. .. d .h.1: . 1,-; :.;ho11 t n\_· .:1·1:cc t oi' the 01ic1·:· Li n g 

prc:..,: .. L ,: on ·=,c': )I''.,·.~) µer•·,n·: :~ ,-:-.. (l'J a nd l-?.~'6 ) . Th0 l'l1' 

inCI'1 ·· 

va l·...1., · .;·'.L 

'l'abJ.r 

for· ·. •' 

on..:...1 . .c r( ~~ · ' 

,.,\,1 .li1.·_t i.n -; li...:vvJ 1rhis 
.. 11 '·.1c ':•..:..,~:u:c,Cl.It<...: c} ,r:.J.cterisLic.s pres,)[1ccd in 

:·, .. ~:i_c· ;_';JJ , the [·F . .;no•::...; a ,:_. l'old increase 

· _. ·· '>.· i-r-1 or:;e:rnt 'inr~ 1·,:y =:sure , while the Hf; 

_ .i:' ·, .. : .. ,.I'l,y i.J. ',; .L·01.."" i.: :rcu.:..;e in p r ess ure . 

:i.:YL ·: .• /. ,., :.; to.I.nee'. '._;imiL,.1: vo.rio.tions with hir_:;h reject in;,; 
CJ\. : 

Cor c·c:.1c ro.t~on, i.m the othe:r h.:md, no.!: a negative 

efl'ect on F:.i' · nd .,,..,, c.:;; :;hown in 'l'o.ble XVII1 and Fifi . 13 . 

This c an be .. :.'..U to the <.:: .• .'feet o.t' concentration polarisation 

described ea_·licr o.ne1 is sho·.m by a 10:.t decreas e i n P.F anct H% 
f or a 3 fold · YJ.creo.se in concentration at '!) atm within the 

ranGe 0 . 5 to '1 . 5~6 NaCl (O . ' l - O. :;; 11 NaCl) . Worley (ibid. ) 

s i milarly obtained a 6;~ decrease in R% and a 30% decrease i n 

PF for a j fold i nc rease in concentration at 102 atm wi thin 

the range 0. 5 to 1 . 5 M NaCl . T1hus c0ncentrat ion has an 

· important effect on re ject i.on , mainly due to the effect of 

conc entrati01;. polarisat i0r::. . Althouf~h Pl!, decreased with 

increasinL, co·1.ccntrat i on , the relative decrease (1 0%) was not 

as marked as :he relative increase in Pi with pressure 



( 8 ~;b i . e . fo: ' o 'l /J,J incruase in 1: , thu P1r increased 

c orrespondin. b' b,v [/,,·,.;) . 'L'hus opcr:....tin~., pressure appear~:; 

to be r elat i ve .:,, ,,.u.rr.., i rr.portant t , on c onc entr a t ion i n i t.3 

effect on the m-.: ·· .• ~1 -;:-o.nc DU:r.forrnur:c;:; . 

In contro.~;t; to pre~ ::.;ure a:·1·. e,_,;1c (.,ntrat ion, fee -:~ 

recircu1ation r :·-:-·, !1nd rc.. l:.~t ivo ly .. ::;t , e c_'fect on Pli' ond 

H?,; as shown in t: ,. ,c XL< 8.DC"~ ~' if; . 1 L: . ~'!or lcy (ibid . ) showed 

t hnt thi s was th8 cc1s e wi t h h i c; h r_ 1 ctinr; :.m membranes . 

66. 

'Cho r c··u l1 ·: .L.· roln T':i.bJ<; XX ,:;1d ./if:'.: . 1; have to be 

taken i nto t he c ,.~jt;•_;,_c t t."c co:1r>.' ,.l';'tt~ 01 the membrane 

trea ted OV<'r o. ; ,.:ri od u;.· ,, i :;," : ;o . t ··:., ·.:1:-Jn t!1is study wa.s done . 

Over the fiJ:st t h.:..'(.l, quar tcJ:·.::. 0 1· ', · ,-im ·iod , the membrane 

s ho~cd littJ ~ decrl~~~ i n ~ ... ' 
., i. .1 ' .; dccra~sc in PF. The 

la:.:;t part o .C Lh _ :~ pcr-i.oa i::o::., ,. ·-· ~ , -"ri, .-.:n tine; wit h model 

solutions ol' :;u·: ·i>' , ; ~1.cids , o.;.-,J. J:c , .·)Jile j uice; t he 

c ompactj_on ci'Iuc i. w :J._, r.:i.lrke d, ,.i;_. ~ ,,, ::n by ~t 2~'b drop in H% 

and a I.J :~· dl'Op in } L'' . '.L'he ·Jvc1 ··_: -L J _ 1 , :urc , llo,·iev cr , was a 1016 

drop i n i l.'' ;or t he ~-;)10 le pcriou. ~:, .. ~11 a~ u 2. 5~ drop in 

ovcro.11 r e,ject i on o.l' salt . Judr;L1 1 • / r om 1•'i t~ . 1 5 , thl,.) membrane 

1:c r.Corma n cc ,,,,n..; not d.rast icillJ y c hcJ n L';e d. over the period tested . 

Thus , for the purpose oi this s tudy , it could be assumed that 

t he me m'.J.rnne c ;:r.racteristic s rema ined relat ively constant over 

the len gth ol" the experimental work . 

Fi nally , as expected ( Worley , ibid.) a n increase in 
temperature of t he solution generally improved membrane 

performance , as shown in Fi g . 16 a nd Table XXI . R% remained 

virtually constant a t about 97% while PF increased 2 6% for a 

35% increase in temperature 23 to 31 C. This represented a 

r ela:t ive increase in P.B' of 74% with respect to temperature 

compared t o 85% for p ressure . 

7 . CONCLUSI ON 

The TM5-1 4 module ( AS- 197 membrane) perf~rmed as 

expected when a standard aqueous salt solution was u sed to 

c he.ck its characteristics . 
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1.''rom the· ~·ivc p:-r :-;c~s~3 vari G.b i, · j.r1ve;sti[:Utc<J, 

the eff r (: t of 0~11~ ,,.: : , 11(~ 1 >'··0 ~~~.:;UT'C i:-; tl:c most import .<:mt 

factor Lu·rectin .. i-:-:cfi;br;:.:n ,: perfornanc:. ; next is tern: e:rature , 

then concentr2t~on and oo~ratin · ~·~~ ­ \cc irculatic1! 
r ate .h:..:.d lit t, c 



SBCTION II 

PR.r.;DIC1'I0N Oli' MEMBRANl; P.l!.:H.FOHMANCE 

USING 'l'H.t; KIMUHA- SOU1(1RAJAH ANALYSIS 

1. INTRODUCTION 

Kimura and Sourira jan (Sourirajan , 1970) bas~a 

68. 

their analysis of RO experimental data on the isothermal 

separation of binary aqueous so lutions , using Loeb­

Sourira .jan porous CA membrane s . Their analysis led t o 1 ,r. 

development of a set of basic 1:;ransport equations which .. 

together with the correlat ions of t he HO experimental data. , 

enabled the practical prediction oi membrane performanc e 

f r om a minimum of experimentu.l dat 2. . 'l'his approach was 

bas ed on a g eneralised capillary diffusion model for the 

transport ol' solut e through t he membrant:, and was applicable 

to t he= cntirE: range of solut u . c:o:.u·;~'.; ion.s in the RO ,; r oce:sa . 

In t heir anal ,ys i s , the transport of s ol vent vmt er throu. :-1 

the porous ni e rnbI'anc w:.t...i proport ionul to the effect i v 0 pressure . 

whilo L-.···,t ·- ." the: ...; olute was <iuc to por e diffusion, u.n-... 

he:ncc prop( .onal t o the o.i1'l' ur iance .t.n .,o lut e concentration 
across t h, .. :.1br:ln, . (;~(.;i..: ,~;e<.:Lion 1, p . 51; . 

:;, .. mrira ,j ·• :1 

~s ine; tL·' 

. J . .:..:.., to tne piloL pl'aut RO module under :.::tu d;y
1 

. . :~n s oaiu i·' chl.01·:Ld .:. - wa.t c:r to predict membrane 

perf'o:!·rr:::mc e . I i' t !k ru1a. l .:.,~;i::.; •.m s oucccss.t'u1, the IJ! ' i)•.li c. t ·i.on 

of meu .,::.: a11.: !,crfor11 G.nc-.· ,wu1d be extended to o.queot ., :r:odc.'. 

solutior~s of sut';a r :::: nrll~ acia ~-: , a nd ultimat ely t o o.J)ple juic e, . 

2 . EXPEl<U1.t.N'l1AL p i-mc.r.;DUH.8 

.B'ollowing is a theoretical t reatment of the Kimura­

Sourira jan a nalysis and the application of this method to 

the prediction oi membrane performance related to the RO 

module under ctud.y . 

2 .1. Kimura- Bourirajan analysio of Reverse Osmosis 

B292erirnental Da ta 

.b'igure 17 shows an RO p r oc ess under continuous 

operation. '.rhe existence and the continuous withdrawal of 

the preferentially s orbcd interfacial layer along with the 



bulk feed solution throuc h che porous rr,'2.:.Jrane g;i vcs r i se 

to a product solution which i s less concentrated than the 

feed solution. Thus , a concentration gr adient a rises 

between the :)ound.:try solution ona. '::11.., ou ~c feed so.:.ution; 

tni:.; t;)f1·cct L:; c o.llcd concentration polarisD.tion 

solv~~!t- .. ,· 

bounc.t:. r· _, 

' ·:c _· rcpre:.:;.:.· . _ 

:: :-:.:r.·,..:,'.)., 0 h the 

/ 

bulk feea solution unc~r 
opcr~"'.t i.n1': t ·uu. ·e pressure J' 

concec.:ated Guunaary 
.101 ution 

_. Dref,..;r.:ntially sortK,' 
i.nt-:r:·,.cial r q,; ion 

.,..,.. J.,...:11:_.0 1.1ic.,_·oporous rn emorar " 

• t. 1 .... ' 
"" J.C.. 

',2:·0,.,.L,c:; :,oluLion ~i:c: 

O.L1!tO::JOIH:.l'.LC ur~;J:..;:.;Y1: 

.fr-·ction of t l ,_, :::o!.".....' . 

.,.1.· .1h·r·'.1nc, ( .~-- rt T ] /crn:c: /•·' .. ,,.. \ • . ,,..) 1...,; . ...:, t....:v.; ' 

r · •r• .' I y· ",· ··olll .... ; ,, ( :, r· T1'(' ' / '.: ' ' Yj(' '---~.J'! __ , .. - ..i.. , 1..1~ ~J t.,_._,,J _- .. l~ · ·.,,·--/\.-, .. 1 , ~-.!· 

: • :. ·, L . • 

11::-102: ~(,
1

, Z.,
1

, .<. , .:c.,J. X :Tc t:.e: inc-.Lc .i'ro.ct L..)f' • 
A ·J al ~-' .i~) 

solut..; in the ,::..:rnbr.·:.tn"' _1_:,:.,,._ , :.: ulk teed solution 8.111.1 the 

conccntrnb:d :--.ullcl,.n·.1· ~,c.'L:t.i.u11 on tho hir_;h pressure :.,id c oi' 

the membrunc.;, ::.md Ll. ' IiiC. ')r ar.c permco.tcd p roduct sO .... i .. H;io~. on 

the atm , ~~he:·· ic side of "nc mem brane respectively ; the 

symbols for the r:1olar densiti1..,....; eh, c1 , c2 , ~-lld c:5 have 

similar rnc-::1nir.•1;s . u.'>. ,:...nd ri1-1 :1re the solute and solvent flux 

throu. ·h the i: embr ane . 

2 .1 . 1 Pure Water ~ermeability Constant (A) 

1•
1or 3. , .i vc:n c:.1.c.·ea of rnc1nbrar11.;; s urfac e ( S cm2 

) , the 

pure wate:r ".)Grme[,bility rate, r ·,:r in g/hr is proportional 

to the operating pres:.:iur·e (1- a.tin), and the proportionality 
con s tam; ( e;i van au c; . mole B2 0/~m.: • sec . atm) is represented 



by t he symbo l A defi ned a s f ollo:r...:: 

11. = 
MB . B . 3600 . P 

wher e I·'!. is t he rnolecul ai· wei ght o.f water • .:, 
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( 3 ) 

1n this analysis , A i s a f undam0ntal quanti ty . It 

i s a me;_,!..>1..1r·,· of the overall poros i ty o:· t;he .f i lm , g.iv e;n 

i n tor,. :-_; c.f ~ :.e pt;rr::eat ion r u" l, of pu r e 1;10.ter f or \·1.hic.ri the: 

rnernbran-.:- m:..:.terial has a p r ef e r ential sor ption f rolli che 

aqueous solution in the Uv pruc~3s . A corresponds to 
condi tion~ or zero concent rat i on polari 8ation and i ~ 

indGpena.C';~t of any so l ute u1.;.,:,.;~ cor! .. ~d,:-:r·J.tion . 

2 . 1 . 2 'l1r o.n::-3port oi' .solv ent ·· .. :.tt,:r _~_1_'1.r_.'v_r l_.l __ i:;_h_l; 

.. '<k solvont - :.-J::t;cr .i:. lu.. (, . ,, ) throur)"t tlic 'llC711bc::i.r:c .· ':.: .·, 
p r opo1·:;:...::.!.-:, .) the c:L'fectiv•..: pr·~ .. ·;~:t.:;..!:-: (I) -.,· ,·n th'-

p r oport i.on ~J.: .. .-~ty co:,::.; :0.nt ·" !1ltu~; 

( ''. ',. 

(. ) 
- .,) 

.t:qua t :Lon 

( ,: ) 

1\ , 'J + \.,.. , ) 
'1...) 

( ';,) 

c " 0:..:, .: pre~ --:u:i:u 1\ , lUe; to .. o lute '.,.,)le 

1.'·t" .. -Ct ~- ~ 1~ ~( · 
J-\.L'. 

u .. ;, uL.LG prL;:..,~,uro l\ du~) to ~-;<,Jut e r:1olc 

.:· ro.ctioll x1. • ../ 

(~) i s applico.b l c to sy~tems wher e the 
kinemat ic viscosit.t 01 the p.coduct so l ution is not too 
di fferent from t ho.t of pure ·.1Q..t cl· . 1'his condition is 
r eas onabl~ satisfi ed i n ~ost case~ of p ractical int erest 
s uch a s tl1e 3;:i stem :;,odium c hloride - 1:..rat e r . 

'l'hc quantit ies NB ' A, 1· and XA j can ba obtai ned 

f r om the 12xt:i·..:r·imen t&l dt..ta on 1 \11' , IJH , solut e s e p arat i on, 

operatinc; pressure , and t he membro..ne area . Usi n c the above 

data , l't (XA.2) c an b e calculut 0.:i. a nd hci .. cc (xA2 ) i'roII: t.quation 

( 5 ) . Sinc e tho valu e of A mu "'t be known to o btai n (XA2) , i -. 



A-: a . __ '''~.1 op ~; ·c.1t inr, prc.:.::;:.::;u1·~. A i::, o. constant, 

w.'1d j_s .L:!c.:.cp,,nck·it o: ;:,ny ::;0 l ution ··- 1dL...._' cons ideration , 

.,.,:1iJ 8 I'J.B ,.·nc, ,:/ . .:::~ i:c function..:; of 1·,-cJ conc entrclti o;.r" c-ncl 

.reed f low ral;r. ·.J, , the L,crr;brunc in~cr1ac c . 

J\.' .LL. ~L 1:..,u·,t:Lon ( ' ) ,,01.;.::; not; sugr;est the 

cxiste.nc e Oj~ (·tl:tL.J.-·.-a:.;e of any un..'. ..... ·, ~>~lationship , 

ind~: ,.r1dent oi f<..:')·-..1. c0nc cnt .. T~.!.OTi u:;o __ ·u:d fl ow rutc , 

bc:t·.ve (~ll XA., ;.i, · c, "·, .. . 
'- . '.,) 

2 . 'l • :) ri_•rnr: Gp ; ·-; o i . · ,'1_ ;..:.1~ L. ' , _ 111 ·, _. ___ · 1-:,. · ,:: :'T 'riran 0 p ~A_1:.~ 
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Durirw .. w ·'.:. : occ~. 1_._ •• '.· :....,·· -,::.;.1:;t-:....r::.lOt;.~, .::;t e e;.J.;'_/- :..:i; ate 

0 , r,r,,,.... ' ,, cone ' .. r·'lt '01 ( .. ' , , . -. ""T"i' - . QY'I ei· f·'-,c~ ~ i· .:i" j..l ._, L\, i . • •. ,Ji l , I' U , 1, I ;. I'.,).. .J... J .., - ! .i.. .,; l 1-.... \,., '._, .#. '- .,. 1 • _ ...... •• 'J l. .J .. ., \..I.. C 

of L.hc f'OrOUS ,.J'...,:•::-CJ.:1c . '.1',J•. ;_:'.:.,.:;..,.t·' ~~-, ,1.· .::.,011.L,C v!1J.'0Uf.h 

I t., 1 ·- L.!.1 to pore diffusion . 
• ,. J ", __ membrane is 

rror ort ionul ,,_, ,. r:•; concc .. to::: . .r c .L e., . L i.1.·r OJ:cnco on ei t. :Kl' :.; idc 

o.r the .n,.:r .. i:>rC11i·.· 

N 
A 

:.1 ~-

Y c X ) 'M .c.: - I\:,, • AMj ( u) 

,.-;l1ere X ., .. , ::rn~ ,~, .. ,· are mole fractions of solut e.. ir ·:, i:ic 
1. •c. 1 ,I ,.,) 

rnembrunc pb.J..sc ui equilibrium with Xr~' and XA, in ·::,i;.c . \.. . :) 

solution phases respectively ; crt·i and c .. / are the molar 
le. l'1:,i 

dens ities c or rccpondinr; to XAM2 and XAr~.5 in the membrane 

phase, while D.Af'J is the diffusivity of the solute in the 

membrane phase and 5 is the effective thickness of the 

membrane . 

None of the quantities on the right hand side of 

equation (6) arc kno~m or easily measurable, and the 

dividing line in the membrane phase between the regions 

corresponding to xAM2 and XAMj is only conceptual. 

Equation (6) can be transfurmed into one containing 

,easurable quantities and a group of unknown quantities, 

oy ass uming a s imple linear r elationship between XA 
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(concentration 1 n the sol.ution phase) 

in the membrz;.n· .. }·.;,_.,;(.;; . 'i'hus let: 
·1i1d X. M (concentr·ation 

A11 

= r, 
J .. ,. ;: ' . . F,. ('?) 

where K is a const ""nt . J~e·.:.6ti:--,: · c,,;_;ut.:i.cn ( /) i.'or 

equilibr ium C(jnc.L .. .Jn,, ._ n (;:L·; t.,,.-r s ide o.L' ~, ''JC ::1embranc: 

,\ . (8) 

c . . 
1· I) ' • .I\ • .. • 

Jl_ ~ I/ (9) 

~quation ( u ) Ci.;1n ··,,,·:1 ~),) ~c·.-.rr_ttc, :,:..., : 

= (D /
,/ \ 

, ... ,. r ... \J ) 
.1-ti·J 

• ( C i • 
c.. 

( '10) 

Gincc N". r. , 
J"\ ( 

:.1irut lc quantit ~~ 
. . . . . ' ' ' .. ,. ' t. t ,.-t, '- ,., \ ...,J ••. , • ...: quan 1 y 

·1.,' - , , ,y' - ,.-. , •. , .. ,,.,.,etnr) can bc-
..L ' '"'·"·' )\... ,_. ·~· .... 1 c.J.1 u v ,..., 

N ;\ 
X.Aj r. N.,_, -= 

1'~ + 
), u 

N = XA3 I·i B 
A ( 1 XAjl - ( '12) 

Subst itutinL, equat i on (12) into equat ion (10): 

= ( D M/K~) • ( 1 - X A~ ) 
XA.3 

The parameter (DAM/K6) plays the role of a mass 
transfer coef ficient with r espect to the solute transport 
through the membrane. Hence, it is treated as a single 

( 13) 

quantity for the purposes of analysis . It must , however, be 

remembered that (DAM/KS) is not a single factor, but a 
combination of several inter-related factors, none of which 
are , or need to be known precisely for the purposes of these 
calculations . 



In the or.i.;·ino.l derivation, ,_:,-,uation (7) , and hence 

cqu.'.ltion ( .S) o.nd (C)), ·.-;ere o.::;:::;umptJ.o:::.; . ,·.~.}cc XA2. and xA
3 

are bound to the m0mlJrG.nr· phase concc:-~trat :.i :ms by the ::.;amc 

re·!:r: .i.on (7), equaticm (Ll) a::-id (9) _r:~~) l;i tbat with r espect 

to c.1.nj1 membruiiu, 1, · ·• ,;alue:.~ ol' x/\.2 .J._ a xA
3 

must be uniquely 

roluted , and th:i.:., .. '...:J o:lion.::;hip !nu :.:t )c indcni::ndent of feed 

co~ccntrat ions an~ ·a od Ilo· rote p0.v the v~rface of the 

mcmbri..t:-w . 
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1rhis wa3 vv' i.:icu c:-~,orirncmt· .. , .. i.,'/ .. ·or ·:,:1e systems 

sodiu1,1- chloridc- •.-mt ":: · , ";l,1cerol- ·,10.t , .. : an1.t -:...tr n.- wat er 

(S0 urirn.jan, 1 //U) . (,cnccouentl.1, c::utt"t-ion ,7 ) is no lon ger 

:n.1 O..;:;[;umpt ion but J.'L,,~ t"; ( ·l'l ,, c ho::; i :· o,· .:'.J.r:1 cxpcri r.::E.;ntal 

evidence . 

mcmbr,.1ne 

;3incc the so !11tc L, -~.lie. ,:.u1.c,, l ,_ ·; .. ,. ounda.ry solution 

alGo diffuses buck to the J.cG~ COGC· ,, ~ .i. iced solut i.on 

on the hir_-:h prc:..;:::::·;"'.:'o side or the r,.,_ .... , 11.:, .:... rno.ss tran:.; r er 

coeff icicnt ;i;., cl"10 r.'OC t crL;tic c,.: the ~~x.,1v::..' i::1ental concL. ~ ions 
on the hi ._ :h prc:.;sure :_;id.o 01.· the mc,·i. ·an0 c;_.n be calculated on 

the oasi~ of tnc slmplo 'film taaor~' . The ~elute transfer 

from the concentraLccl boundary condition can be represented 

by the relation (~ird et al ., 1960) : 

= ( 14-) 

where DAB i s the diffusivity of the solute in the aqueous 

feed solution, and z i s the thickness of the concentrated 
boundary layer. Using equation (11), equat ion (14-) can be 

written as : 

d..XA 
dz 

The boundary conditions for equation (15) are: 

when z ~ O, XA = XA1 , and 

when z = 1, XA = xA2 (1 = thickness in cm) 

(1 5) 
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On so:v1n1 the simple diiicr cnt ial e quat i on ( 14) 

vii th t he ;:foO\'F ::-,ounc · .~_..'f condi t;ion.s ; 

or : 
(I;~ + [~.) 

.1.. ') 

c "l 
I 

J) . ,) 
1-1..L> 

( 1b) 

,. 
' .1 • • ..,. .0.3G t ransfer coeffici ent , k , on the 

hig h prc GS U .l.'•: . ., _;_c..e; 

of the f i lm thcv· . 

1952 ; Tre.:;b:11 , 1 , 

a.C the membrane in t he convent i onal manner 

. '\ 
) : 

k 
! - - ·--

Equation (1 7) c~.:,: --··-

l n (>'v' - _' 1 . ../ 1\ ·-
A' 'l - .:, ,, 

Ji h .,/ 

C\i.. . - - --- ----
r, C . 

I 

N + I·; ) A _) 
_I_• 

Sub:.ll:; itutin[.; equation (20) .into cquo.t i on (/,·~) : 

t ::~ XAj \ .ii ) 

ln .IJ 

~\.Aj } 
= 

k . c 1 . (1 - J...Aj ) 

or; NB = k . c1 . (1 - XA3) . l n ( XA2 
XA1 

2 . 1 . 5 Ba :.3ic transport e quations 

From t he foregoing analysis , the r elations hips: 

A = 
PWP 

MB . S. 3600 . P 

N = B 

( 18) 

( 
"1 ~ 'I 
' ' J 

( 2u) 

(21) 

( 22) 

(3) 

( 5) 



( 

v - X 1 .l.~A'' J',. 
_ k . c ,,, . (1 - XA~) • l n x ~ x '2 

I :> ~,. ·'i - \,.A:, 
. . / 

7r­
J • 

( 22) 

emer ge a~ a st 2i basic e quations d osc~ibing t h e solut e 

0 1ld. ::: olvent tr . ....:..i :..,p u r t i:; an RO µr occs :::; i nvo l vine; binnry 

G.q ucou.s solut __ ,. m; .J.YlG ;ncJ11br a n c G h a vi n ( u. pr·ef'er ent i ,i l 

sorpt i on f or ··:,_tcr J.'ru,n s uc h oc111001 2 :_:;oiutions . 

In man,/ :.11.-!_Uc o u;.; ~, ol1ti0n..s ( _ 1.<C h a:_, s odium c h lo:i.' i. d e ­

watcr) and · n ._::. ,J.'.C 11 ..,:c<--tion r an,;e .. of practic(ll i ntcrcr;;t 

CO - 1 . C f'j ,,,,~,:. · • t h e r. o lar dcns i t i c:-.: c .,, , c .) .::J.nd c .. ::'.:a y 
' I L :> ' 

c:.;sential l J be . r~ sa1nc ( s e c A1-';"'v:1d .i:{ I) . In :.:,uc h cu ccs , 

on avcra r~e v alu•..: Cc'n be used Lo :·c,,·""C'; cnt t he molar dcn s i t,1 
( c ) of the s o::.'..t.J(. ion and it may be ,::.,:"umcd t hat : 

C (23) 

The ...,e;t o i.· bu :::; ic t ransport c,~·uati ons (5 ) , (1 ;.i ) Cti.'ld 

( 22 ) fo r the ..:;y.st cr,, sodium c t1l orid c - .. ','..... 1., Cl' c<1n then be 

v,rittcn o. s : 

= ( l ) .,, . 

( ') ,, '\ 
C.~\ I 

= (25) 

2.1 . 6 So l ute seoarotion in t er ms of mo l e fraction 

Let WA and WB r ep r esent r espective l y t he wei ght . i n 
grams of s olut e and s olvent in an aqueous solution, and let 
MA be the molecular weight of t he solute . Solute s eparation 
( R) can then be expr essed in terms of mo l e frac t ions (XA) 
as fo l lows: 

R = 
~m1 - m32 ID 7. 

= 1 - _ :;_ (26) 
m1 m.,, 

m = 
WA 1000 

(27 ) MA 
. 

WB 

= 
WA/ MA 

( 28) WA WE 
MA 

I 
MB 



'] - x. = 
.t~ 

X A 
1 - X A 

Therefore 

Therefore 

I, 

m 
) 

.r_, • "I • '/ . ' ·~ t -,, l (' Tin8u. - t: ' , \.) 

i·.u 
+ . 

l-'] ,I . 'Ii .l.J 

. /r·,i 
A 'A 

\'/ l3 

! -

,\ 1\ '1 
'I - X '· ., 

("). I 

/ 

I - J\. t 
h._,, 

l 'J -
.L 

1, ' ,. 

100C 

I - :..: . \ 

I 
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( 29) 

(30) 

(.,/i) 

(32) 

t' • - ' ,, .) ) ) 

( 31~) 

1,ct ( l·.1.") represent pcrr;icate f lo,·1 in ;:;ro.i.is per tc,1r 

per S cm
2 

of film surfa.ce , and ('{ ' the p ro(b.cL r ate in grams 

per seco~d per ea{ o::: film area . Al::;o , let 1;1A and 

t he grams of solute and solvent respectively in Q' 
product .solution . Then: 

Q' g/sec. cm 2 = WA + WB 

(PP) = Q' . s . 3600 g/hr 

From e qua tion ( 26) : 

m3 = m1 . ( 1 - R) 

Since: m3 
w A 1000 = 
MA WB 

Then: 
WB 1 000 = (1 - R) MA WA m1 . . 

e;ru.ms o: .. : 

( 35) 

( 36) 

( 37) 

(38) 

(39) 



and: l' ' 'i. = 

---

Therefore ' '! " A 

Since 
= 

f.J.1 h81'8f 01'8 (,) I = 

Therefore P D' 

[ 1 
1 

\'/ + 
"
11/wA j A 

. 

[1 1000 
\" + 

( 
71- H) 'A . 

"'! rn1 . . t· A 

(.) I 

·1 71000 
+ ~ 1 • (1-H) • MA 

,, -
J' ,, 

].J 

1',, 1':,, 
.l) • .1) 

·1·' ' 
'j;' I" 

r" 
l 

1 + -----·· -

I 

··- -----! 
! 
I 

- - - i 
) i~ _j 

2.1 . 8 Correlations of RO experimental data 

T/. 

(40) 

J ( 4-1) 

(42 ) 

( Lj. j) 

( LJ-6 ) 

( 47 ) 

The corre lations of the quantities A, (DAflK~ ), and 
k with operatins pressure, temperature, feed concentration, 
f eed flow rate and the nature of solute are of practical 
interest from the point of view of predi ct ing membrane 
performance under different operating conditions. Such 
correlations have to be established experimentally f or every 
specific membrane-solution- operating system. The basic 
transport equations(3), (5), (13) and (22), by themselves 
are independent of such correlations. On the basis of 
extensive experimental studies (Sourirajan, 1970).,, signifi cant 
experiment al correlations have been estab l ished for a 
number of ~o~.ution systems , of which sodium chloride-water 
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is a typical example . Briefly, the experimental conditions 

were as follows . Membranes shrunk at different temperatures 
were used to give different levels of solute separation 

under various operat ing conditions. The experiments were 
of the short run type (each lasting 2 hours) and were 
carried out at the laboratory temperature (25 C) . The 
effective area of the film used \-Ji.l:-3 'l . 0 crn

2
, and the 

reported produc-c rates were t:!J.ose corrected to 25 C using 
~he relative viscosity and density data for pure water. 

(i) Correlations of A 

At ,, :.. _:_ven temperature: 

A = A
0 

c:xp ( - °" 1') (48) 

where A
0

, the value of A obtained by extrapolation when 
P = 0, is a conc Lant ; ~ i s a runction of the overall 
porosit.Y ol' r,l~·- _.iJ'orane, and i t:; vc•.lu<...; ho.s to be determined 
experimental :.._: 0

• -' each filn . .Gqua~:i.. c~~ ( 1-J.c.) e:cpr e.sses the 

f.'.lct tho.':; u.::•. : ._--..:.c- ol' A tcr..J....: to <lcc:r·case \·1ith increa::1..: i n 

opcr::2t~: . ; · ,::.: ···:2.·, .. . 

( D1.; .; ~- "" o( 1-- - f ( 49) ~. 

and , at a t·:iven pressure ( ~ourirajan , 197'7) : 

C 50 ) 

Equation ( 49) expresses the i·,'lc t that ( D AI•/K~) tends 
to decrease with increasing opcratinc pressur e ; f is a 
function of the overall porosity 01 the membr2.ne , and ii:;.s 

value has to be determined e::q.,cri :!icntally for each film. 
The effect of temperature on (DAf./ ~5) f or sodium chlori ·~~e 
is expressed by equation ( 50) for the temperature ranee 
5 to 36 C. At a given temperature and pressure the soluti::-: 
transport parameter for many inore;m1ic and organic so.1 J:c-:;.; 

was shown by Sourirajan ( '1 9'/0 ) to be independent of feed 
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conc ontr'.ltjon and fec ci f l ow rat e . 

(iii ) Cc,rr·, leL -1n:. u k 

goc: .. tr./ oJ :.,•.i. 

i'urn:t. i on oi.' natur:e 

r:..:,c , a nd t he 

.·1·c-1ratus o r nt<:irn bra., c0n1: ,u2:·u.~,ion. 
., ,,,.,-L· 1 · ' ·1· "'11 ( 1 <J ·r '\ c ,) ~- ··1 " cred •._ 1...L... ' ...... . u ( / ~ l J .; .. l..4, J • 

k i ni_LupcnJu1L 

f l ow r at·J ·~ un 

c;;,Z ,_, 

so·i utc . 

' 
ft. ~ .. .i 11, : .; C ~, ( t u :· cxp crj 1ncn :. , .. 

l' 1'
1 a n d sol u.t c 

·, ,_;.;urc wu~, s h c>vrr1 , .. 

enable t _j8 
1
:J.·vuLC t l · 1,'l •.>1' bot l, ;! ;_,,l 

.f or Dll Leed c.~·1iCt.-':,:,i:-·l,ion:.:., o.nu t 

(' I) ' .,.. 

1: (,c. nature u · thu 

,;01 1·,ru.tion 
j_; CL'ii1,_•abil i ty 

un dat a .s.t 
· ...,; ,.-, i·,11 ( 1(• •7·1': +c, 
\ ' ' J. u du -,, \.. L, --

.·:~ . rut es f or wbicn 
(DA I\-/ K h ) r<·rru.11..1,; c ,11...31,Q.nt . Sue·. Jl'•-•., .. 1.,:;,.1.un involve.~ th .... 

.fol .Lov: i nr .,L 1.:ps : 

(j_) li'rum t;J1c cxpcri.mental d.ata, the va luos of A and 

(DAM/ E ~) arc co. l cul.atcd m ,i,tr_; eq u a ti o:i."1 3 (~) , C:,) LU1,, 

(1 j ). These v u J.u os were sho wn by ~ourirajan (1970 ) to 

r emain constant for all f eed conc entrat i on s and f eed 

f l ow rates . 

( i i) The value of k can be obtained f rom predet ermined 

exp erimental data ( Sourirajan, ibid.). Combining 

equations (24) and (25) for the system sodium chloride­

water : 

or 

1 
c ( DAM/I\ '5') • ( 
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(DAM/K~) (XA2 - XA3j 
= k. ln t A2 -XA3) ( 52) 

XA3 XA1 - X43 

(X~ - XAJ) k t A2 - XA2)(53) or = 
( DAM/ K~ ) . l n X 

XA3 A'1 XA3 

(ii i) By tria l a nd error, t he c o~bi 0ntions of XA2 and xA3 
s atisfying equation ( 53 ) a r e first found - there are 
s everal. 

(iv) B'inc.lly , t hat particular combination of XA2. and xA
3 

which s atis f ies t he equa lity of equations ( 5) and 

( 21+) i ~: determined - this determines the value of NB . 

(v) Us ing t he values of XA) a nd r! 13 d.cterrnined above , and 
11e kno·,vn valu e of XA1 , c orrespondine.; t o t h e p reset 

oper ating c ondi tions , t he value~ of solute separation 

H, o.nc1. oermeate fl ow (1'•,') :1rc: d.:·~crmincd using 

eque .. ::ic}T' ( j4- ) a nd ('I-'. ' . 

·rnc J'0resoing prediction rroc•":d.ur·( p oints Ol,t that, 

with rp·1·,.:.r:c-Ec · to a g iven solute and o perat ing p res s ure e.nd 

temp ero..tu: .... , .. . . .:hi l c data on /i. ru1d ( DAl'.i/l·~ 6) are enough •·1) 

spec :~ r.'~r t , ,·rtbran e (Sourirn"'.:.n . 'l','7'/ ) they ar-·~ no t-

to prcc· i:: 1 , o .-~e separation and pcr.:iocttc flow o':)tah!ab· e: 

vtith tho :1,c~a~~··: nc 1'or any 1·eed con(',-::ntration 8.nd any feed 

1' low rat c. 11't r· s uc h predic t ion, t.: ;,,. u,pplicnble v o. :L uc o .f k 

i s ne::edod i 1; lCLdition to fue da te. c..~ A end ( DAM/ K~ ) . 

2 . 2 Application of the Kimura- ~_<2,:urirc1,jan El.I]-O._lysis 

t o t h i s s tudy . 

I n an at t empt to predict the performance of the RO 
membrane u se c. i n t his study , expe r imenta l data were derived 

and subj ecte d t o t he Kimura-Sourirajan analysis previom.;l,y 

d e s crib (~d . 

2 . 2.1 fti'f ect of operating prossure on t he Pur e Water 

Permeability constant A 

li'res h filtered wat er was used f or tests at vari ous 

pressures . The Pure Wat er Permeabi l ity r at e ( PWP ) wa::.:: 

measured using a beaker and stopwat c h , and the Pure W(.,:';e r 



Permeability c onstant (A) calculated a ccording t o 
equation ( 3) . 

2. 2.2 Eff e ct of feed f low rate and feed conc entration 

on the solut e tran .spo:rt P':'Y ... ~meter (_DAM/ KS] 

81 . 

Test s wer e carried out a~ two different p ressures 

( 54 . 4 and 92 . 5 atm) r epre s enting t he 10v1 and high operatin g 

range of t he '11M5- 1L+- HO module used . 1l1he fe ed f low rates 

\•rcrc c hanged over the r a nge possib le with the pump ('+ . 0 -

6 . 9 £/ min) , and the feed c onct::n.tr~1.ti0J1S were varied from 

0 . 5 to 7% t uC l (w/v) . 

2 . 2 . 3 l~ f ~ct of feed flo w rate and feed concentration on 

~he avsragc mas s transfer coefficient k 

'L'he (;Y.perimen t al rcsu J_ !'.::; obtained in 2 . 2 . 2 were 

used to n~.;0ss the effect o~ 'aed flow r ates and f eed 

concentrat ions on tr1e k values a t t-,J.~ . 4 and 92 . j atm . 

;: . ? • 1, 1 r ·cc~·i.ct :i.on ol' membrane ocTf ormanc (, 
-·- ·-- -

·~ ,., , ) 
• .. ( .. t . 

rJi t h re:.::,occt t o t he C~l·c-roi.rr i:m t,al data obtained in 

·_'. ;-.,~· . /, ~ '.ne mbrane pe1:J'o -r. .. :c.1cc p r ediction cou ld no t 

-· 1 ·:. ,., ,-. - .·i · .),,·--0 · i. t1· 11,.· 1·-r·c·,, , ·; - ·" ,-- on tl~,c IJuro 11\1a-~cr 
./ • -·· - -··- ·- - -·--· - 1-·l,;J.t -·. _J .. _,,_) , . ~-' .J - - ·------- ---- -

- ·- l, ; 

illustrated :_,i _,_._ ;_('.; . 'lL (;J . : .. c.'. ) . 

of pressure on the Pure Water 

Permeability Cons tanL A 

Pressure ( P\rJP ) * 
atm ml/min 1::jhr 

54 .4 3r:_7 t.: 
+ 2. 5 21 '4~10 

,. 
· ·1 '.)0 _,, • 7 - -

68 . 0 4_:/7 . 5 + 2. 5 26, 2~,iJ + 1 50 - -
81 •. 6 515 + 2. 5 j0 , 900 1 50 - -
92 . 5 575 + 2 . 5 34 , s,oo + 1 50 - -

* Av erag e of four det erminations 

( Sarnple c a.le;u lat ion in Append:·_-{ l) 

A 

6. B X 10-7 

6 . '? X 10- 7 

6 . 6 X 10- 7 
,- C: o . / X 10- 7 

(~ 0 r-;c~ ) 
• I /~• 

c: "\ ~ ,, ) v. b7to 

(+ - 0 ~QI) • .,.,,.. 10 

c= 0 .L~j'f) 



on : . ) 1 ll tt. ~ -. •1n ~ port p o.r :-ir .~~ ' . / r: __2 
r: .i Vl~n in 'i'a b h · A Kl 1 1 . s.XI V , XXV d.nd 

XVI and i1 J.~::i.;c~ ,u,, .i.1 i,'.ir . • 19 (p. i.~'..l l l GV.', .. )1 c calculo.t _._,.:,!. 

of ( D Ar/IC $) J.,..~ , ,1:1..,, .. :n L. c:d in App c na i x .LJ'. r (i:, .144) . 

5. 3 Ef .C cc b ' . , ·- ---·--· .. - l- .. r; ion 

0 n t, h v u. V '-- . : a .J t, ', ,, .:., G ' c ' r: ' • .i..' i. C i . l, k ------ - ·- ..,. _________________ _ 
,n, 
.I. l., \ l ,J J.n 

.. - •• -, , • • - "ll" ana , .. .1.L.J. 

an d :! l lu .:., t rc~ ', ..1-r1 L'2..f~ . ~2() (; • CjO ) . A ~·Jmp.1c calcul,· ., .. ) .. ot" .k 

is pr esent er:., J. lJ_ 
. ,. ,: it' ti :( I ,i (, • 1 :7 

82. 



TABLE XXIII: 

S* 
f; lia Cl 

0 . 52 :!: 0 . 02 

1 oo + • ..I 0 . ()LI. 

1 . 85 + 0 . 07 

4 . 0 + 0 . 2 

7 .15 + 0. 3 

-. ~f . .r:- h ·r ,. . . - - .r:- ~ ...; !~, .... . . -~ - ... ,:, ,- I -, :) :;/ . C ) .., .,... • c• ~ ' ~ .,_ - "..... . r ~ i'.,.l ect 0 .1. c.a u - 1.::", :t . .:.eel., .J...'-.' •' 1..:;. JJ.C:: 1,.l' ,..:..l....,<, . . .... n c.,iQ 1.c)c::Q con1.;en ·J l'<..lvl0 .;,.; 
S O )" r-1 ::-..-:-:-r ~~-r- · ~'1 "\-:, · J -.:, ,r:-:'~ -,.... ~ 7•, p:::::~ - - ~~ ,<C>r'-:- 'j'.'. ' r,-, 

) 2 ZO . ·;e.v - ..1. c,.:•- '::;'ct,.,':: - ...:.. C .. _ . _ .c:,{,,1 .. ,:i( ~::...:::..._..:_-.:. ,~ee. ·Js:: C•.· --'-'~·"·'::~·:..::..:: __ _;.::. 
C~ e N- ~, ~ - = L ~-~ 

V :) J. C:.\..,1 J. • - - / - • (..... - : ,. 

_, .._,: .. 
;;/::1i:--. 
-

~ . 2 
,-- (; ~, 

+ -S, . O - (; . :::·~ 
- ,-
:; • LI - v • ., 
5 r"j 

..,.. -i "';' 

• I - (_; . : · 
--

LL G T ,~, 2 .. - '-' • 

= •"'\ .: ,-) 2::: 
r , . -· - . / 

6 ;i 
+ . ,, - l:: . 3 

4 . 0 :: 0 . 2 
5 ,,.. + --. o - 'J . ~ 

-·----
4 . '1 + ,r, 2 - ·_). . 

52.: n ;-. ._ . ./ 
- -
4 9 ! (\ ;)C, . ~ • -/ 

------·-- -- -.. 
,_ t ,i,;. :--· * 

- "': i . 
, .. l / .. : ll':. I .J ~~c_":. 1_;]_ 

, -~? . -------- ------··- - ---
!(.'.; --

C 

) ' 

+ 

~~ t • 

_., . ... :~s .,... ·_. . ·=·:::1 

.. ·-----------
. ' '-' . t l f ,; I - •, .. ·-- -· / 

. . ·, -{-

o . ~.).5 ::,i • ~-~! :<) 

~ ... -, _ ,_ ____ ._ ______ ,._ ··---·-- ~... .._. ___________ _ 
r - ,. 
\ ... ~ .. ,) "; · 38 : c .05 

----------------
• Average of four d eterminatio~s OJ 

\j.) 

• 



.::--

TABLE XXIV: Effect of c han i n· feed fl~· ... ; rat~-~· ( F:{)_§:;::~~ .. J eed C·~:.:ce:itrati ons (S) 
on Permeate Flow PF ar,d Derrnea:; e c o,::8 ·.:::_:_?T~·'; ion [C': )_. P = 2_2 . 5 atrn) 

s• 
% NaCl 

·+ 0.513 - 0 .02 

1.13 + 0. 0 5 

1.93 + 0 . 08 

4.07 + 0.1 6 

7.15 :!: 0.3 

FR* 
£/ :n in 
-

4 . 2 .:!:: 0 . 2 

5 7 + 0 7 . - . .,,,; 
6 9 ! n :-, • V • ./. 

+ 4 . 3 - 0 . 2 
,.. 5 + O ~ o. - . ) 

L' , ··. = 0 ) 
r . V • -

_,_ 
G. 3 .:.. 0 . 3 

C 8 :!: ''°' 3 ./ • V • 

5. 0 :!: 0 . 25 

*Average of four determinations 

---- -··------ --- --- ---- -
~ • •• f;; 

!:11,/;: l ~, 

::::.;:.·. + ~.. .. 
./ ./ \J - c. • :: 

512 - 2 . 5 

-7 -4) • ../ + 2. 5 

3l; :.;. + ..... \ c.. 
- c. . / 

---------------- - ·· -
132. j : 2.5 

} '· ~ 

?'; :; a.C~ 1 
·--- ------------------·· 

( 1 ll ;··:·1 -:25 : ·~J. (.\:.·,::c~:2 

---------.. ---······--- - --·-

0. 03) 

(~ . :.)/ .... 

n - o ~ 
v . C: .// 

+ 0 . (_;:) 1 

+ ,~ . ;~ 
- V o J ~ C 

+ J . :,:\~1 5 

-

·- --- -·--·------ --··· ·---·---- ----- ---·-··- -
1. L;.5 2: O .CYl 

i • 



TAfn .,: XXV: - - -- - -
I- -, '; • .1; aLr.1 

----- ---··- - ------- ----- - - - -
1.:-- * 
1. ) 

1/~ i:ltC 7 
( D Ai'/K ) * 

('' •j,• r.,c . ,.,'l\l 1,,.J \,;, 

o.~2 
-------- - -- - ·- - - -:-b ____ _ _ __ + ___ _ _ _ _ 

U:. . -'1 ·- ':,) • '1 ) x 1 O - - j 1 • 1 
----- --·- - - -· 

1 . 09 
+ . ( . . " ' r.:'i. ; .. _, - ',) • (j ) 

X 1 0 - · . .J + 
- '1L~. 2 

- - ---- - -----
, ;_\: . ,_. 2: j . ;.) ;,: 10 - b + 11. 1 

L+- . 0 ! .. :,;, . , - ,.! . ;_? ) X 10 - () 
-j 

7 . 5 
'I . 1 '; r-~:·1--· .· , ) . .,_ 1 o- G-

' "' • - .J • . :. / . 8 . l) 

- - -· ·- - -···- -
- - ----- - -. --

-t Avcro.r·:c o f · ·. 1,, · , LcLc r mination :j r , .. 
X 10 - 'l .. ·- '..."· .. p:- .:-.o l c 

·: r . \ / .. ,,, <.! ( • ' -. • .-. 
.tii~\ . .,. Clu . l._t .... . 1,. • • ,.~l~.i1 (r:.i.J.i:!p le calculat .,un .c: . • ';pp cndix L.d 

TABLE XXVI : j:;1 · 1.·c c L or f e e d c onc cntrut i.on on (PA.r/ K 6) --- - -
f C\. -~ " . . 
- ·-·--"-- a.t m 

- ---- ·-
c• * 

( DJ\,/ ) ~ Standar d e rl~or k ) 

9i NaC l c mh:;cc + 
~~ -

o. ~,1 (20 . 2 + 5. 9) 1 0-- X + r, 9 .1 -
'] . 1 j ( 2L~. '/ + 2 . 8 ) - b + 11 . 2 - X 1 0 

1 . 93 (25.d + 2 . 0 ) 10- 6 + 7.9 - X 

4. 07 ( 38.? + 1. 9) 10- 6 + 4. 9 ; - X -
7 . 1 5 ( 38 .9 + 1 . 8 ) 10- 6 + 4 . 5 - X -

* Average of f our deter minations - A= 6. 5 x 10- 7 g . mole 
lli O/cm2 . s ec. at m (Sample calculation i n Appendix I I I ) 

es. 
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T.ABLE XXVI I : Ef ~ t f f -d . - r- t ~ ~; ( Q ,:;~ , ·~r 1 -"'~ · ,• l c. -=-~~ ,.. '-. ·r \ ~-1 ec O ec Cvf,_,en r c:.v..:.0:1 ,~, . . . c:.v_ '"' - .,, _..., _ _ c:._ . .,1 o n r ... ·) L: , . 

~1(; i'fa Cl 

s 

0 . 52 

1 . 09 

1 . 05 

t he mass tra.:.s.f er coeff i cier:-: ~: . · · · - -
p - 5:~ 4 a+- .., ( 1.."lc· ·· ;-;, ate - 1 , ·-.:.-:.c. ;;; ... ,; .. \ 

- • 1,,, 1..: 1.L' - ... --- - , . - \,J . t I\...···--- ) 

XA1 g . mole/ cm2 sec at~ 

NB 

,. 
0 . ()01609 ~- 1 ,.~ - o .? ) • :( I CJ 

0 . 003 369 32 . 0 X 10- b 

X . -
·"'-./ 

.~ • ·:=· I 

------------·--- ·-----
( ,• _ ·.· \ 
\. - I 

- • ,I 
., l. a ·r ,: __ -;_ - !. --- ,/ 

-.- - -~-.--
.:; 

·-- -------- ·- ···-- . -

- - ------------- ·-- ------· 
J . CO·Jl ::·:; 'j l_ . • ~ : ~:./ ~ ~ 0 0 

.... . -~ 
:: : - : _c;......_ 

~: ·..:.;-_:i~ : .:.:·. - i 

-------------- - - ---------- - - --- - - - ·--------- - ------- -- -·----· 

0 . 005775 
_ r-. 

26 . 7 X 10 ..., c, . c:·J: .:;7-- 1 C· ,. .. :·~-.:,';"; 1 - . 
~ -. - ..- ~-~ - : .~~ . --) ): 1 . .:, 

~ :::· . :~'·.· 

• · l 
./ ( 

~,. 
-:'. , .. ,J 

"T' 

I ' 

------ ----- -------·--- -· ·---- -----------------
4 . 0 C. 012670 

_,·, 
1~ . 9 x ": J ..., .... . ~!'.J~ S.:...~ 

7 .15 0 . 024764 
I" 

37 • 7 X 'i CJ- o •...,.; . _1 ..... -..:. ·-

( Sampl e calculation i n Ap?endix !'.:) 

....,. .1 I / . , / 
~ . 

··--------- -------

'--'. sc. ~: 52 
- • -. :: (i :.' I ' - - ., ..._, .__'-

... -,· -r 
l .,,.., ._, ~-" 

• -,- -~.,/ 

' ' - '-' : ; .. i~ ,·_·. '. .,. 

/ ,., . -+ ... 

\ ,.' . c: ; - -
:( 

- ------- ---- -------

+ / 

:.., + / ~.-·: , ...,., , . 

C) 
O"I . 



TABLE vv,rIII· Effect of fe e d conce..,+-r- t;,,..,... r e -: . . _,. 1 , r ·~"1,·· -'~ ~ ... -'--i c- ·,., '( )_ · ~v . l, .. _ .., ..,".'A, _u .. .. c_~_;_ .. J _ :·.-.. _ , .:_ _: ___ i. l ,..., :.:; ..... ..... ·.:1· .. _.,, _..1 .. .. .1. ,, ,.., 

on the ~ass tra..."lsfer coe.:f.i.'-i ::::i-=::·: :: . -" · 

% NaCl 
s 

0 . 513 

1.13 

1.93 

4 .07 

7.15 

~> I'fB = 

P a2 c:. atm ( 1<: ..1.' o · ~~r' --e , ,1 ,: ·o o;---. r . = L • <'.... /:r .. c:...., = ,- . t.., - .; _, ,,_ ,c._~ 

XA1 

0 . 001587 

0 . 003511 

0 . 006028 

0 . 012826 

o. 0231 31 

g . r::0le/c2 2 

s ec atEJ 
X.,7., 

.r • ./ 

NB 

57 . 2 X 10 - 6 0 . 00003 5 

- 6 53 . 3 X 1 0 0 . 0 'J(Y108 . 

47 . 6 X 1 0 - 6 0 . :102 £.,.1 

- G C1 ·-\. ··,:--,a, -.r-, 35.7 X 10 ... - .J _, / V t 

-------·- -... - - -.,y------- --·--- - - - ---- ·- ---- - ------
.. ,. . 2...:-!. ./ .. ~;._,~ - /_ .... / 

:-. ..,. -::·:-- --·--···· : · ··· "·· 
' ( '1 - ~{ . -- / ... ~ ..l ... .. .,, , _ -~-- ,:: .... ") ... , 

.'-~ - --1 
JI. 

- ... --- ----- - ··- ···-· · ·---.. -· 0 ... ----· - ·-••• - - · ---- --· -· .. 0 ,•L•-,a, J --·------.,. 
I '-' . .... ... . _. .,· ~ a i -r- ~ \ '":~ 'i • -~: ) :•: I ,_ , 2. 2;. . 

-----··--·--- -· 
1 0 . c.\c;, -~: :~ ,-... ~ 

I., • c:.. 1: (~~ ::.. :::;'. -, 'J- ,,- ,-- - 3 
\ . / ~ . '-' ), .. _, 

+ 
r ) ,-) 

1 - - r,. .,.. 
\.) • ,_ • ,-_,r.,-..:_ I \ _ _, .. :; ::_ ·--.; - . .J.. ...... ' ·,- 3 

( / r- ' )"" '-- . -· - ... .. -~/ _. - _,. + 'D 

·- ·-· --
1 (; . _/ 

(\ r . ._., . ~ :., 

- - ----·-··- ... -··-- ----

·- ....... ,-·----· . .,., ·----- ·-- - ... ____ _ 
,, - . _,: 
\ ,:~ . ,: - :.J . 2):·:'· J .,, + s;.:, 

·-------~----
13 4 1 0- 6 0 , . . ) ,- - ~ - ~ 

• X . vJ--oc G.~-J~ () .. C ;-2-- ·_ ~ Q • L~ ~-- ( ,~. .. +,.. . \ .,. ,.. - ~ 
1..-1 . 0 - U . ' i;x: ·v .,; + 

':J. -· 
--····- ·· ·------- ·------------------

PF X 60 
:...: .· - ''/-i ~ - \ - - ._J , • - .. .... I':, _, - - .• J c.·..... ..a. 

18 x 3600 x 8900 x P atm 

( Sample c alculat i on i n Appe:1.dix I'i) 

( - .:.·~ ) .L..- ·- ... ' 1 frr·'") (!ll - ~ l 8 \ ::.;. ,_ ~- - , •. :c:;..,:·_ ~_-. .1. ... v ." C:..l..,.. ~ 

Cl) 
-.J 
• 
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~ 
.p 
,u 

1. 0 
u 
(l) 
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0 
8 
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0.1 

0 
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r- 1c . 18 : Effect of opera t ing p r essure (atrn) on 

t he Pure Water Permeabi li ty Cons t a nt A 

(g. mole fl1. 0/c;m4 . ~;cc . atm) . 

- l.°>( p 
A -· !\ e 

0 

- "/ - 0 . 0llP 
l\ =: 7 .2 X 10 C 

;' 

50 

OPERATING PRESSURE (atm) 

100 
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l 
8 I • _j1' .cir_ 1.13 %NaCl 
~ ~ 1.85 %NaCl 
i 

I 

l ,. 

' r- 1-..!- ·-L 07 %NaCl ~-- 1.85 %NaCl 
• 

; 
I 
I 

f 
I 

I 
l 

l.Or l 
... ,,. 
I ~, Nil Cl " -:- c, 

I I ,. '< .. 

0.1 

• • 
i 

II-- 7 .15 %N~Cl 

l l " 

f l I )( 7.15 %NaCl 
l l k 

~ ~, ~ at 54.4 atm 

• • • at 92 . 5 atm 

1.0 2 3 4 5 6 7 8 9 10 20 
ln feed rate (1/min) 

FIG. 20 : Effec t of feed fl ow rate a nd feed concentration on 
the average mass transfer coefficient for the system 
Sodium Chloride-Water. 



91 . 
4 . DISCUSSION 

4 .1 Effect of operating pressure on the Puro Water 

Permeability constan~ 

'11he l'ur-c '11Jatcr _.,c rmeabilit;y Constant A decreased 

Gxponentially with operatinL:'.; pressure, a~; expec ted 

(Sou.rir:l;j:in, 19?0) . 11.'he rd;ult:. _;_.r:xn 111.::.~,le Z:C.i.I n.n<1 J.!'ig . 1 8 

could be cor related as follo~~ : 

'-1- . 2 

A 

A 

- ol. P 
= Ao • e 

e 

(equation 1t8) 
- 0 . U'I ~I.:.;' 

Efi' cct of feed f l o~,1 rate o.ii.i .feed c onc entration 

O!:. v.C'lG soluL o t-r·· _r, · 1''Ji'L_r;:1 -._•;_,,,1cteT' 

Sourirajan ( ibic .• J ,.ci, ,_; ; r,.c.t ( i'At/lC S) was 

i~de_pcndent of i'e:cd conccntrD:~ i ,)v. o.nd J't> (.> d flo\/ ra te o.t o. 

g ivcr1 opcratirw prcsr::uro . l~c-: ~c!.ts presented in 'i1ablcs 

XXII 1 <..",lld TGV Sh0\l0d C-'ii..,t (liJ;/.,J ) \'Jo.3 (;/j ,'3Cnt i.:i.l ly const ant 
l, ' 

rate within t t!C no.rrol: ranr_-a or l.'J_ow ~·ate 
,- ' --:~:clJ (4 . U - () . ') I / :in ) . '1' .. ic narrow range 

·-;. '\' -~Y'(..: .~.. ~ 't · _, ,t_;d thu prc<lic';i.on oi' membrane performanc e 

. :_()',/ !'Cl t C ( '.:,·. • / .. i rt ) • 

;,:c ,·, : ··.-:-1i. l'ieant \Ji l: : t !H: l'ttc:t th:.tt tl1,.: values of 
( ]_l # • .'' ' • , .... ' . ,I \,, I • • < ... - ,, r;.c:, i ndcpund.,71:; ~,.!.' c0r~c,..:r1c:r·o.tions as 

·( Y '. ( '• n cl ·~-:i· G ' 19 S hO\/Cd .I, # " • ....... .. - J. (.) • .... .,.. 

t rl' :.- r·no,·c ·:. ·_.J in 1·0.ct an ~ .•. '' '1.~:.l:.·] ~n ( 1/\ /1.(.) with feed 

c o _cc.:t·• ·...l. 1 -; ·.in .. ; ('.:i_ !1in c:,.:,cr:i.!r_,_,11 ;,l · ·:'I'O •:z;) . It mvst be 

noted t "o.: •,:-:,1: s tandard error ..:.n (·;_i1 ,,./ '(~) ~.;as v ery large 
{ 1 I 

at tLi.... lo.t'cr t~Ol'lcentro.tions (0 . 1'.: · ...:. 30~j o.t O. :.,~ NaCl) . 

Equntion ( L:-C;)) cxpr esccs the rnct that th0 solut e tra nsport 

parameter t ends to decrease with an i 1crcasc in op0ruting 

pressure, as ,1as establinhed by Sourirajan (ibid . ) . ... i'.csults 
from Tables .,(,{V and XXVI did not cstaLlish any significant 

:relationnhiT) between opera.tint: pressure and t he values of 

(D»/K~) oincc half of theso v.:.dues at the hi~her pressure 

Were o.bave those at the lower µrc souro at the corre::::pondine; 

concentro.t ior 1 , and half were be .Lo·.; . This e.t'l.' cct was shown 

in :B'ir; .1 9 by the straight line r wlationship of' (DAM/KS) at 

the hip·h0r pressure interscc tinc \1ith the line at the 

lower preosurc . . 



a~. 

4.3 Effect of feed flow rate and feed concentrat ion 

on the average mass transfer coefficient k 

The correlation of th0 mass transfer c oefficients k 

with feed c oncentrations (Tables XXV1I , XXVIII and li'ig . 20 ) 

showed that k var.icd with c haiwJ.nr:; concentrat ions and t'K.tt k 

could no t be accurately dcte::i·r.iined at the lower concentro.t: on~. 

At the lower salt c onccnt.1 ·ution (e . g . 0 . 5~~ NaCl ) -c.n..J 

calculation of k depended on how accurate ly Xi\2. cou lc:.. ..;e: 

determined ~vhich , in turn, depcnde:d on rr:ca.surerucnt s of X A
3

, 

the mole r·ra.ction 01' solute in the permeate . Since .\: , . . was 
JI.) 

very sma l l at the lower feed c onc entrations , any erro~ in 

xA3 brouc ht about o. much l.::trc·er error in xA2 t \,irowrh equations 

( 4) o..nd ( ';) . '. )re over , as rco.d.inr-;s \vs:rc indire ct i . e . 

conductivity va _i;_cs \vere l 'irst converted into ';(; NaCl (w/v ) 

usin· ~ calibrat in('...; l.:O<lDhs o.nd th...:n -:.:o mo c fract i on vo.lues 

usin1:; pub lishl...,...:. c., tLa ( Append.. i.)~ Il) . t '1, .. c .,iJ.s an inherent 

limitatio11 in accuracy at t lt~ :~y.,._r t:.,)v::..::1t rat.Lons , and t:1ir.; 

lod t o va! u c:: 01· XA':' fluctuc:i.l, t.~ 

at 0 . :-,~~- 1;L..C /. ' . 4 o.Lm ) . i:.'-r.,1'01·: 

( 'Jlc.J.bl•:; x: .. _2: ) 'nd L vaLuc:; C l .. 

condition~J . 

'l'hc .,, .,_ .,~· ion 1 - ('
11 1· , 

• V - >'\. ~ < • ''l, ' 

I.,,. ,. . r-1 t- , J, t ·/ ~ '\ .,, ,11 .• - ,_u,,_. t:r ror 

v'. ' · Ut _:I.: Lj()~'., in k .:ur~; not 

;.\,.• l. 

v.-·u.'.:'..t; ,m (:;'1) e xpress(JS the 

('3ouriro.jan , i:,~c1 . ) . 'l1hc o:,p, .·i.. 1:t:al rermlt:s obtaincQ 

('rablcs XXVII "':·1c. XXVIII) sl10., ( ,L ~, L:.:~ 1-: \ias ussent: ially 

constant i·J ith .!.lm, re.rte \Jithin -~::e: :!.1.:.1.rro L· r-o.n~;e of flow rate 

possible with ~~c pump . 

Furthermore, k was not found ind ependent of operating 

pressure, which dispr oved recont cons i deration (Sourira.jan , 

1977) . ~ig . 20 showed that the t values at the higher pressurr 

were di ffer ent to the k values o..t the lower pressure at 

similar concentrations . 

Thus , although Sourirajan (1970) expressed k as a 

function mainly of flou rate , t hl:: experiment a l result3 

obt ained would s u ggest a more complex relationship . 
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'l'lw c xverirncnto.l 110 da ta obto.i ncd did not o ;.:;·i, o.b l ish 

uir~;nif :le ant c o:1 ·rc .Lat ion bc:twccn ( D t r11/ KS) with f ocd 
~'l. ' 

concentr::.i.t ior ·:~·,'-l t•, ,c-. ·:it ing pressu r e ; nc.;i r: l iCI' wc -:-·e t ho k 

vaJ.,,. cs si r;n j_f:1,>, , :~ i ,-' CCilTc latcd wit h J.'co(l .Clow rate. ;.i.11·:c 

relat ively nc .... .rro·,-: ro.rn ·: c 0 1· .f ccd LL•Y· ' rat es under whic h the 

HO sys-:;crr. •.n:.; o.e:Jc to be op er '..1.L.c.;d ;:L. ,J.nt th(~t the Kimur a ­

Sourirujan annlysis ' iu.8 of lilt le uce .i:.' o r predictinr~ ill l.. ::1brane 

J)erf orrna.nce . 

Cm t]10 b .:1:. i:', .,, ,.' t he exp erimenta l ::::' csult s obtained, 

-~::1c Kimura- Gou:~·:; :',: .::J.;1 analy1=is could n ot be us ed. to LcanL·ig­

fully predict , .. __ .~·c ::·l' ormanc c of the ED membr a ne u nc.i ,.:; r study . 
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.!::or 1/ ,..> u b lie at ion L , :,n t l\r · r , ·~ c:. b:1.n i..;m or' ·n cm branc 

tr:J.vtsport in ~-.... ')Ointcd tc, L! 0 :c.c : t !'J.:.; "t"~ ·:;cC. t lO'l"l throuc;h 

a rr:embro.ne \·!'."1:: not complctc1y defined jn tL: crns of th(;,; 

r.:oleculO.i' 0..:1r_ c0n!.'i. ·.1ro.tiono.l ' iz.:.:: of the di.3..,olvcc. solute 

·1nd its concl:ntro.tion , th.o ··)ore :; i.zl,; of tha mcmbre.ne , and 

t:::iC; pr".S[,t.t::'':' c.1:,,p1..i.L;d . /,c.:;or· r '.:.o, i '>~, t .~ ... . r,0mbr.:.i.ne , bo t ~ of 

·.·10.ter ::i.nd ol' di.. .; . 0 1.vcd so .Lu L0 , ·. :: . . c;,;. .L:y or t~c [30lution ano. 
. ' , ..,, ·- \ 

1 l• ' l'; 
.I I .,_, ' . ,-.. •• SC.0. .l v et , ·, 1 

1. .... ,._ . , 1 )l>); 

Ha.rr:ison , 1 <J7( , ; 

1 ("\ 1 ) 
.I ,. -~ • 

_· ... :-: t l ...,l,UJ.lt.: .. l· . - # I. t l ,_ ,.' Gy CA · .. l rnbrane'.~ 

ho.ve: b1.,;l; .1 ....: · 

''vUT'i T' 'l ·1 ·1~ , ( ', ~ 

a uLlC by ;_;c,uri'·; . ., . •, < I 1'/ , ) tu: i.. 1·.,Itsuur::::. ant.I. 

k) · - ' • • • ' • l ~~ '/ 1 b , ' I ' I , , 

l 't (,. r.,r i ~t : ; er, tj.lJ} ,-L~~!r'. ~-ll'Ll 1·1oi:.1 

mccn: n i :.1.i , , ... , <.·)· , , . - , ' . 
1\\t'. 

. ··c,vcrnt 

not only h ···..;:. ,i .... 1 natur·c l,J' L ':J.Y the 

:.:l on L i10 :,urf,;cc~ of' the 

, .(! .:olut£: separation mcmbr·anc ( r·0t : ~:::c ticn L, • r:;o ·· 5, . 

occurs 01.l.\ · ,: , under t!11:) c 1r,.c:. :t-i..~:--: ~: 01: the expcrimcni: , the 

membro.nc sur 1 c.ce mo.terio.l i w: a , r·c·fcrent.w.l sorptio.,.., 'or water 

rather than for solut~ ana thus ~~ter 0assea throu~n the 

membrane por ... r; . .lt'or a 2,ivc..1 J)l)r,. , _ _ ;_.,1.:. ,J n the w0mbranu surface , 

;ind constant on0ro.ting conaition..: , . ..., t•iµ:l ~ ..;olutc sep::,raticr 

rneann t1 o.t tl: ,_ mcmb-rane hn.,; a vr·c:.l' 1..· 1' .... ui i.al . orption for uater 

wi th r e ,, :.et to tl.e solute . .JhG L'l- t hl- me:ubro.ne su~·fnce 1.as 

a nr·ef~rcntial sorption for Lulut2 in .. cco.d of \vO.t C'" then 

solute, passes throuGh the !r1c:.,or llJl1.. , ·ores , resultinr; in 

negative soluto separation or cnricrun~nt ur solute in the 

permeate . 



'l'he ;:.:,u 'face 1.-, .i·<:r of an :(0 mcr,:,)J~·o.nc is rn i c J:'oporous 

at o.11 lcvcd~, uJ ' ,;,,1.nLc sepett'aL i on , o.r,u .L.t' 'Lhe membrane 

surf ace m.1ter1.Ct J. );;1 .• :1 ·,·.rofcrcnt .i.o.1 sc,rption for vmt er, 
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prac t; .:i. c0- l J.,y a11y (~C'f '.) "\ •.>l.' .soluto ~, ~=pa·,.'r . .:.:t j on con be obt,nned. 
by c h,:..Lne;i nr, i...Jtc po1·e i ~j0 on "Li1e i,1i.; r.-. c :.:a;,1e: ,.; n .c f :1 c c . Thu::; , 

·,.i:, cn consi cJ crin t·; o f ccu so Lut ion C 1)11L :u.nir:.;-.'; s evera] :..~o lu.tcu 

applied t o u ~JLlbronc ~o rface , scpar~1 .. L0n or concentrati cn 
of so l utes c;J n occur , clcpcndinr: on wi~c t; ,1 e: r 1• ,,v t,uri' ace bW-3 a 

preferential Goi~tion f or water wi th rc~pcct to each solut e . 
1. ith a c o:J _t :Jnt pore . ·t .. '~ 1ctur c , this ,:;,upends on the pc.r-:,,cat, ion 
rate and u~lute Gcpt :·3tion with respect to each solute, i . e . 
tLc pr efcr--,nti01 ~,;,::,;~:-·t lon of one solu ~c over another . 

'l' :i1: 1.'l~1·0 ::'c , ~- lh; pcrf orrno.nc i:: 0:L' ;., h~~ 110filbrane in r'.0 

(i . e . sol~Le ~-:uarn~ion and permeation rate ) depends on three 
mai n fact ors : 

( 1 ' - · I L nc 

L 11v 

' .1lJl110LJ.1
, 8 i .. ~() t..i.l l 1. l ~-.. l ~'' 

' '•.) ·:.\ un t f) (: , .cmbrar __ 

·~, .. i. CLJ..1. l1(.r !,1 n:c: <1 ,' 

,; , ·/._, [·ibution of 

intcri'.Jce ; 

mcmbrnne material 
1r,•. •.: •:(,. :...; oJ.utioL, 

( .1·_;_i) •I 
' l,,J ~ J {_. .; tin e; condition:.:; c :· Gh v ex!,)or.Lmont . 

A:.;.:.,um j_n1 -; <..:..) G.nd (iii) co.n 'r'(: held c onstant for a 
Gi vGn mcm b:an0 anJ undcr a particul nr ~et oI experimental 
condition::; , t hen (ii) ·;1i l l 0.i ct ~tc i".ow well !;ho s olute under 
c onsiderat ion 'l,'il l be 3opara.t ed by the membrane . r2hc: ph,_"i :.; ico­
chernical cri t er i a for preferent i al sorption of water with 
r espect to different solutes is governed by the Taft number 
of t he organic solute und er study , a s out l ined below. 

1 . 1 Taft Number - a crit erium fo r the Hevcrsc Osmosis 
separat ion of solutes 

In this appr oach, s olute separation in RO i s thought 
of as a function of the extent of preferenti a l s orption of 
water by the membr ane mat erial and the porous str uctur e of 
the membrane surfac e . Wi t h reference t o a given membr ane 
mater ial , pr eferential sorption of water i s 1a f unction of the 
chemica l nature of the or ganic s olute. Both the f unct iona l 
group ( - OH, - COOR , etc •• ) and the substituent group i n the 
organic molecul e affect prefer ential s orpt ion of water , and 
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One --n· the :.Jh;y,;j.co- chv'':i.cal crLt cric1 :wve:cninc I(U 

:.: cpuro.L ion o i: orr:cn.i c :..;o lut cs .Ln :: n_uoous ..:;0. • tion i.;, the.. 

polar eil'cc .. o l' t:1c s0 lute molecu l1::, ich .l.ncludc.s the 

cl'f.ecL of bu-U1 L1 \, L'uHct ionn1 r:rr)up ·-- ,. ~-le ::;ubstitucnL. 

·.,.;d monocarbc. , l.t.r' ~ci<l:., , uc.iciit ,y i:.:. <.:•JnG.i.dcced t0 be: thu 

re levant cxp:i_,,_ ~,:.,ion of tile polar effect ol' t.d<:) moJ.i.culu 

(Matsuura urll1 uovr1.ro., jcm , 19?1b) . A r-0i..l:.;uro of uci<lity is 

c)-vcn by LLc <:;.'.1.sc of l1.1dro1 ;en bond f 01'11,ation &r,u/ or the tl~ :·ce 

.._:._· 1..: :_:..;...;oc.i o.t .ion uJ' l.;ho molecule in Golut.i.ou . 'l'ho:..;c po.r,-.mctcrn 

D.r,~ :cc:Lo.Lt}\: ,,., ·:',;ft :,;td Hc.1.mmct numbers \vhi.e}i ;·;ive a quontitutivc 

;,10,.,_suro ul' L1c .i ··v.".1 :t•- 1cc uJ" Lhc subGtituc1,t; 1 roup on t he: :,olnr 
t;Jl.'c.;ct v,' Lnc : ,t.1 .Lccuh .. J ('J.'o.ft , 19:.ib) . 

! .-:.l',:· c 1, ( 11:1:,.) c:..;La.l) lis hcd that \/iL:niJt a ;:•co.et.ion ~,erie1:1 

ei'fcct 01.· .. (.,ru.c,.·...:.n..: (,n ·,,;-, Les or cr111iL; t">ria ., ~ nc::i.r1y O-L·:1ays 

dctE:r;nincu u::..- t.i,c- ., ~; ... r (.)ft'uct oJ' Lnc ..suiJGtit1...cnt . 'l' r.i;., is 

e:xpt'c,,:.,c;ccl a:.; tt10 11.:1m:11-.~ l~yuncion : 

(1) 

where k and & arc ~ate or oquilioJ·.:.un-, con..;;Lants Jor a e;ivGn 
u 

react i on and a G~o.nuartl reaction, rc8~cct i ve ly ; ~ is the 

substitucnt con::;tcmt which depcnd.G solely on -~he nature of 

the reaction a.nd the reaction conditions . 'i\1e validity o.f 

the fIQJnmet equation iu restricted to .substituent s in t he meta­

and para- µxations oi.' the benzene rini; where interference 

from primary cteric eifccts is nc~li5ible . 

Taft C}..-tcndcd t he Hammet equation to cover a wider 

range of reactions including aromatic orthoc ompounds, phenols 

and aliphatic compounds where the s ubstituent gr oup is closed 

to the reaction centre . Taft (ibid. ) defined: 

[ log(~ - log (~JA] 0- * = 
1 

2. 48 ( 2 ) 

where q-* is a polar substituent constant called the Taft 



, ,umber ana l·; 0.:::J<i ,. ( -,_ the hydroly s e0 
\..Ji ' ... ~' . . ,' 

1 l '0 . · . ; c· ,-:, , j_ V C l J • 

ii,yclroly s c~ ,.1 ,: •• . ,., ,.1. .i . L' , 3nu. JlCncc r~. ,.nu.w.::1 ""nd et ~r 1.c .. J ec·, . .3 

c . ..,,.enL io.l.i .,· 1.:~m ('..., \.,,:L . ·,.'"Li ,:r- * f.!.· .... , <J. ;-,;c;a,.., ure cntirc . y o.f 

·rorr. !.,i,i:: ·. 1.Jrr: , tbc T,~ft 

cqua tior1 a no .. , :ou _ ·:: u :., lie ll.'.J.r:un<.:L or;·"· . ·m 1 . .; : 

l.0, 

11.'nc . 

( J.) 

/: 
!- - . i .. ,, , 
I '-

( :'; ) 

· .. 1~ c.nt:.i.rcl,y , 'ji.llot,ouu to the Hamrj,t,; t 

, _i __ ,.c ,n L p oints ,J bout ''i:';J ft an d m . .1.mmct 

J ; 

.;· :md a-* quuntita t.ivo ly expr ess t he; 

... ,cc o.t' t :1e ...; u ,)..j t i t uont group on t he J-!O L. 1.' 

L\:...: i of Lhc orr:anic n;;l ecu)c ; 

(ii) Lil> L i'1 J ;.rnd (f* &r e L,LLL, 1 ,,,nu.t'JLl, of t b o n ature 

o.f the r'c;oction conc j_dcr.' C;u. i.... r1 l1o~c,.:; have 

.. ·.; de :·:cncral applica.bil ity :, 

(.L· 1·i·)' ,·/]
0.tl1 r~c.l' 0 r 0.n1c~ t . . . . ..... - ~' ..... · o c.. c·1v._,:1 ... ,._;·_c.-:iona .L 

l.ov: cr:· v~1 luc of :r 0r 7"' indicat e~ lower ~~Gl•...J.'l;y 

for t he molecule ( Matstrura o.nd C)ourirajan, 

These inhe r ent c haractcriotics of r.r- and It offer a basis for 

t he app l i cation of t hcse parameter s i n Ji:() t o explicitly 

different i at e _. eac h s ubstituent group, w.i.t hin eac h f unctio .. 1:1i_ 

group, in t he organic molecule . Ext c m,j ve dat a of 0- and 0- * 

are avai l a ble in the lit erature (Taf t , ibi d . ) . 

1. 3 Separat ion of orcanic c omp onents ( a l c ohols , 

aldehydes 2 k etone::, a nd est ers) 

I n s olut i on , t hes e comp ounds are present essentially 

as undissociat ed molecules , and solut e separation in RO i s 

governed by the polar eff ect of the molecule . This , as 

mentioned e a rlier, c an be repres ented by t he hydrogen b onding 

ability ( a cidity) or by the Taft nu mb er <r of the s ubstituent 
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r,roup :i.n t·01: <.,e>.l.ul, r -.: :i.tb .ci:i,pcct to cac li l'ur.,ctj_onul c;:is :;np . 

l.'l1c 1J1u l't rurabo.r ··:_;,., ·: ., <l rn c.e,:;urc O:i..' t rl'-' ulcctron - wit hd:r.'Gv1in: ,; 

po Jar• of 1' 1>: t .:: c.u·c ',\I'. 1 J. l, .! Vl .L' or : ,u.Lyr.;·,., ::~ t, .i. Lu tnl dc:1· i v nt l v c~; , 

tlw t o tal. pc,J (.tr 1.JL·L;cl; o.i' the :.::ub::., t .i t1.t01rt ; ,:~oup:..~ .i.;.; g.Lven b,1 
tlle sum ol.' t;v1ir :r:c; pcc tive '110 f t nu mbcru ; 1.. l"L!.rJ ."Jum .; ,, .,._.., 

d . 1 C\'/ '· .:rn o ; , _.,; 

l·l at:- ;uur 0. ;_incl S0uriru;jm1 ( l '}'l 'l b ; ·l r_)'??:.1 

ktvi.· ·_;hmm t lw.t, , . .,j th rG .,:p0ct to a lar c;e number 

oi.' o.Jc ollo J :.; , ;1.ic,J .. /i..H:~; , k r;-:;onc:; r.:nci. c :~; tors , the ~ol ute 
. :epar:::Jtion j_nc ru :• :_ ,- , ·· i t h :\ d.ccrca [~ c in ac iui t,y or an i n crease 

:, Jl b:i.:; ic it _.., o.t: -:, ., ,. , , l l.!Cll lo . ,-; j _nco ,1 '11...!G T.'Cc:G e i n rruft ,,.ur:ibe:r.' 

i s e q11 .i.vu Jen I_; t,l) a · 1 ,;c rc<': .. c' ·i.:1 o.c:i.dit 1· or on .i.nc r·u:.i.s e _;_l'l 

::,,J .. ;.;i c ity, an i. nc : ·.;,: · :i ;1 :~c, hri.:.· ~jcpo.-;--u·:., i.on can br, cxpoctc:d 

wj_th o dccr(:a:,c 111 ' i\ t.l't numbc.1.' J.'o .r.' ,, . . ,_ , c o mpourn..:.:..; . 

' \ ·, \] t '· \ l. i) 1. ., cL' f c cL )j: Lh1_· ci,).l.utc molecule is due 

L•:.i !. i·1,: :_, .. . ._.-l ... 1.,, 1Jt , '. ·; ·,, ·unctiOiJ !.l. l CY'_,1;_·; :,.; .in t~1 e: mo l.eculo and. , 

,: ,1c,_. Llw '.i ' :.ll.'i, ;, 1 : . J<..' ,· i ,~ a .ncn.r;qr c :...· .. · Lhc 1,0.'i..st r ef.L'ec t o.f the 

:_;t~: ,;L.Ltui:;n t; . . n . .J'..\ • c; , ~et oi the mole-
CU .I.•.; . " ..L.:..; , __ l · ]"" JI:_, . ~-.>1' ,_ jj_J.'fcn.mt i'unc ... ,;,:d ,r o1J.p~; a t a e,1 vcn 

·; '::;..ff, i.1111:i0V ' . ,_;_,1_i. Lc1r.l.J , t:;hc r..:LCccL j ,,:.J1::i:1c: o i n Ta.ft 

r11.i..:10cr 011 , .. · · ; 1.: 1. ~ ~- .. d:, .. '.:. ;, ,_,J,.lr 1...~·;:.:-ct or the inolccu.1.c 
' .. 

- ~ I ., i::.LJ'iC:' ·,~nL .L'unctiorw..l ; roups, i t 

The c t ructures of the f our sugars of i nterest 

in apple j uice arc dep leted below : 

CHO CH20H 
I I 

H - C OH C = 0 
I ! 

HO C J-1 HO C H 
I ( A) I 

H C OH H C OH ( B) 
I I 

H C OH H C OH 
f I 
C&OH C& OH 

D- glucose D-fructose. 



CH2 OH 
I 

:.f -,~ 
I 

JlO - C 

H - t 
H - t·: 

- ()j; 

- 0'.i 

{ b: (. 

' '\ 
\.' ' ! 

.... , "-' 
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0 nc ro:.:;1.. . (A) + ( b ) 

to - OH , :· •;iL,, rC S })C Ct t c1 · , . ··r 
---· ... / tl0 . No estimat ,_ :.. of 

'.raft n u rnb ,.;r::..; .i • 1:11ct o::;c , so.cb 1_i, •.; or sucr o:::; o ure o. v_, ilable . 
1-J.owcvcr , J.uc ;,,o , L)':. c .Lo:...;ci p _.·;- ,:.:.i. ·;,i t .:, of ti.·-:.c i r s tru ctur. t.:J 

g luc ose , 1.·l'u \..·. ,, c .;~ c:,~:d ::-or b i t·:>~ tJ.:,.'I.) bc:Licv ()d to h clvu -~ '11a1't 

n.U:".-1ber DpiJl'<..':,.1.•:·,, 11, ·.: •: .qu o.l -~. o t i.le: ;•._1,: t number ( I<r-+-) o f 

0 . fftOlC CU ~· ·- .. ·c .i"· 1.,1 

( ,,- C 'lJ'" 1 ,-. . . ,1 '. :· : : ·;· 
l.\. L • , .. , ~ ~ .,' "" I t . # 

l u .~;cn c~··:1 1 , j_t c ur.. be :_; .J.j_d tbo.t sur;ars have v cr.y 

h i ['.;h nc 1 ·o. :.;ivc : c.•.t' t m1:nbcr.s , nrm ar c rclat.ivel;y far more 

s cp:J.rat cc1 J' j_·orn 1.-, ;1 t. c.17 than other co l ut. cs i n .,~(; . ~;eparation 
of the order o.l' :>9 . ')'.'; ho.s been o.chi•.~vcd under act uo.1 
expcr i!'lcntal concl.i t _i_on:::; (l)ere i r a cL ell ., "i'}/6 ) fo r f::~lucosc , 

iructo~c und sucrocc . 

1 . ~ Separation or orcanic ac i ds 
The acids may be pr esent a ~ dissociat ed or undiss­

ociated species . Golute separation i' or the dissociated acid 
i s due to e lectr ostatic repulsion of t he ions, and t hat for 
t he undi zsoc.iated acid i s due to t he acidity (hydrogen bonding 
ability and henc e Taft number) of t he molecule ( Mats·.:u:ra et: 

a l., 1973) . Whi l e repulsion of ions always results i n 

preferent i al sorption for water at the membrane-water inter­
face , and hence posit ive solute separation in RO, either 
water or undissociated acid may be prefer entially sor bed at 
the interface, depending on the relative acidities of the 
respective molecules . This is quantitatively SA-pressed as 

pKa, where Ka is the dissociat i on constant f or the acid. 
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A ciccrensc j_n pt,, . 

iA,:.Jf_',l) t. cndG Lo .i.u,.:r···;,,- :1; t., : a h:yd.ro;~c n 1;1., .idinc, abi 1:;.t. .:, :.;:-t:., 

hc·nc c the 1J:aJ.'l: ,.·.,,,,)'._·,· <.>l. :. ·1e o.c i d , :::' 0~;1_, ·;;,,. ~n d. dccreo:;: 

,_ '1-.1 · , , .; n t h c ac :-u.~.:.. ~, · 
ol' tJ 1c mO .! CCu.Lc j_., • .. i;.· 1 ci.,ou r;h t o r_; ·1 •,,;t cli ti1<., - OH ooncl t u 

t he r o i r1t 01.' , ,.:. ,,., .. : ..__ , L i1<.J mo l.ccu:Lc d l :..:. ;_;ociot;c ::;; ancJ. 8xi;_;t o 

i n solu Li .. ,. ::i : , ; J.L•,, .. , . '! 'r10:.;o arc ::.mb ,j , . .-.~ :: 1 ~:·t uc(,1:0:::; t o.ti.c 

rcpul:ilC>lJ. :,t tl1c :nond;r o.nc interface 7 .l-,ic h .r0su lt s in a 

decreas e: in :..;<"J J.Ut8 .::;c pDrati on. li'or ,··~,1·:- c;:_.c)ox,y1ic a c i ,: .. 

i n auu c ow.~ soli· ~~ i(m , o. pK,. ran 1"":c of '· ·:_: 1.1 11 . ;,) is psrticul -:1.::L;,r 
cl. 

::;ign i1' icant, wit !, respect t o s olute S(;noral i on . When ))[( ,. :i. r; 
'-'· 

r;ronb:r tlw..n 1+. . C, , the uc :i.cLi.t _y ( h,y d.roccn boncLLn g abilit y and 

!;':~. 1:::, 'i\.i.ft number) i s l<.)\,1 on ou11:h to :::-csu ~ ~- .m preferentil,1 
s,, _ .,t:Lon J'or wat er , a ncl henc e µo s l t i vc :..olute separation . 
1'/h l)U j_'t';r isles:; GJJO.JJ I~ , tbc d.i. GSO C:i.D.tion (.,[ t;he acid is 

[l 

hif)1 cno,.w l1 L;0 ,e.,-ui.n _::·c: ,.1. l t; in net po:-.,it ive solute separat; -

.,.0n . With r e; :::;pccL L, i Li1(; u.nu.~:· ·ociat cd specie::-_; , a t r ans it ion 

.l'rc.n. :;_' c.T ·, ':-; i 0n fol' t ; o Lu t; u to o.ttro.c tion l'or Go.lut e .::i.t the 

m(:rnu r·1wc- :;o lut i on intcrfnc c o cc urs in the pKa reg ion 1+ 1. 0 

'-; f'> •.) . 

• ~ # ( ' 
1,,1._iJ, ",,..J. 

'J' JU3 1, h o dcr:r,:.-. o.C dissocj_o.tion of the a cid::.; 1;.~' 1.,; ~cnt , 

Lhc ·,\lft nur.i bo:c u L l,bc unclL;so,.. j_;."tt ·d o.cid:_, , 

tbc ,~ovcL 1-ne; ph.'.·~;j c ·l - clw;~:ic al critcrio. for the RO 

:; cpo.rat i on oi' or[_,un j_ c r.lcids . 

I·hc ;,m,jor o.c J_d::; ;J :'.'(; GCn t in Grann,>' ~,mith apple j uice 

a rc ~o l i c and ci~- ~c. with lcs~<~ umo unt s of p hosphoric, 

qu.i.nic and a c;corb .i.c~ ncid (Chapter Two , p . 3 5) . In corr elat­

ing solut e separation dat a a8 a f unction of the Taft number 
of the acid , Matcuura et al .(ibi d . ) established that solut e 

separation is,; generally i n the order monoh.ydr oxy-tricarboxy ­

lic ac i d (citric ) ) di hydroxy-di carboxylic acid (tartaric )> 

monohydroxy-dicarboxy l ic acid (malic)) monobydroxy- mono­

carboxylic acid) monocarboxylic acid ( quinic and ascorbic) . 

The above order indicates that an increase in the 

number of polar f unctional groups in the solute molecule 

results in higher solute separation. Further , when the 

degree of dissociation of the acid molecule is increased, 

its separation i s also increased in all cases . 
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vJhile ,:;OJJo car boxy l i c 0.ClC; a s ingle Tc:: ft 
numlJor , e a ch ·. ·; , ·,y,.; ·.' - C.JJ.:'OO: .J li.c ac ir1 : ~- :.. i., ·.- ·o '1'3.ft numb ,:;r~.; -

) ' I I ... , •• .J r oup. 'i:h,..: ·,' :_., \; number 1' or ea, ·1 

ol' it:·,; rr o..L' t li U.!110 L.1' J' o : · ~:oc h f 1mcLic,:lO : i i.'O \l i ' ( ', • CD01 ,. ;r ,, OH) . 

( r .. a·t ,. I ' U l ' '1 ,-, t " ' ·1(·- • ) ,. • t.. , ,_. '· .I. . .. .l.) .I I l • ) • 

nc,t r• ·nJ. l: · v t1 l..i.rJ t,c c :iu s e 'L'af t numter ~~ OT <.i .i. ~·.r crcr, !~ ftL. , u r:..o 1 

c:roup~; ar.c not r:;encrD I l .'.' on t he same :, cnJ i) \vit r, r· c . ·,)c c-1, ·; a 

their effe c t on ::; o l ut o r;cpo.rat ion . r; ,, t c c .lmi qu c hu~, :·..-~·t ·,) c en 

developed tu exp:rc::;s t he e ffective 'h ~.'.· c number for cu'b: ,t i t uent 
!~;rou DS in rno !.ccules c ontain i ng: dil'f e r, ··it~ 1·uncti on o. 1 f::';ruup ...: . 

J•'or c nt.i.!.'L'-' .Y un<ii r,; ::;ocia tcd S }, ' c. .i. e:._, ~ cit ,.'ic ( ?..I'* s= 

-·l). G1) a n d tartaric (1 cid ( ,''fI"v =-, - 0 .1-1~, .. 110·,:cd u 11:.0::,t conrn :t.ct e 
.::; c :)o.ratj_on . Malic .:Le i_cl. (I J' ... "' - 0 . j( 1 · :_, ' ; ;,ot rotc1.i.11 <.:<i cw 

much rt. Llw .J' or!:J(: l' t v;o , \'ih i l e bcnzoi c · i. rJ ( 1-\J'" .. - o . GO) wa.s 

negative l y sc ~,n_rDtcd o.nd h8:nc c r rc:l'c·: -,:.,:tu.1 l,r r.:or bcd a t th '-) 

i nt c r J'ac.e (i ,,'. lt :.;uu r o. e t nl. , i bi.d . ) . ' ! i .::; :.:.;ur,;,~c::..; t G that guini c 

a c id (.::1 l c tro :·:;n l: ·vx:;- bonzoic a c.Ld) 1·1 

sor.b cd o t, t,;~c rn c rn b r· · ,j ; , · interfac e . u , 

acj_d ( a t 1·j_J-i ,- ' U.J'OX ~,r t :u".;o- mOJ10C O.r b ox:·r 1.i 

: :J ; . o :·i c pr e.forentinl1y 

t l1 o ' ,- i <'l' b ::1 11d , .:c.;;:,cor b ic 

o.cict ··, would be expected 

Lo h c.v · o. <".i. !:i1. .:ar cl C/'.rcc o.f scpD !'.' ::.., "v.i.v.: ,.,: ciuinic acid , due t o 

its doul)1c : u 11cl; .i0 no. J LT oup : 

1iO 

IIO Il 

(~uinic 

,LU -

H -

HO -

CC1CJ ll 
I 

(( = J:, 

C - H 

(; - OH 
I 
C - H 
I 
C}h UH 

;~3corbic 

Final l y, phosphor ic acid (H, P04 ) t hough not an organic acid, 
has o. s t rone; tribasic charact er and hence would be expected 
to have a low Taft number (to a decreas e in Taft number an 
increase in basicity is equivalent) . Therefore it would be 
expected to be bett er s eparated than the monocar boxylic ' 
acids considered. 

1 . 6 Conclusion 
On the basis of the above dis cussion, it can be 

concluded that , i n t he case of Granny Smith appl'e juice , 
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t he fo l loviinc r,0~1--~:.·: .. U 0.rcic I' o.r solut e s cpo.:;:·:..t ion b:; RO 

. ) Uld 'oe OXTJC:C ,J . 

c . • 

.• ___ : ;_<; !~ O! · e -1. f;luc o ::; ~ <.-~:·(_ 

1·.1:uJt cr tha11 

, , . t; r :i. c :.1.c :i.ci. 

u1:J lie a cid 

r:;rou t. cr t han 

£!_1c,:,-_r· :1,.>r; c ac i d 

c::1:-eat;er t h an 

"'"C(>"'• '· :C " "~ d c.;..~-· _, __ r, ~ ' quinic ;:-..r_: .:.d 

J.::;~·:''-Ti:r.1.;nL:., ,·:· r r-' carried out \·: i.t .h ::.,imple solu t .i.onG 

' ,;D. L: ,.,,_;i.i..D f. one or more ~,L.tf';ars or <').c ,cls ~ to con.f i r m whether 
·).~' nv', ;, :c ; ;cncru ; orcJ.cr uI: r;olutc 3 C;)G..ra.tion mention ed 

c ;., (• i_j_,_· r: ',i~L; c 1J: .. c.2 ·,,,·,,; . end t;o :r: c 01C:! a.L ·,,rhc l-> c:r or not t here 

1·Jc.cc :.l D,";· j_,1 Lc· ·~;.c i,J.u, ,1 . :)ctwe cn tlwse componoJJt.s . 

(food c;r :Jdc ') ____________ _, ______ ...,_"--_ __,,,_ 

•.1 .i tll '- Le 

On the bo.~_; j_:_; ( 1 " :,:ic ·.: ar.l.i.c' etn:.; ·; :;,:.:;i_::., of Granny Smith 

:..:.pple j1.1i.c : .. ('.L'.J.b.i c:_; X_;_J and. X:1:L;., 1.,. 4~ , · ;, ·,·a3 decided to 

work wi t ll maJ.i. c nn-:J ~iLric (2.::.; ·;;l:.c i,;;.,:..:i_n ,'..cid.3) and glucose , 

fructo3 u , sucr ose (as the main su~ars) . 

Since analyti.c~l s rades of these components could not 
be used i n t his stud~ because oi t ho cos t of the r eagents a n d 

the amounts r e qu ired , the use o: .i.'ood ;:,rade sugars and acids 

necess i t at ed u rcas::;c~ sment of the r etention times and K 

values by [;; le for subsequ ent ident i i' i cat ion purposes. 

2 . 2 Reverse Osmosis experiments 

2 . 2 .1 With mode l solut i ons of s·,;.Ears 

Model solut i ons of sugar s wer e pr epared to within t he 
appr oximat e c on cent r at i on found i n GS app l e j uice ( 6% w/ w). 
Typ i cally, the food c;racle suga r ( '1 . 5 k g ) wa s wei ghed into a 
container and tho solut ion (2 . 5 k g) made up wi t h f r esh 

filtered water . 

102. 
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,_,,:· i.ruc t ·)~, c 1..: :.:,u.~ ,,c -~._:.'.lined ) , ., ..<.: 

:.:j :11 1:ilc .Jo .1 ul'.j 1_; ,u ·J ar .. 3 ~1c1' 1:J J:cpt 1.,, 

.L'hc rriodld :.:;oluL .1.:..1 n ( L' :·.nxco :,u .,--~·~,; 
VJ~lfj tl !Cl dC i , .1n ._, i. tl p l.<, 

of.· r;u i_,or l il LLI .'. . : ,_:, .. ~ l :.:;o .L u t iui1~ ;;10.ut.: ~· :; ,.• lLtn..: G. thE: ::;a~11C; 

( G.bo1.xt u,.,, ,;/v J . 

p rovided a q1.1. ·.i ( .\ 

' I . . . , r :, : i; : ; !1 1,.i. li t)J , the a:.;:...,,; Li: 

o.f ;·_JJ.c Qr1: .J ./:...,J~ ··.; . 

,I 

I..J • J_\,I 'I • ' , .,,,l 111•.11.1u l , . aL Lv:o d i.i.'l'crent, 'L(:rt1per ut u rc:; ( l t. : :J;_, 

<- ) ., C I: i I• JI t '--'! i.nr : pr.·1_,:.,.'..;rn: c ( '1/ aLm) , nn<.l c.on::::,.1 :;· ... 

·~-o c... Liv:: re. I c ( '., J..:/ , .• 1) . 'J.1 l1c J,cr meutc ~1.ld c onc cnt ro.t: r .. , r. ·,.-

1 .._,, .. ,·, ·nt..:lL l;rl L 11.._,. :L'c ,,;,_;_ Lo.nk t 0 .na.ke: a c _t u:; c circu i t s.y::.;t(..;,i:. 
'11h1..; par1·0.,...~.~ i'r.cL· of t he; nw:,ibro.ne v;u::.; a~:::;css0d. by rn easur int_: -c.1e 
·, .. . ,.,, CO.t . . ' ' ( I • ;' 1 11..,,.l;, l L; 0 . L{.), , .L? 

c i mul ~o.ncouGl_y collcctcu from :. , ·..: r~v·.1 .. ,,>_L; ...... ,1on and. tl1,2 

permea.te once oper u;,,inG condi t; i. ori:::, remained. constant . 

2 . 2 . 2 Wit h model solution of Rei~~ 

The prepar ation or model s olut i on of acids .::.nd RO 
experiment s wi th t hese wer e carried out usi ng the same 
procedure as described above for s ugar s . The concentrations 
used were malic (0 . 41/6 w/ v) , and citric ( 0 . 3% w/ v ) , both being 
made up with fresh f i l tered water ( 50 kg ). The mixture of 
malic and citric acids was made from fres h reagents·, due to 
the low conc entrations involved and availability of the acids. 

The concentration of acid was monit or ed by titrating 
the aci d samp le ( 25 mts ) with st andard NaOH so l ution ( 0 .1 N) 

using Creso l Hed as indicator ( s i x drops ) . This provided a 
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quick ,·my ol.' enc c: i.n ;: l,lw conccntrat iv o_:: acid in the 

.1:e:c<1 ~,.:i d p•,· ;-·~ ·'··' ,.1.,. ·.i:l1c nb~olute conC(rli,t"';.::.tions of u.ci.ci 

in tlie f C{'J. .-.md ))Grmco t; e:: , however , arc repor t ed only un the 

2 . 2 . ;; 1;/j_th iflOd (' 1. .- , • ut i ous of r:1i : ~r;: rl ,, i ; __ ......;.. ______ ...._._, __ -----

the 1' o J.lowin1, ,,n:,-, • 

t o half of i tG ,:irit':.::.na l volume ; t he:: s ame wo· ione with the 
mixture of ...,u ,-~ i..i.r~; .L°i·vrn 2 . 2 . '1 . '.J'h...: t ·.-;o cone .;Lrat ed ;::;01 utions 
v:ere then mixed ·:,vr·;ct her to r-~:i. v c) n .._, ,.J ,, 10.n v .1.' sugars and 

acids of ~he: dc~ireo compos i tion . 

·rh i:: .f i r1::;' .n,;1 t"la ::.; made a.t, .:: t, .:i.fo; 1· (m£/ min) and 

H :'$ cal cu lc.tt cu. , 1,.) u . • .'ore . 'l'hc rn .i.xe ci . .;olut ion -...:as t hen cool ed 
.. ' I to '/ ,.. f. , · · ' I ( 11t • · .,.., ,p . 1 eu· .. ,·: t:; _,-1,.,·t -t.c ',TI"". n r " ·t1 1.I' '" . "'..J ·, I v ,.l. lu. , .. . , [H . :·.i. 11; 0 .1...J . l=-.lv v v. v u..., u. ,. " 

i ..., l 
- -~L l, 

., ' .. I • I · 1' 
-'-'·-·--· 

.... ~ - • . ..!U \ 

,·, '.'.' \., l. 

J. -~ t tJUU(-_;hL i. ·1at u ,hJJ:'C ,~OU ld b~ int8r­
. , t: ;nrs anc.J . .:.:c I d .... 1 i.xeu i, oF;et her , :... J 

;; ·.·;a:.; made uo t11.,1t :, \ e n~1turc o.r an,y ..... u c 

_. r., .. ; determine: c~ . 

··: 1c p r·ucc ,, s variables invo l vcd in the \.le . . ·Lgn were : 

Proc c:-:,, · 11.iriuhlc-;:.; - 1 en +-'i 

A ( Sucrose -~) I 

·") 
'-- 4 6 

B ( i!'ructos e - Glucose r, ) ,,, 2 4 6 

C (Malic %) 0 . 1 0 . 4 0.7 
D (Citric (l' ) /J 0 .1 0 . ) 0 , 5 

E (Temperature C) 7 16 25 
F ( Pressure atm) 54 . 4 73 . 5 92 . 5 

The symbols -1 , cp and +1 represent the low, high 
and ' centre ' level of the variables cons idered , in the 
units mentioned. 

The experimental design chosen was a Box and Hunter 
fold- over design for eight factors in 16 runs , and can be 
repr esented diagrammatically as fo llows: 
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. l) •.) ..__, 

- ' l 

+'1 

·" - ! 

+'l 

- 1 
,, 

- I 

+1 

- 1 

+1 

+1 

- 1 

- 1 

- 1 

:-1 

:1,.: combination:.;; 

of vario.t :, c; iV.L. h.L;'.Jl l.evcl ( +'i; . 1.:c:t.un;n;.,; '7 and. b urc 

not con !,; j _t.l.ur, ·.1 ,_.._, 1 •,' ,c·~· -r .:~.i.0blc::.:; lmL t.bc corre.:;por.1.etint~ 

into l'ou1:- blocks 01.· four runs co.eh Ctccordin5 to the following 

c ode : 

Huns 

BLOCK I ~ 

" 1 ' 7, 12 , 14-' cp' cp ~· = - I 

i·J = - 1 

BLOCK II G = - 1 2 , 8 , 11 , 1 2 cp , cp / ' H = +1 

BLOCK III G == +1 4, 6, 9, 1 5 , cp' cp 
H = -1 

BLOCK IV G = +1 3, 5, 10, 16 , cp , cp 
H = +·1 
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T.lw ' r·ur,:,' on t he r i e;ht hand. side of t h e t ub lE, 

r.c1·c r t o the c ~l. , · ,. ... l, , re G and H o ·; _ _:,\'f .w lE.:vels ::.;pr:3c i.t cd 

i.n tho midti1'"' S<...! c t i01i . Within enc h ·,;J c• c k , -::. h e r unr., w:., r ,) 

t'G.ndomised. ( u::in1 a , • blc of r and om m w1bcrs ) t o olimi n-:..te 

,::i.ny ~,re nd e f f ec t . '.t.'h ,.) purpoG G of ba v i n g t;w _., extra c c :::-;, r c 

points " cp " ,...,:i t h i.c, <..: i"; ch bloclc w:_l.'f.;; t o l'w vc o. measu r...; of the 

curvilin c(.1:: 'l , . .J o .. :: th<.J r e0p onse t o c .n:..i.11, .0 i n t h t:: p :t·oc e s .s 

variab l e s . llo-·1c·:.)r , the de :::; i gn is onlJ s uitable .for f i rst 
or der mod e l s \/lJf:1., t; b e r elations hip b etween r e:Jpons e var i ab les 

and proc es s varia.b l cs i s ess0ntiall ;y l i near . 'r hi s 11 b l ocking 11
_ 

a lao ha s ~he effect of minimis ing the t i me trend effec t of 

t he membr an e due to compaction . 

A r un j_:..; an e xperiment per formed at t he differ unt 
l eve l s o f procc ~: :- Yariables specified a cros s the des i r;n t able. 

'j . H~ f1llL'I'.;; 

rt1AB:L1·: XXJ..X: J,' • .. 'l,ii,, vn [~0t cntion t i me nnd J< .factors oi' TMS 

tic-:i-.. i ,_1;_1 t.i.y es of sugars an d acids (food _gr a cJ.~) 

C ornp c:, ... 1n .... ilet en tion '.I1ime Kc f act ors 
- --- - - ---·--- --- --- ----------- - - --

f - Gluc o: .. 

.0ucr0 Gc 
,:,ia lic 

Citric 

0 . J7a 
0 . 68a 
0 . 8 j a 

1 . 81a 

0.77b 
1 . 25b 

aRelative to i nosit ol (int ernal standard) 

bRelative to ~-artaric acid ( internal standard) 

cAverage of three determinations 

0 . 69 

[ CJ . '/4 

0.1-t6 

0 . 89 

0 . 65 

TABLE XXX: Reverse osmosis, 01· glqcose, ',lf':R t ,5 .e/rnirt 
P = 77 atm 

T.., 25· c T; ,. 'l 0 

~8:PF (in.t/ min) 427.5 24~. $ 

~,a()F '(~ w/v) 3.7 4 . 9, 
~aCP (% w/v) 0 . 09 ·o·.~~ 
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TABLE XXX; (cont) 

11 1 
L = ':) L-

C..".,) C 'i' :: 'i (; 

{. \ ~ ) + ---,.i 97 + 1% .J\, ) - -
a Al l r esu l t ti ore L J1,; nvero.ge of two d c t e;r 1,1inat io11.s . 
b R ,,, 

,v = 
(

I ..ii 
I; . 

x ¥ 9'~ , c a l c u lat ed t o the ne.:1rc:...;t </ 

TABLt; \ .XXI : Uevcrse osmosis of f ruc tose ; .B'f{ = 5 £/ mi n 
r ~ r;r; G.tm ~ -~' -'-- -

'.r -· 2'.) C T = 7 C 

p i<' ., ( m£/ m.in) 41 0 21+5 

C.lr' ( ~· 'r. , ,, w/v ) 6 . 6 5 . 61 

CP ( o/ I'' w/v ) 0 . 06 0 . 06 

n ,,I 99 1 )J 99 + 190 ;;.t + .... -,._ ··-·-.. ~ ~- --
Al l results ~-i j ""' l~ .l ,i.; rtvc rage of two dct ern11.n.:1t :i.ons . 

TAf.;:: ,J,; XXX i l : 1,· ,·vi::! T', ,. : u:...:1 ,iO~ :io of ;~uc ca se; 1''R = min 

} 'j 1' ( 111:/::in) 

C 1,' ( :'· iv/ v) 

CP C,; w/ v ) 

H % 

'll acm 

'I\ 
I 

l~ j'l . ) 

6 . 1 

- trace -

.., 10096 

'I C 

257 . 5 

:> . '7 

- tra c e -

'V 100% 

Al l r esult s are the average of two determinations . 

TABLE XXXIII : Reverse osmosis of mixture of sugars 
( 6lucose = G; fructose= F; sucrose= S) 
lt'R = 5 £/ min; P = 77 o.tm 

T = 25 C T = 7 C 

PF (ml/min) 437. 5 250 

It' 1.5 .B' 1 . 7 
CF (?6 w/v) G G 1.8 

S 2 . 2 s 1 .. 9 
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- - - ---- ----------------------

l ' ~' 

C1~ 

Cl · 

H 
,. 
;,v 

I_ , 

, ,, 

. ,/ 

' . ,, 

( m£/min) 

(% w/v) 

()i) w/ v ) 

'', -i 

---------·- ---- --·-· - ·- -- . 

c.1·,· . ,-.··: ,C 

,,c · 1· :, )'' ., o~·;J :.~ , ' c i ! · 1c - ------------- - - - -
I . '/ri ··- ·-·· _ _ _ /. I, _t~;_ J_' ___ .._ _____ -l_,._,1 

'L' 2:; r, .. ,, 

!~d'.) 

O. j 9 

0 . 0~ 

9'.J + 1 1·.' - /J 

(\ IL•-, 
J • . ,/ 

(.) • 'J l~ 

= 'l 
. )'? ) (_ ,.._ 

0 . 40 

0 . 02 

or, + " ., 
.I., - I ill 

All res u l tc a r c t he o.verar;e of two J.eterminations . 
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'11ABLB XXXVJ : i~0verse osmosis 01· :, i xturc of acids 

l'L1' ' , . ) !11l./ ffilE 

C.B' e' i~J w/v ) 

(°"\"•) / r/ ::/v ) · ... .1 ••• \, 

__ ,,. ___ . __ 
H ,'l.' 

I') 

TADLt; ~,:y XV .!. .J. : 

l·J.I' (m,e/:n.i.n) 

C.1:!' :,• 
.I 

( ~-~ i"l/v) 
(1 

(_• ...., 

Cl-' J.' 

(:t ~v/v) 
G 
r, 
0 

.:.i v· :v •• .11 

G 
,, 
,.J 

·1.:11 ·:c == M· citric ~__:..!.. 2 == C) 
.i!'l( = 5 £/min; 1-' = 'lr atm 

'r = 25 C 

1+-80 

M 0 L• ., 
• T) 

C O. j b 

(; . 01:~, 

(' ..., ., . o;;.:· 

'· o ..... + /l 1' 
U<J - I;:.• 

,., (' !..j + /) I, . ., 
,/ - , ,:., 

'l' == 7 C 

2'70 

Jvf O. L~2 

C 0 . 33 

9 '1 T' 1 )'~ 

C + 9v - 1-~; 

Hcv c.:r s ,: ?..:..~:.~ .·_.!:.·L.2.t .. ·'_i~. x t;urr of o..: 1..,f:, .. rs nnJ. 
' l' ' .; l .. ( • · ·1uco· , · · · .· · .. , ... t · - : -
l.... ._...!_ , .,.,~ F · 1- · ' ,..., t. , • · _ · ·· _'.t..A. ·-· ,,;, '-__ ·- i 

··u~ ·1 ·0··e = ·· · (·1 ··i · • , · , ·· ·~r .· C) 
...J \.; - - · .. ) ,._->' ,1.t... • · - ---·--- . _. _:· _,. __ .L -··- - - -

.1' ; .. -

' l . '/ 

"i • G 

2 . 1 

o.v.) 
0 . 07 

0 . 05 

~'? + 2,,1 
-';O 

96 + 2% 
98 + - 2 ~' ;J 

I .t/: .. iJl : ' - . - ·---~·-·-·- ... _ 

" - r C 

./\cid r; Ac i<.: 
- ----- - - - ·- · . -·-----·-----·-·-

:'.;. "] ~;. 

l'J !) J j<) 

C O. 2(.J 

f'.1 U. UJ 

C O. OOLJ 

[VJ 92 + 
;}~.; -

C 99 + 2iS -

,' , I~ ( .' 

·-- ------------- ·---
. I • \J I·: ') 

Y' .•, 

~: ,, . ' .. ,,, 
' ' r, "') ... , L. • , _ 

~1· u . u2 IV! U. U) 
, , 

0 . 0j '-- C ,J . vtJ;. 
. ' _ trace -~' 

l)o 
. i· 2~v ,, JV1 92 T 

2% 
/"' 91· , 

i- 2% u - C 99 + 2~16 -· 
(' 100~ u -

All results a r e the average of t uo deter minations . 

L~ . DISCUl:>SIGN 

The -··,.:sul ts for the reject i on of sugars ond ac ids 

singly or in ;nixturcs v,ere as c;~pnctcd from a kno 1r1ledge 

of the 'raft riumber s a nd th0 mo : ,.;Cu] o.r \ieight s . 



1 'i O. 

~- ., ,-a~.,,.,. ~t u d1.· ed ,... '"' )'' (; c-~\,, 
U tA t ,.t ..L ,;.:) .:.J ' •J vl ~, . '- V • t"l f : :_;L'.-2 .. . 3) 

0
1:'(· ttw hi r_;hc : ... r . . ,"'< ,ic. 1.::-• .1.on ( c.L<J:..;c to 1u, .. }, '.L'ablc XLC:I) , ~:·tt,h 

fruc·t ose n ext ; . . 
, r , \.' '.l':., L .. , ..... :, ··,I ) , a,, < then 

r., l ucor;c (r1 1·i -~ '1, :1 · •. , t)· 1 · ·' 
1·1" 1 bJc - \ .. ,,.,, '-'" ~ 

'r" -, ' 
.fL.t\ .''r.. to .1. ,,1-.; v e r , tbc 

cx p, .. ..._"':i. :.1ento.l ~ J.T•.:]:.; .1.11vo .Lv0d. i n l:.b0 ~ .. ,_ .... ..,u·cc, ,,.;4·1 t 3 01 Cl•' n_. r•. 

CP ( ;;. , 1<.l tlius .Ln c, •.• c:0:ri1,uLo.tioc. 01: ,{, .1 ,·:u~, ._;·<1c n ( -~ 2;~) ..,i !D.t 

no r:d .c;n i ficant <L ... :.'cn .. ncc:...; cun be ...,,Lid. to c x 11..,t ui..:1 ,virJ c n t he 

re j cc t i on ::; o.f t h ..... u;:·i.lr:... . Ovcri.'tll, t ho re ,jc.:l!t ion uf ::; ,.t,·;u ::·:... 

was ver y h ie;h ( tj ., -- ·, 00,;,) • 

: .. ~1; h r c:;pc<.: : t o the orr,anic a c i d~ :1.:tdcr s t udy , rr..ali c 

showed a. r0j cctior: _ . .,_. 0, .. ,rnt 90~<; ('110.b lc XX..X:I V), 1vhilo ti ··<: 01' 

c i t r i c wo.::; s.Lbou1., · .~· ( i ~1 ule ;, /..XV) . Thi .:; was us e xpcctc .1_ , . : 1.nce 
ci tric hn:::; u ld.tJH_,., . t'··, I cculo.r ,·Jcic;llt (2'10 . 1 ) t han mali 1.. 
(1 3~ .1 ) au well us hovin~ o cr catcr nu~bcr ~r runctioni ~ 
r;.r.0up , rct:uJ:'.., j-;,~ in a l ol-1er To.ft; number( _!., '.J9 ) . 

1 iJ .• :1n;-, t;hc ,.1 •. . , t'G toi~c:L;~r ':' did not sie;ni.f'icant l;/ a lter 
the r o~j c c t.Lon : •. I, Li iv ..1.ndivi duo. l .::; u r;u.r3 ('11able XXX.ll l ) . 1.rbc 

sai. i.J \•10.~ tru e ru 1 • L h o oci.J ~ (Tob..L0 XXXVI) . 

f l ux v.t· u,J L, i i :ju; ,: u·._; und o.cids . 1
J

1 
-- -'- · ; L:1;, : • ·_·xpectod .fr om 

eo.rli ~; r r 1.: . .,uJ t:~ ( C,,o.ptcr Three , ...ioct_i_<..m I) . A te~perature 

of '/ C almost nu . vccl t he l '.;,,. or t c .. 0 cup;o.ru a nc: acid~, ( T .... ,,,le.::; 

£.G; .. to XX:\ VII ) , co:~.p~r-;c. tc, rurL::; at ;l '.) C . .1,:vc~·easinc; ~;he 

feed ternper at~r c incr~aJ ud the r ~j ection of both sugar 6 an d 

aci ds ( Table~ XXXI II , XXXI V and :xxxvr:·) , but i n most cases 
this wan not s i gni.C"icunt because of t L1e cxpurimental errors . 

Mixin6 Gugar s and acids together increased t he 
r ejection of malic and citric acids ( Table XXXVII) , while 
t he rejection of sugars remained high (97 - 100%). The 99% 
rejection of citric acid (Table XXXVII) r epresents a steep 
i ncrease over the ear lier results (about 95%, Tables XXXV 
and XXXVI) . However , the citric acid concentration in the 
mixture was l ow, r esulting in lar ge errors when t he permeate 
was analysed, s i nce glc response was ver y low for citric as 
compar ed t o malic . ( Table XXIX) . The s tandard error involved 
was ! 2%, and thus 95 and 99% r ejecti on cannot be s aid to be 



rc .icct jc,,1 ...:I' 1-:L 

:.;u ,_·arr; c:ou .c. :,<.: 

wc:i.r~rit, ac i· . 

the pcJ:ncc: ,; c . 

111 • 

~-· . .,nt .. 

und (_;::._ I, ~' 1.C o.c :' . · :i.;1 ~ :. ~. -;-;re;: '.;nee ,:1 : 

,.J •• J.b l.,' '. 1 ,·; :,o :., 

Cm l; 11,: br:.:::·i~ c1 tllc above rc ::.n., "v;;, .1.t wG.::; c 1cJ.ud()d 

tbaL t, :~ ',..: vw:.., no, any ~:i 1·;;-1iJi.car:;., i11t c1'· cc ion betv: ,:: vn Lh,~ 

,\n:,· :.,;u:.; ,,:.c 1 011:.: th~t me mbr..:lll: c u .. ·> c!.Ction co t1 "J. •; ·.vc 

.:x. ,·]DC1.XJ. :,. , ·~ :cv~:ulL~ ob Lo.in,..: d 1vcrc al~o..:rcd v1hen t: 
iilOtJ.~.: ·~: \ :,·.u ... : ,u. ; ;.:u.' :.l!lcl :.:cid. r un:: , . : ' 

\1 4 l .. 

st: ,w.tard 0 . ':·:, ['J;.,._C 1 . J c: rrncal;o flow :J.nd r c,jcct ion vo. lucs 1·0J: 

l'i.! i' J J. I· ' " \ J ' -· \ ' •• J. 

,, . C\.'NCi ,fj;' I:•[' ' 

Tll1, ;_J)uVc· 

I'/ 'j '1 ·•nd ' ' , -\.. l • . .! l 1 .1.i. - • .. , • 

·."' ._;. ' ... :.. ,.: :.i:; ·1·, ,, 
.i. , -1.. V 

o.l, ' . ; 

ac j_dc; p ::."' u:..,c:Tt :J:; :;.i.:11 ,le co.,, ;QTlCl.it ~ or ..1:::; complex: ;:,ixtu.:.. "G 

c:onJ'irmed the u . .,;c ol' 1ra..Ct numbers to p redict membran t..: 

.11-.,rf orrno.r .. cc . ~:h0 use of molecular wcic;ht r.:.::; an indicc..tor of 

~olu tc rc 0cct :1. o.1.1 wo.s also confirmed , hi~he·1: molecular we i
0
,hts 

r;1v1.np; r)reo.tcr rej ections . 'l'hcse results conf irm earl ier 

reports (Mc.tsuura O.fld Dourira jan 19'?1a, 1Y71b , 1972a and. 

1972b) that i..~tc . ,ccl1ani sm of solute rejections by HO c e l l ulose 

acc~ate membro.nc0 involves both preferential sorDtion and 

capillary flow ot the solute through the membrane . 
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1 T·. 1·o)U" ·r'Y' • ~--{ _ 1_~...:.-~~ 

,)n the bar; i.e. 0f t.iit; rc~~ult :.:; · .·' "i.n,;,d .in Chap tc :.:: 

1 i 3 . 

n. 
l • J ·~"" P C , 

?, ect .-Lon l JI . a 0; ' ) 1 rcten tiori o f ;:;1: · -r :::; wi tb Gome loss 0 1 a c ids 

w::i~1 ~xp ected when ::i.np l.0 ,iuice wns c• r,r:.:-·r. 1.: ·11.i..c n. . :::ome lo s t, o f 

nu.ga:rn ( m8 i:nl.Y ::-;uc ro :: r: ) a L hi '_(hc r con c entrat i ons \vD.5 nl;-;o ·( -

pected ( f}hcru.rdi e t /'.11. , ( 19 72 ) ; :::ichobin,-;c r (1t a l ., (1 ·1·1,1; . 

In 1, i11 0 :icct i .on of the invc:::; t .,.,-;a t Lon , uppl e ,iu Lr:c ;,.ri"l.f:J 

concentrated by RO t o see if it behaved a s predicted fr0m ~he 

work on mo tel s olu tions . 

Single ~trent,:t h ·~rn.nny ,mi t h ap ple JI.lice ( 50 f.) and i ?. 
0 

1>r L: conc c,1tra:.r: .:-j i) were obtained from the Apple and Pear 

:',-,i .r·l J1,,;.icc fact,)rJ ;d , Hastings . The sin1;lc st r enc th (s/s ) 

J\l ... cc •,,rar: t)''f'J""l'lT-;, n.:~ .'.,) l Lows . After e xtraction in co;:tinuous, 

1·,c l·j '. ·.ontaJ. , .... ,~.t,~"· :u.vc·, · h,vdrauli ·; pr,: sse s , P-nzyme (Ul ·t r:=tzyrn0 

: ,r ~P"Ci.'."' . • ; 11., ,- L{'-,Y tJtd ., ~,wi t7,erlam t ) containi 116 pect i nas es 

, . .,, .. :iri:vln: (' ·~,;·., ·,,: :•'rl . Thu .iuice was held fo r 16 hours , ocfore 

be· ·,:1:; ,, 1 .,,1,· 111•;: i ~1 dj_ntornDccous earth fil tc r tc p .i ·odu c e 

r.1 , •! o:; : · :) 1, ,. ••• T. o i !5 C Jor 30 ::-; c ,·011,11:. ',11- c pa st~uri se:d. Jn i ce 

w, .. : .imn1cdu1·, ,., ,;.;.' ·.~cl 1,0 room tempc r :1--:..,.t rC' (1'.) C) u s in· ' Cl. 

pJ.ate heat e ;· ,; .;1 '!' , Lhr.n passed throu..~h n l?F- ::SO iil. t e r press 

( Hr i ti sh ·'il"tcr s JJt.,.-: . ) 1. 0 gi ve a h r 1::.i,,nt.:.., cl ea r ,Juice . :h e 

pnstcu ,·i:-.,c :; <,r,,! . ·,, .-J. f i.. e d f:, / s .~ , ice wn,: . l, :.h at chil l \emuo­

ratures (2 C) un i i.l. trned . 

The concentrate was prepared as fo llows : clari f i ed s/s 

j uice was passed trough an aroma r ecov e ry u nit where t he vola-
·' 

tile component s were flashe.ri off and recovered s eparat ely . 

The juice was t h en concentrated to '7 2 J }~r ix u oi ng a t riple 

effect .A2V plate evaporator. The concentrate was ~to red at 

r~assey at 2 C until required . The concen trate was reconsti­

tuted t o single st r ength J u.ice by diluting it with fresh f i 1.­

tered water until its total soluble solids content (as measu­

red on an Abbe refractometer) wa s the same as the s / s Juice . 

The chara cter i stics of the different juices are presented in 

Table xXX:VI II . 



2 . 1 Reverse Osmosis exuerirnents wit h sinrr; 2 

strength juice 
The s/ s j uic e was concentlat0d at a pressure of 

77 atrn, a flow rate of 5 £/~in ~nd a temperature of 25 C. 

When these conditions were reached, duplicate samples of 

feed and ocr;1;._.,:-.ltc wert c Dllcct0,:t ;;nd tue :nc.i.:·n eate flux 
recorded. ·J'l:i.G sampl-.., vJ(_.,.,, 3.11t-'.,r::-,~r~ i.,: r,.Lc, ;J.nd rc;r.,,r,011 

o.f the .:-u ··~1· and ac c's c. :.cu'-.o:ced. . · ':G : ·ttrnc ju·i_r,' ,; · 

( L) 

(ii) 

(iii) 

.. it11 the ai1. or compt~rinc; r or nc.t thcI·c 

· - rerv;t~1. 

' .. .,l :';/. , ju.icn ~::., .. cc,nc:1 1 'r :·t., 

':, :1~., !K:r; t prac t; i OJ. ·1 "' 'l., · · · r· · ( 

., 
, . ' 

\ , 

r, ·~ _..,t.., 

r'unnine; i.:. 

) and a.1 

1 C. 1
' (;; total soluble· so_idf; conft;nL (usin.c· ,;11 

!\ube 1·c~1·G.cL01;1~Ler) ol t \1e l\~1.xJ 0nd th( •).,rmcDt · J''Jux 

,Jl · t ·:1.) 1/0 mod ule \Ver· co• ·1.1cd v.t r.oc;u t~' int · ,aj::: 

'''-l :,.tt"1 )-....t Ltlt..: p I' OC1.!~;:...: . ' i':.ll. COllCl~''ll;J·Lil;i.~1n WO. , 

cont~r:,,:·d unlil the le:v, 1. i.n th0 ·, ·d t:;!ik ·,,a~:, 
jnsu;.1'i.cicnt to p::·ovi.dc ·:.,)oded :,c ., ~ to t b,· :rnmp . 

rL'b 1.: ~:uc:ur and c.J.Cid r..:01tt.1.;11t.; oi' botn !;!11:: CC' nC 1'.J.t ·.·.:1te 

nnd per::!l.!G.tt: \·1ere dcte:1·"?i:1,:-cl. 

Diluted conccntratL 1.:0 .. --.. similarly concentrated. at 

7 Cat t he hi~hest pruc~ical pre~~Jce (99 atm), with 

th..: · in• to achieve a hi(';h .f J.u...- rat e , which wouJ d. be 

des ir.:tble Lor econotr1ico. J. reasons . The total so 1 ids 

conte::1c and the flux rate were r.wasured ns bcJ ,~.'e . 

Tho process was stopped whon there was insuffjc~ent 
f00d to provide flooded s~c~ion to the pumn . Sugars 
and ncid~ in the concentrate ~nd pormente were 
dct1-.rm·~nod , and tho. process compared to the run at 

'? C . 

bincc coolin~ oF Jhe juice durin~ its concentration 
by HO has a large bearine· ~m the manu! actur1n,,; cost 
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01· t :~c concent rate - especially on an i ndustrial 

scalo - j r. .;c.:· dcci.dcd to as :. cLl s 1.,he e.r'r'ect 01· 

corc,:c.· ····:-cing -c~10 juice o.':: :.: .e Jowcst t crr,r0~··~;u:re 

that c ,Juld be achi ev ed. ·,,,rhen fresh tap wa t er .• u :3 

us ed tu cool the feed . The t;cn~erature achieved 
'I., • ~· ' means , \Ji t 11 ; ~( ~ondition~ as bci ore , was 

cxpcct 0d to ~-l.i_.:_· t :{n!,; i :11 Ly :i !,C r·('usc t:-t8 permeate 

/htx, ,.1i.thout s:i. ·:1 iJ ' ic:;_ •_t.: r,:c~:.;irw: trw sn;~rir. 

··.:.:c. :....c. id J·0Lcntior_._· o · ·: 

'.L
111 r (.;c , sccf_·~on J. , p . 66 , . :\ >. i he:::· pcrrr.cote flux 

'J.. 1·, I ' , , I :> • • l I I I , I ) 

p ll 

,, ... ,,., . l .. · .. .i... . · ,-.. r 1' 1 "l1 1; c 
:::.' ... :: :.:.-. ~ .:.:·. I '~ I l_ s ._, . L ·~,, ;- ... ,._ ... - - -~ - \ - t.:J ~ ~· . l. . \. - ~ .. (_,. 

·/ ·· . ,- c··. 
J - V \." -·- C 

Jn ·r· r·u i c,t 
.l°l: O 
If • I•' • ..... ~. -- ·~ . , 

• 'l 
,) • t:.. 

: ,,/ ' . ., .t i.(' ,..; 

• I ., 
.,.._ • ,J' I 

i..,~_ .. L_; L {. \.. .. -,., .. 
and ,·Ju. 
u t; .i oi 1 

,i • . 

Cc,;1ccn ­

t r ::.. t e 

:; • 'l 

l l.l Ul,8U 

<' r.:ncen-

--- -----------------·--····- - ... - --- ·------·---·- -------
0 :i',rix 

(a t ,,c·· C) 
,, \ I 

I - • J 

I , I 
(. 

., . 

---·---------------··-·----
,·6 'l1otal 
Acidn 

a by LlC 

'I 0 . () l~ l • 

b u ti t}'0. L ,.on 

TABLE .IXI. : .:: c:r-;ncat e 

•j ('!J•:' 
o , I 

.!!'low and re: _j ec t ion 

s in}-,l c s t ren1;~th ~ I~½. :i. C l; ~ 

------· 
•r = 2:, C 

nugars nc-; Cl:; 

J>:l!' (m£/min) 350 

Jt' ? . 1 

Cl<' ( %) 
,., 2 . 1 M () . ';C' 
•,r 

~· 3. 5 C - era.cc-..... 

\/.0 . . / 

characteristics 

.P = 11 atm 

11' ·- 'I 

sugars 

18 5 

p .,j ;) . ) 
r• 
V 2 . 2 M 

s 3 . 6 C 

O J 

C 

a cids 

0 . 90 

- trac e -



TABLE IXL: (cont ) 

CP (%) 

,-, r./ 
ll ;V 

sugars 

.f:' 0 .1 0 

G 0 . 0 4-

s 0 . 03 

I,' 98 + 2:,f. 
(' 9S + 2 ~b d 

c.! OD + 2% J..j .,!U 

acids 

M 0 . 04 

C 

+ [!] 9G -
2~~ 

C 

.sugar s 

J? 0 . 17 

G 0 . 09 

s 0 . 10 

" 9? + ·, -
G 9e, ·f-

-· 
c, 97 ·i-
0 

'1.' -:;: 7 C 

2L'/ ;u 
,,_ .... 
.:::~.) 

;?J~ 

acids 

M 0 . 0'+ 

C 

• J\'J n ,:, ·- 2 

C 

,U_l reSl' ·, i:: ,:1.rc the a verage of two dct orminat i ons 

TJJ3LB X.1~ ; Permeate li'loH and ···.:~;iccti. on charaeterif.it·:_c .. ·; 

CP (%) 

H % 

oJ.· diluted apple ~;L . ..i.c0 c.u~t ..'.:.l_:_~_r·ate ; P =-= 17 a·,.·-: 

l•' ) . 1 

I, 2 . ;! 
<' ...., :; . 6 

li' trace 

C tr8.C (.. 

.... 
0 traco 

l i' ) 

C 
) 

·100~~ 

< ,s ) 

'J.l ·= 2:_; (; 

acids 

jjU 

C - :. •·:1cc-

C 

C 

l' - '? 

- - - --- -·----- ··----

1·' ~ .. . U 

c: ? • () 

i' t:r·uc o 
G t rac e 

r: trace 

) 

G ) 100% 

D ~ 

M O. 91,1. 

C-tr acc-

M O. CJl-l-

C 

M 96 + 

C -

All results arc t he a verage of two determi na t i ons 

TABLE XLI 

Concentrat e 

fy,s_ars and acids of' permeate and c oncentra~ e 

obtained f rom conc entrating single strength 
apple ;iuice 

* 0 Br i x pH 

3'+ . 5 3.1 Ji' 

G 

s 

s ugars 

16 . 5 

7.7 
12.7 

glc 
* ac i ds 

M 3 . 1 
C 0 . 1 3 
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rrABLE XLI (co.nt) 

- -----·--- --- ··- ·-------- ·----·------
I_'; l e 

r !f ,, ~- ... ,., . 
- -----·------ ----- · ····-~ _ .,, ... ..__..._ 

l'er rn0nt c i ; • ; ) . () 

C ... !; rac (~ -

.F' 10(1;:,; 

Rejection ~.; 
(] ,, ~ ' .. 

,--i ( :(t 
, ... ) ,I ./ 

----·- --· --- -- ------·-·----
* Avcrar;c o.r t wo .:..c :~crm.i.nations 

_c,:,\:..·:.' ,1od Crom _ _s::ync c~'LinP: diJ.1Jt ed ap:,i:\_.._, 

_jy.ic. · c•:•1,ccnt 'i.'·J.te 

l
,·,-1e 

.) 

pli * ~,Uf ;o..::·r; "ac1.d:-_; 

- -------- --- ---------- - - - -----------
j1' 1 'l . _; 

Concent.r0.t 1 · 
.. ·u 
,)U " tr ('.) . 1: 

(' 
>:) 13.E-i 

--· --·----- ---···-------- ---
1•' .. "l. 

\I • <''.) 

Permeut c ,. 0 
L • J G C•. 1e 

s 0 . 1 ~· 

' 98 
'1 ')% ., 

t... v 

1.{e ;juction ?, (' 9b 
+ 2% .r -

,., 
99 + 2% 0 

*Avor a3e of two det er minat i ons 

M 'j . 2 

C 0 . il> 

C- t; rac c-

M 81,::: 2% 

C ,,, 100% 

TAJ3LE XLI H: Conc crr~, rotion of s ingle strength appl e juic-s 

}' :;, 99 at; rn 

time 
(min) 

. 0 

30 
·.o 

90 

0 Bri x 

10 . 5 
1 1 . 2 

18 

Plr Flux 
( mi/min) (t/m' /hr) 

260 , 17,_. 5 
250 ~6.9 
205 13.8 
190 12.8 



11 8 . 

'PAT_'.T,1', XJ..I U: ( c , )il ~ ) 

L .J.!l[C " .Ur.ix i I 

' . ) 1_ rru. :1 ( ~; . ' 1:;A.. ru L!i ) ___________ , ____ _ ------- - - ------
12 • . .,' ' • I 

( ' .. ) 
\. I 

I .• , .,. • •' 

']ij.J . ,' c:: • .,,,~ 

.. /1 i 
.,,,.., ·, .. ·' 

"· 1 r ' .·) 

I \ t .. 
',) 

LO 
(.,() 

'1 0 • LJ. 

6 . 4 

'.) . 4 

/.~. (J 

~
1AI31., 1~~ X1X{: ConccnLr:.1.t.ion of diluted a1~plc juice 

conc ent1·--·.-t~~..i F -=- cy) ') l: r: i 

t,J. :1l8 

(min) 

u 
::.,U 

( ., 
\._.J\ . J 

yo 
12:~; 

'l :~ ') 

1 ' ,: \ 
-·''-' 

1u~, 
,, ( -~ 

1 , _ _____ ,...," .. ,_ 

time 
( min) 

5- 'l5 
.50 
60 

90 

120 
150 

170 

0 1ir .ix 

1 ;:.'. 

1JL ~ 

·'][\ 

( - ;1 • 1, 

' 

~H.') I I 
- J' . ...... 

:J,., ) ,. . 
,! . 

:_,// • ~I 

.,,.',: I 

·r - 'I C 
0 1;,r.i..x fud- to-

10 . '.:°J 

11 . 2 

14 

18 

22 . 5 

29 . 5 
32 . 2 

end flux 
( £/m2 / hr) 

17 . 5 

17 . 1 

15 . 7 
1 l.j . • 8 

1 3 . 9 

12 . 5 
1 '1.7 

} I jl\ !1'lllX 
/ 11 ,7 I -- j ,1 ) \.. ,. "· "· .. ' ( J!/ m2 / hr) 

'). " l:...C_) 15. 2 
; 1 4 . 8 

/' ' ·. '12 . ~· ' · / 

,'j / ( \ 
I .,,.'-' 10 . 1 

1 ()() l..' . 'l 
b~, r / . 'j ( 

,'\) ,., .. () 

/ j.~, j . O 
! '' ' d.. '/ 

'I1 ... 20 C 
0 Brix Entl- to-

11 

1 :; 

19 . 5 
27 
35 . :5 

end flux 
( £/ n{ / he) 

')/, a 
C.. I • .,I 

2'1.5 

18 . 9 

16 . '+ 
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15 
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0~ 

F IG . 21: Fe:?:· ,·- ,:;1te fl ux (1/m}hr) vs c ,:) ,·.i::entrati o!: ( 0 Brix) 

a~ P = 99 atm , T = 7 c . 

~ t 

~ s ir.gl· strength a.i:;pl e j 0..: i ce 

0 dil :~>- J a;i;le juice c·· :--·.::,2 r, tr:::t-:: 

·~ 
·~, 

..!------ --~-·--> 
.... ,., 
~ .... 

c E:ux 
2 S 30 35 '-'~ 

• 
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1~. DISCUS[;IOM 

The J·~-sult .s ·, n 'l'ab ~Le [,{L c on _· 'I, · 1 (; rusul tG iour.G. 

t:1rc1.- 1u.s.in su, ,o rs v101·,; o l 1 .. •.) :..) t t otally re t .... i , ,<t while i he 

ext<::.L1G ol' los~-; or ma J i.c o.cid (9b%), o]thuu[.;11 hig he r.' t han that 
~·ound u .s.l.n~~ :.:odel Golutions (927~), ~·10..,, nut outside 

• t - ( -j ,, I) 0;{per1.men al error - c'..1.J • 

·rhe ::-o wa3 no si.c;n .i.l' icant G.3 /..'.'c .. ::0c .. c0s i n the rejection 
cha~· ·,..; t; ...:::.. -~ cs o_,_· t lic singl e streni_,,.; , :;.::d u.iluted conc entrate 

unclcr th<., t:o.r,,d cx;:icJ:imentul condi tionu ( 110.0.Les iXl, u nd XL ) • 

Cornpo .ri~;on of t llc .:;4 . '.) 0 Brix cuncc:ntrate with the 

c ,:C.i:'C.:;pon0:i_Y1. ~· ncrr;,c.,1:..e ( Tabl e Xl,I ) S u . .. ..; that, with .. 
i· cspoc t t· . ,.i,-;o.r:..; cmd acids , the qu o. lit;r o.t' the c o11cent ,'ute 

i c not G .i.;':.iliJ.' jJ~ .:mt ly d i c.r c r.ent to s ingle strength juice . 

t.ur;a..r~~ 1.:,10rc r:c;arJ.~, tot ally retai.nod ( 99 - '100%) while rnalic 

acid •.;:,.J 1,.1.r-t i - .1: · }o~-:;t ( H ""96;'6) . ~,~ .hc.~ ... c was n ot dn-:; <r .t...tL,t.·: 

On c ompar ing t ;·c :;;8 °.3r1.:;,,. co :;i.: i:'u :,. ·.vith the 

), it is seeD Ghat t~~ s ugars ere 
\'J(.;:_;_ .:.J·,,ct Cd. ,_,y:_;- S•9t ), \•:hilc the rnulic i.J.C:td has S1;ar t c:i 'tJ , 

leuk 0uL -....., c .1.c · -·c '":.xtent ( H = ~-r1~1 ) . Ci tr:c, on ths . ,,, . .:::: 

ha.Til:t , G~t-r,.:_; t; ,; ··1...· ,:;otally retained ( Tables .:;.,1 and. XLII ) , 

but ::_..c t. J.:..l.J ci.c i ,:.. exists i n the Juic e in very small amount :.:, , 

its retention or loss does not significantly affect the over~l} 
·' 

quality of t he juice . 

1I'here was not any significant differenc'es ' between t h e 

single strength and the diluted apple juice conpeptratc when 

concentrate'd , at the high pressure. Results f:tom~~~ble·s XLI1t 
.,.._A..,.,. . 1• .. ... 

·~·~~~~lV and Fig~21 show that the ~nstantan~ou~ _:,;~~~.~t~te fl;1x 
of ·~»e two juices f ollowed a linear decreas e witn' conaentration 
• • I • , • r , .• • 

( 
0 Brix)'.; , a .lower flux was obtained at the higb~.~:~~~i.X-, as 

•,t ki • • •• '~ \ • h I 4 

e~ 'eoted. •'from concentratio11 polarisation effect_ .{O.~~pter T.bree \ 
s ect;ion I). 
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:1 jmprovr:•i ot.' r fo.:·:nc~n c 1) o f Lhe ; n r1o d1_.1 e '.v?..c, o btai ne d c1 t t he 

,.1; ~/:J cr coo 1 :i.n ': tcmoeratu re (20 :) u ~~j n•·: f re ~;l-1 runnin ,r,; wat er, 

: i; shown b: 1 r c::--.~l Lt . :'.rOI'i ',: ;:11)1 c ,: ]1 V and ?i-··; . ; 2 . On comDHr in,n; 

:,,1 e end- t o- ,._, .. ,.i f , 1, -,· ( d.cf'i :1e 1i ao the "v c ~ELl ")t: r:r:eate ac cumulated 

.: ; Lrc;-; , d ivid e d by 

!iours , an d ~1:c ·:c: ·;! , p 1.11c area , ir: " n \J . re ,-lc, t .:,,~s) U,.1 ' I . I ~ V .- versus t he 
.:. f>:r j x of t l it: :fe w ; , .i.t L ;; P-een !l•'i >?; . ??.,; that the curve s at 

?.n C a nd / C r n 1):1. '!~."' 1.J el. t o on e ano t :--H~ r o ::; cxp<JcLed , 8, Jd. 

t nn.t tllcr0, w;-l~' :=1 : · · : , , ;j c~1 ,t i nc r cr1!:0" (4 0'i;) in nerme a tc fJ vx 

.,: r ou,r ( 1n 1.1t tllc co .v' Gr,i.Ta.~:.i .o n Dr o c e nr:.: wh en t ne h i .<~her c ooli rt'C 

~c:::, Dc r aturC' ·,•:;.· 1t;:;r-' d . 

r1..' :"!.c . ! ·~l.' 0 f' 

', ·, c 1:0 rnod uJ c ( i • ,.. • · . ,\ · rcn.~: r~ t n fl 1,·{: ~.1. :.· wel l as a reduc tion 

we re no J, ·L riieent a 

h i ;-:;her tn:wcr a t .: :', . 

~rn i n ciu :d,rj_a l :~ :ale , pTov.i <ed that ~, !.(' ,·c 

The r e w:1 3 ,.o s'i.· :n i '.' i.c,rnt <i j _ f'forc nce ~'c,.·,.rce n tl:.c :; i n .. \· 

at ·r C rw the hO mo dul e i n u oe . r~he aonle :j u.i c c c a n 1)c c·o;'­

c entrate:· at<)') atm t.o 3':-J '' Brix ( 7 C) without a ny sis1,1.1.. .. : _;_c a:.1L 

loss in mit;ars and or ;ani c aci d~; . 

A 40% :Lncrea s e in end-to-e nd flu x was achiev ed ,,r.cr, 
fresh run.nine water was used to cool the f eed ( 20 C) . :'n l ~. 

would re sult in sur,stantial savings in c ooling c os ts f r o1c .:i. 

commercial ooint of vtew, provided t hat there wer e no detrimeri­

tal orga noleptic changes in the juice at the hi gher tempera­

ture. 
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the 'I'M5- '. 1~ HO mo:,_.,_,_c tinu.cr ::.tudy was :..~r,.0\·:-•1 :;_n t.ne ·,_·pviou::: 

cha pt er to b e fen:::;jhJc u:r t o a concen i. ··,i'.Jn o.· 
, - ( I 

)'.; Brix. 

Since aj_,) le j uice c.J.n 1c conc<.:r, t ['ated .,p r/20 • . , J3r·J.:i: ua:i.nc 

::.;t0.r 1:r:i.or : .. , ·,r;: ,,J_; ':.! 'v"i.on Lo increase tr . .-) , :: i.,[iut of cor:ccntra, ' 

app U. cD. t.i.on of' RO , baced or, the c:J.rli,J:c 1 

·()n rti r.u.lar, l;ho ·i.ncorpo:i-:ii,ion of RO ir, j .... ,:;,"1c:1·c l..J.l plant · .. , tt 

c11 ~ .. t'<~.n1. 1,:··r_:;; ov· .. r,0 1·:1 Lion to r;onccn trai;, ·._ ,,,le ,jui :c: w:d. l be 

GV,.!.j ,;.'J l..i C,:-1 • 

. , 
t:. • • 

Tbc bas.i··; 0 1· th<~ evaluation ri.: .. .1 ··~-; on data :i'r om an ac : .• ·,]. 

commc rcJal plont. 'l'ho Appl e a nd Pe.1.r Ho;_i r d _ji.; .. i cc~ l':1c L0ry l occ, tr:rl 

n.t H11s tin~3 , New Z<~;.1J. and , cu.rrently concentrai,e.:, L!'})J.\.. .jui ce fo r 

export usine locnl1y gr own appl es, mos tly of the GrJ.llily Smith 

varie ty. 

The upplos are received a t the factory in lar ge wooden 

cr a t es whi ch hold r1ppr oxima t ely 1 OOO kg of appl os each. Aft er 

washing, t he apples are crus hed in a hammer mill and fed t o 

Bucher-Guyer high pressure hor izont al press es where the juice is 

extracted. Following ext racti on the juice is pasteurised at 

s 5°c for 30 s econds using an APV plate heat exchanger. The 

pasteuris ed juice is t hen treated with enzymes (Ultrazym 100 

Specia l which con tains pect i nases and an amyl ase ) and held in 



large stainless s t eel tanks fo1· 16 hours, when al l the cl 0v. 

particles in the juice f orm a sedimen t on the bo ttom of t he t unk. 

The supernatant juice is then pass ed through a diatoma ceous earth 

f ilter to pr oduce a clear juice which is fed, via a va lance tank, 

t o t he f ind: eff e ct of an APV pla t e eva.porn tor . The vapour from 

the fi rst eff0c t i s passed into an arom11 r ecover y uni t , to yi e] rl 

apple essence of approxi mately 200 times concentra tion. The 

j uice leaves the first effect at 23° Drix , i;he second ef fe ct at 

35° ? r ix , a.nd t hA third effect a t 72° Brix (Gyde , 1977) . 

The Apple and Pear ]3oard juice fac tory processes on 

averac0 (,: ;: , OOO litres of' jui ce per El hour day . The sea s on l: i': l; s 

120 d,·.,<Ji.:,, In 1976 , the f act ory pro,:.~e .. :.;l- r: .')0 ~000 tonnes of frui t . 

Season&J. 1hr1.mghput i s oxpec t ed to ,·,.·.:•:!:.1 • a:x,o;:;t cons tan t until 

1979 , hut by 1985 it is projected t 1t,t I; thr uuc;r ,put wi ll doubl e tn 

nJ.rnor:it !Jl),OUO i,onnor1 1·,·r yP:tJ' (Gydr1, ib:i.,{ ) . 
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l"or a corruu<) rcial pl a n t, it, 'i.:. U;:m o.l t< 1 1lu:; .i.. e-n nn RO G.V t on 

on a " once- thr ou.c:h" pr i nci ple i . e . tile' f'o od 1'·'."tciscs thT·OLJgh ,_,, .. i.1,;!1 

pressurG pump a nd t1tt, rn rJd t1l e:.1 only once, i.. !1,~ ,:·(Jw ·r"- ntr11te leav::.r::'. 

do 1,m.:1trr ·1-1.m f'roi,i the modules a nd f l owing to !·, ,, · .,,r1cr·nl.l·atr: t; ui'· . 

lli th ,• ,rn rk rc· ·;1or l·cd in ea rlier chaptcr:.i, n J .'1.c,•·0 me mbr:.m,, r.t ~:-· 'l!:t• l_y 

of th e re ten ta te m1til th<: deB i. rr:xl. ,··one •·!,: 1·ntio'1 v,,.l:J rcache ,L 

In c omme r ci a l pl ants, pressure ct ro p becomes an impo1·t,-,nt 

design parame ter . Harris e t al. ( 1q7 6 ) havt~ di:3cussed this ::..n 

detail . Bri efly, allowance needs t o be made in any design C0;· 

the dro p in pros sure and the incrol.l.se in conc ent ra tion of tho ;·1ld.ce 

along t h e flo;,; path . If t he fl ow ra t c, io ve ry high, t hG p r rir,·:11 re 

drop wi ll also bo hieh , permi tti ng the 1 .... s':! of only a few modt. } .... ,:; 

in aeri ~e ~ J l: i s important t hat r1 par ticular- combi rtliltion of :.J. esien 

para.mete rs dL 1 8 not result i.n a n '' i nfe:. as j_b l 011 case , <h g . when t ha 

press u r e dr op nece-ss ary to drive ·!;he juice t ht'ough the mod1 1lc would 

be exc es sive ; or the a vai l a bl e p1·essure i s t oo l ow to achi evr• 

satisfactory fl ux in the righ t di t'ec tion . 



Two typ0s of f low configur.::t t ions ::i re outlined by Harris 

et, ___ , (ibid) . One is known as a "straight- through flow", where 

-;;he n;;_mb er of modules i n paral l el r emains constant throughout 

t he axial f low path of the juice , r- esul ti.ng in a steady decline 

:Ln juice velocity as wa t e r is r 8moved . T.hc other· type of flow 

confi{;Urn tion is known as a 11 tap(•-r- e'1_- 1·1 '.·1 c 1·0 · .. s - ,rnction11 where 

-;,he n ttr.•h0:r of pnrallel modul es dc·crE-:n.ses from ::w ction to section 

'l'hc r:~ow cro:;s- sec t :i..on is thus reduced in 

:::•;0p:: to Y'<.:s!:on· t ho r c tentat<? veloci ty to that at t he i nlet to 

Li:o f :i_r,: t mo(:u.lNle A:~ a consequence , tho lino:, -r. Vl'·:.oci t y of the 

126. 

f r:,,., cJ. 1 ·(.'r.t:-' i ri.: ,:· ·,.t;Jon:lhl y uniform in spi i,t.:, of thr, p:r(i[~ressi ve decr ease in 

;'o,_,_·,_ -,o]_-.;.mr, rl1J.0 t o hyporfil tr-"l ti llt: . 

kt the ~amo i nle t v e l oci ty , a t ::q_.) 2rc'rl- f 1 ow :9ath g.i ves a 

Clow ca:.; e . Ther0fo1·e , inlet V·~lo c:i. 1.i.r·:~ 11Jt-i.\..: L :,re i nf ,· asi ble becav·, · 

of a hi ["!! prrJosu.r·o drop in a straieht-· ·'·". :'·'J'' : .'"l.J·[',tnt.~em~n t woulJ. be 

On the oth···r har1d , a t l0w~ir i u l e t V(;_locitie:i , where 1:1 

J. ow Reynolds numbur is likely to bo l :i.1i1i. l:i nl:: , u:.:w o f D tupe:rcd- flow 

,: .r·onf;- section a !·· ·: tr1g-c,H1 ,mt improve~, J'oa:..: i_ bi Li ty bucause a }1igJw1· 

uv0r at;c .l'P•'d ve1oci ty i s being main t :1:i ,,vrL 

},'or f ood applications , Abco r n lruos t ulways u.se l.l TM !· ,- :..'(! 

modul es . These ar-e bigg8r ve r sions of the ~·M ~- 14 mo du l e wwd ·t.n 

t }iis study , containing 20 instead of H- RO membranes a nd s uppor·-t 

tubes per module o The membrane surface a rea in the TM ~)- '.?0 
~ ~ 

module is 1. 25 in·· compared to 0 . 89 m'· "i..n the 'rM 5-1 4 . 'l'he t 1b t::-. : i n 

botn modttJ.es ar n i dentical in size, ;mLt :u·,::n , but have diffe 1·c:m 1· 

headers 1-rt1i0.h :rr :.ou.l t s in the modules l1aving di fforent flow 

nrrangement:-.: . Wi t h se ries headern the 'I'M 5-;·,o gives 2 tubes 

i n 1,ar•fll.lol and 10 t ubes in rrnrioa por mo<'l.ulc· , compa red to the 

TM5- 14 whe-re series headers gi ve 1 tube i n parallel and 14 tube s 

in series per modul e . 'rhis results in differ ent press ure dror8 fo r 

a g i ve:n f.low r ate in the two types of !T,Od,.1les ( see Figur e 23 fo.r. 

prcs:'lure dr·op d.r, tn as supplied by Abcor) a 
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. 57 . 76 . 95 1. 14 1. 5 1. 9 2. 3 2 . 7 3 . 03.43. 8 5 . 68 7 . 57 

Log aver age flow rate (1/min) 

FIG . 23: Flow r a te versus pressure drop for TM 5- 14 and TM 5- 20 
tubular RO modules seri es hcnds 

Adapted from data supplied by Abcor (1 977) 
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The advantage of the TM 5- ?0 module _._::., :::. ts ac·i li. ty to be 

connected in sets by usi ng a header t o bridge between two modules . 

The module set is connected by tubular header s which perform the 

function of narrowing the flow path and thus restoring the 

reten-1;;, ~" velocity to near it:::: orig i.nal vnJ.ue , re::-.ul t:Lng in a 

"tapr>r.-c·-1··~ow cross- section" type of flow c.:or, t· i., ;ll···:ition r..t:::: 

':'.he APV ev:.i po1·a tor at the Apple :tn,l T'oc~l' Roa ,·<l factory :_n 

Hastings pre::::ent-ly <')Pvf:'r!t1·:i t ns ,;: :, 0()() li ·'r<· 0f' ,i · :.ce from 

11°B to 7?
0 n in 8 i10 ,·t-J . By 1qr~5 it wi.11 be ·1:~ ._~i:rod to 

<"'oncentrate twir.·•' tnis qu.anLi ty of ,1:,i,:e pe.r day. ThifJ couJ.cl b(: 

clone ::iimpl,Y b.v ( ' "utinc Lh,, C·V.'l)H)f 1 ·)1' f'r\ ,. 1 r; j_nsteud of 8 hot.11·,, 

How·n-. r , +;o onnl:- 1
.,· :rn , , .,,,,,,.,·i r: ovultrnr.i.on of llO i; o !,, , 

done , til,·· :tbov,·· 

c+;udy. n· ·, · •, ri c-• mtr:.i.te 

the jui.cc to s,.,r·f1. m1 c•x tent Lhal !ft,, •,x:i.:.~Un, ·;,_ r·. , r w:U.l 00 

uhle to, ;n c o!l mcti.on with th,, HO ,, .L ant:, ,.-o ne <!: l.rtth i:;6 , 000 

.1ib:e~1 or ju:t. -· 

'l'o ·:; u;· ·l.·i y t·,,,-, culcul · i; i.o JL:; r!otailed ut~low, i.t has 

br.:t'tl ar.istu11cd tJ · ,. drigri ,'ii Hrix i :1 (·•p l"iv11h•nt Lo porc('nl. tot.•, 1 

soluble uolidr:. 'l'hc h ·.w ic ru:1tr:1· ;,,;_ 1,,, L;me:(' fo ,· t:he l.':Xistin~ 

nvtq.Jora • or i:: ~. ~-.) l.Lo·.-:J : 

0 6a, OOO l juiC'r1 a t 11 B per 8 
hours 

-· 9 , :;00 1/h 
= 142 1/m.i.n ~,.ice a t 11 °B 

10 , 400 1 concentrate at 72°R 
per 8 h o,_,_.,.. J 

57 , GOO 1 water evaporated per 
~: hours 

= 7,200 1/h 

- 120 1/ rnin water evaporated 

lf the juice i!J r,reconcentrah1d by 1W to va r ious levels , the water 

required to l,c removed by the eva1iorator , ao well as other relevant 



flow rat 1 • : _:. ··, , ) _,,·, • 

Tnblo XLVj . 

t,t thi:..: :· b1;r , ,'.l dr:ci3i.on rn1 i: ·., ~~~· · ·1qr· a ::; t o Lhn tempcro­

i urc at. ·\'h~r·}l I.],,· ~;y[_;t; .,, will opera v, . ! , r.:.:.rcl· c;l' the publis]10d 

.Li tr·u1. tu r<' J-vtc ,· :i .i l, ' d I o .t°(;V C:.tl any ropor L:-; c,f d ot.r i m,;i ,: :;_ 

t~ffc•cts o' , , ,· c ' . ~i :..1 likely to ari:..;c from processine- the 

.Tn ;':1ci . t;arl~· l th r· .11.rice 

prr,t·ess.i. 11{'.' S<'>L~:un ( ,T'' 11) . !.110 am>i unL a.,_r temp, raturc a t Lhe 

rnr:1 n1:y <."1"' 0 xcr.,·d . U .; on ocvasions , cuus.i.n g • ·1,' j uic 0 to 

,.ow<:' v n r , n o advcr::;0 uffccto h:1v0 befm 

r10 \.erJ on ,jnj ~-,-. qua Li. Ly . 

a j,; _·;,·rJ t ompc•r.-11.ur,) c, f ..!O C. 'l'h.ir: 1·0:::uJL~~ in n.n i.nc r, .. a:::(: in fl ux 

of :11,: ' JX. . . '.cl:v 110% C\Jmp:1r cd to tlv1t a t 7 C, :u:., :i ~on::; iderD L' · 

sav L1 1c- i. n , ,;, , trn:-11·, ; · r)l' modulo::; r cquir8cl . 

c:t ~·, , ·, 

c on,···r,: .·:Ji.ion 01 Lhl' "i'cnd 1ncr<)asc r, , rccnl '..in.g; .i.n a ln.-rgc i n~ roa::;c 

in Lit• : numbt~r 01· :!IL•·h,.i.r-r; rPqn:i red w::en high cone, . d, .1 or ~· o f 

j uice ar<! dcs.1.:·('ci . 

.; ~rn:Lcht ·. · n•.; .result:; from plotting the 

As well ns t he adcli tional mo dulc.:s which ~ .. · c. J.' equired at 

hieher f ina.l juice concen t r ati ons , the t ime rcqu:ued f or the 

existing evapora tor t o concent r a t e the j uice leaving t he RO ;i:t.,·1,l,r" 

to 72°B must als o be considered. Ref e r ence to Tab l e XLVI indicates 

that if the juice is concentrated by RO to 20°B , t he evaporator 

would r equire 7. 50 hours to concentrate t his juice to 72° B. This 

time, toge ther with a s afety margin of 0.50 hours , means that the 

exis ting evaporator could handle the pro jected 1985 throughput by 



1 ·.rri 
..)v . 

TABLE XT.VI : Mo.Lnrl al l•n:i:u1 1:•'~; fo~ .LL , .. _ . _________ ,,, . y _" r0m 

11 °Brix t o varlc1l1:.· --;,--:,'(· r1L 1:c1Li __ ,r;,.._ ___ . _ iJ": 

(Apple juice feed 1 jt,, OGC1 .• ) 

_ .. _--,.._...,_ 

Fiml. conc cntrn Vi 0 11 i Rn · . . o .. .,.fn .- ; ,) J1 
(. (. ·, j ~ .,I . J 

- - --·--
Con ,;('n '.,·a t ,:: , 1 83 , 10(; 7.; 1 . 6? , 300 '19 , 900 ,1;~ , 700 

Pcr mnn t.r' , 1 52 , ')00 ( ~ ' '-' . ..'\~ 7;. , '(00 86 , 100 93, 300 
j! .J) i., rr_'JOQV!"'ci I.'.'/ I 'r 1,0 r n Lor. 
tu 1·c,a ... } , •

12°r 1 F,2 , 300 ~4 , 00(; 41 , ~CO 29 , 100 2 1 , 900 I J ' 

:·;·, . }}0 . . tor Lime t o remov,! t his 
JL/, . i~ n . 6'.j '( . 50 5, 76 4. 04 3.04 ,_ 

I ,' 
Perm0:-J t0 /'·]., ,.,·: I 7vr· 1 4 . }~ i4 . 4 13. 6 12 . 3 1 1 • n ;_l L, J. I/ ii! fl (' 

1/m 
2 p. hr 1 18 . 11 .... ,- ., 

108 . 8 )l, . 94 • .'i I I ') • ,C. t 

Area r <'fJ. tii roi.l , 
2 tl ,; . ( ~;31 GT/ n7') :J.:*3 m 

t'i"u.rnber of r.1..1dul 1'.: YA1 ; .... , r.: .. ) 542 700 791 
1 

J1 ' rrr,c:i i.0 li1 lu;< at. ,>() -· 1/;/ lir 21. 5 ~\1 . 'I ' (' . i8 . 0 1 7 • .5 ..,, I.• • ) ,, 
J / r.i" '. ~'(,~ . () 1 C>~) . 6 1 '.;G . O 141). . 0 'i 38. 4 

Ar<:, . ., , !. 301-\ 3'(0 r1:r2 598 (,71~ 

!~1..u::°:"'(~t."' () ;· fi;t•1J1 i J t"',; 2/i '/ 2% .,..rt ... 
"' , r } I', '/9 r' ·' ,. ... 

·-- - · 
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operating (' 110ur::.: por day , provided -· ...-, ·,, \,/.'ls pl'·eclnren~;ratr•C. 

by RO to ' 10°1!. This wil l r equire an H.O plant conoistinr,o; of 2f_J() 

modules v:, or)era tc for fJ hours per clay. 

5. D'~STCN OF' MODULE CO',lJ,,TGUH.ATION 

cou-' ~r.v_r;, t'i.on is to culcula te th,· ncccp 1,: 1 
·' ,, nr, ' ,.,r 

I~· iS /lSf1UffiCd that t}ir, :i_1,J,, t prP:.;:.;l.('' ,, :t. 1 .. 1 l)f) 100, -l;m. 

( 1 c:;nc p:: ·.) • fl1l·, I of:mot:i.c pressure r- , . :L •,pl.e " ;:'ri ,l • ·• L :'t'· · · .. ·, :, .. · ... 7 :,·:..,, 1 

v·i:o psi), ::c,·~· . ·.n.'_" ~o Morf1:an et n. 1 • (i•Hj 1,
1 r i',.! 

,,t! , ... :1 ~rnu.lcl 1-,c 

"Lt, ,, •·1r· ( •,) l)" . I 
. )\~ •.Lt_.. ~ \ ' ' . J:"._:,. l / ., · · ·.; · n~ a minimum :· I, I.;·· a tm (<~;-.>O ')~:i) . 

· ·>- V: '; -'n ... 

·i·1.~·or·mr.t lnn :;11,;.1;·1'. ;. i:al ] ,y Aueo r (i:y·,n, l'f/'1) it wt.\:5 deci• !o<l to dtv"L'iu 

!ho (nl.)11.l; •1fl OV•··· r, \" Lrl,;Lo , ".'ll' h 1. ·1,nl.:11 rjr,, •· /,(1111odu)., •::. 

rn:, Pt 

l;(!<..'omco one o.i' :JfJlec;tin.1'.' tlic 1110, lu.1 •'o: ''1' ···,. 1,.i {))l \~j_ 1/1.i' 

:~o nc Lo {';et an o.ve n J./'.e flow r·t.l:,1 ·:uff ici,mL.1.y 1 l' i'I t.o 1·~v,~ o.ri 

o.cceptahl.e pressure <!rop. 

calcul rt t Lonn .LG sho\m be low . 

fw,a tn 

?e,1 

'"4' t:°) -'··' . \ 

5.1G 

!'i:rst 

l /min 

1/rn:i.fl 

1 / r. i 11 _l ,t -· 

module 

Fecdra tc Lo totnl l'.L) plant 

Fcetlr1:tle 1_0 ,,ach (':.ll):Lnet 

11 modules. iit pu~·,t1_ lcl ; I 3, 87 1/ro.:i.n flow 

3 modul e::, J.11. ::(!r1.c:J 1 ,Y .. d 0£' lo.et module 

42 . 6 1/ m.in Flowrate from :ibov group of moduli r: 

4. 73 1/min 3 . 44 1/min fJ.ow 

food to fi rst module 

9 modules in , · " llel ; I 
3 modules in se.t.i.('S out or lai.:: t t1odule 

30. 9 1/u1in :Pini1:'.. concent1·i~t0 flow out of cabinet 

25. 9 .!./:n.i.n To ta 1. permeate ::'low out of cabinet 

A d fl 1., (r..1r:>~2.81) + '.1(4 ,7:c:3-44) verage mo ule owrut e ..._. 

20 

= .• ·-52 l/m.in 



From Figure 23, the prcssu·,·e orop in a T'.1, 5- ?0 module A.t 

this flow rate= 6 . 67 atmos (100 psi) . 

Therefo1·e total preGsure drop =- 6 . 67 X 6 

-- 40 atmos ( 600 p:J i) . 

1l~1.i.~ cxcecdo the accep table prt1ssure drop calculated 

earlier or 30 ~'.·,rt:-- ,~ , .'.u•rl there.f'o:re th·:: ,1·!:>ove confj_r,u:ration must 

be rejoct.-,c1. (m ~-'.:' .. ,., unds that the av <~rnc~ moLl.tJ! c flow ratn 

··1::) .... ~ . •. ·•' t a.D. ''Xces!:;ivcly high pre ~·:,ur0 clr0y. 

utilisin f.' S ('fl\. ··,o';:· .;:, parallel <'.'.1C.:t c-; ·-.t:: .• run;:. 110 rnodulos , but 

thii, 1.iruv, i"l ·.•: :i+:tr,-TJt to reduce 'l't•J 1., ·· .. ,.11_~:'E' rh·op, only 5 moil,tles 

feed lo 

t, . 37 1/min 
I 

1:5 morJuJc•u Ln 1n1"•Ll1:l;! 

3 modulo~; 1.11 :;~·r i.,·::' I 
'. (."7 l/rnin flow ot, t 

(';' la.::i t rnodul,:' ______________ \ 
tlO . O 2./>::iin l•'l_ ow:ra te J'rom :1 J.nvP ,•;-ro11p of' moduli' f: 

. 00 1/ u.: n I 10 modul, ·; 111 pt1 !. ~ 1 L1: I ; I ,; • 1,., l/!lri.;1 

first module •) 
i.11 o.f' Jn,; t ,. rnol.!.ule:; ;,P1··i_t_•:J OU~ 

:51. '1 1/min Final con(:rJntraLo flow out of c11hinf>t 

25 . J, 1/min Tot.'..ll perml~<IU;t'Jc_,,1 " '.>r. of cubjuel 

flow 

1:iodul (1 

A d 1 rl + ' r .. ,t . . ,,'L, ... _~) ~ •, ri(1-=..00+23 • ..!!._) verac -, mo lL. l' owra .0 · , -

-- 3. G5 1/min 

From ..-. ·i 1rure 23, the pressure d t'O p in a 'L'M 5- 20 modulu u t 

this flow 'Y·a tc 5 a tmos ( 75 P:J i) . 

There.::· ii t·r> total pro,,: ur(' drop = 5 X 5 

~ 25 atmos (375 psi ) 

This figure is inside the alJowablc !Jrcssu:t·c· drop set earlier of 

30 atmon, nntl th0!'efore th11 nbovc JT,Od\1.L(~ configuration is f d1:-:i.l '-' • 

The i,ct un.l flow path through the ahove module design ;ta show·,i 

Figure :-'~, wh(\1.:0 th(; feed in :Lntro,lu<'cd to 1 5 modules in par:11 ,:•, 

3 modul,.•S in ,.,.,ries (a , b , c) , then ::.nto n lluacllr and bnc-k ::.nto 10 

modules in p::r :lleJ., 2 modules in oerioc (a. , b), and then o..it i.nto 

a header to ,,xi t as final concentrA te of 20°B. 

133. 
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31 . 4 1/min. 
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6. COSTING OF FEASIBLE MODULE CONFIGURATION 

The above module configuration was presented to Abcor Inc., . 

Massachussetts, U.S.A., with the reques t t hat thoy verify the 

:f.'<~·:i.si 1) lli·ty of such a configuration and supply the installocl cost 

of such a plant a t the Hastings Apple and Pear Bo~r d factory. 

The configuration was approved by AbC'L r (Tutunji:rn, 1978) who 

supplied the information on which the following cost calculations 

a.re based. (NOTE - all costs are in $NZ, assuming that $US == $JiZ). 

(a) the power requirements of such a plant consist of one 

lar g0 '.'lllUP wi th one boostor pump to feed an f ive 

cah:he 1,::; ; another pump ifl needed for ~ r,,,a,y ... nl'; a.>1d. 

cleaning pur .po3es. The nr•, ·,n:•1 operhti ·,,:,; h or111o pow·~:r 

for l:ln RO plant vri t h a cap.,ici ty of I G, 000 l of ju.:l.c(• 

per cl11y is 30 HP, assu.mintt, an 0f f i c·i en0y f:lc tor of noi 

lens t'in .. n. 7:/Jl (Ryan, 1977) . 'f hus th0 !Y)'tJcr consumy,ti,·11 

of i::1.:_:, RO plant is taken as 60 Jfr> b.?.st•d on 11 direct 

capacity 1·11tio. 

(b) t h e- v1·,·i.m~1tcd capital c N1'. f'o:r this plunt io $600 , 000 

C. I. 1.', .,-t'W z, : Lfrnd. Thie rloes no t j r\elude t anks for 

pr.ocr•[· i.:.ng for which $1 () , OOO has, been al.lowed. 

} ':.~ ta:. J.,t -<.:i on costs a r e ·~t'n-•rD ~ t)' 1 5% of t he ·i.ni tial 

cat,· tnl c ost~·, and fab r:i<'"!tior usually tat,•!J ~ ')iut 

6- ·' mrmths. 

(c) a compl cto replacement of membranes is enviGaged every 

two s easons ( Ryan, ibid.). t,,\··mbrane r eplacement is 

budge t ed at $140 per llJ{ 5- 20 module . I t is estimate~ t o 

talce an average of 60 minutes to r eline each module, 

ro.aJrj_ng a total of 300 hours to reline all the modul~s. 

In tl(ldi tion a machine coD ling $2, OOO is needed to 

pot'f<J Im the relini~. 

(d ) tn0 cleaning time itJ 4 h01.1rs a day, while t he tot~l 

~o~t f or chemicals is $40 a d~y. 



(,,. 't:i.J'l"J'.r.J.ln~e costs fo:r men~br ane concentration is commonly 

( f) 

(g) 

plant. 

::;1t of capital cost ('rhijssen and Van Oyon, 1977) . 

one man is abl e to operate the complete RO plant . 

2 
the area of such a plant would occu:::-,y R0- 100 m , 

~,,1r'h r oom currently being available i n the oxi st:L:rlf.i; 

.c tory, 

Tabl;:, XLVII sw1t·u:1.r.ise s t he costing of the propv, ed R.0 

TABLE XLVTI : Cos t cs t :i.rr.. f_.,_ tes for the Y'<·:\7 er·se osmo~iis cone en t rA t', 0 11 
- • • M - - · - - - .. . 

RO PL.J\IJ~ 

-- 1 . H : 1 

= f\S - 1 ')7 

M.e!llbranc a n .,· -- )OU {I{ 

- · : ' ~)() 

- '/ . ( ,'.• ') k •· ,. 

'/ . , }1r !-; a day , p l us I~ h.rs f' o .. 
-:;lean i ng 

(' ,, , , -~- +··i nr- •~ay "' /ye'lr ~ .,. .., - "' "' - ~JJ \,,I..C. ...> C = 1 ~)() Jnys 

CAPI 'T~\L COST - f (. '. 0 , 000 

Innblla tiun c ost ( 15%) CJO , OOO 

'l'O'r AL ;::: $70 0 , OOO 

System include s clean- i n-plac~ fHcilitics , cwitrols, 

all pumps , tanks , e tc. 

ANNUAL OPERATING cos•rs = 

Depreciation of pla.nt at 10% 

Membrane replacement 

Labour, one man at $5 per hour 

Power a.t 5.0 cents/Kwhr , 60 HP 

Cleaning chemicals and water 

Maintenance (5% of capital cost) 

'rOTAL 

= 
= 

= 
= 
= 

= 

= 

$70 ,000 

22 ,000 

7 , 200 

3, 200 

lJ. , 800 

35,000 

$142 , 2GO 

1 36. 
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OPERATING COST/ 1 Ol~ ;~r, WA 'ff,;fl r-n:MOV @ 

14 2 , 20() 
7, 659 X 7.'j X 120 

:f.I201 OOO 
e42,ooo 

f.. 1000 

= 

CONCE)i'l'RNrTON c;o:.;T/ 1000 KG WATER REM()VE.D 

:,4;"' , OOO 
7,6~9 X 7 . 5 X 120 

X 1000 

c:i. ·r Ci" 1•:r,;, TJVAL1~N1' EVAPOHA'l'OR 

= 

$2 1 

83% 

$122 

As di r.~cu:::rned r:arlier, for t he pu : -. · .,-,,_: of economic 

eva] uation . t l1 u c o::; t oJ' 11.n no plan t eapubJu or c..:,n~entrating , 

in conjunctJon wi th tht' existing APV plate ev.:1por:· t,or- , 

' ""-6 OOO 1 . J f 1 . . ,, 11 ° r, · '/ 0 
· 1 ,/ , 1 ,;rf!o o upp o ,1u.1.c..:o ~ rom ,rix 1-0 , -l'.1;, .Ltl 

~, 11.utu·:, , is to be compllrod with the cost of purchliSi;ig and 

opm:·:ii:: ,lG :1.no l.h,n· APV plate evaporator ident:ical to tho 

cx.L r; i,.inf.: one ~ 'i'hcrefore , the New Zealand a.gents for APV 

(:30 1:i. , Bryant (N. z. ) Ltd. ) wer e requested to supply th0 r elevant 

cor;t aetails and these are summarised below. 



170 .,,, ........ 

TABLE XL VI II: Cost estimates f or the evaporating concentration 
' 

of 68, OOO 1 of apple ;l_ufoe from 1~; 
0

Bri.x to 72°Brix. 

in 8 hours 

= one MV r:orics III triple effect plate 
ovaporHtoi· c 1)mple te wi i1 thermocompre.ssor 
•:;1:iray (·on11,:nsc:1r and Jlr'l '1ev.ter 

= 1'uod 9 , 0t.]0 kc_~/hr a1)plc juice at 11~l '( . S. 
Product 1 , ;;:. :Y }:g/}u· concentrate nt 7, ·~I 
'I' . S. 
Evaporr.i.ti0n 7 ,702 kg/h.r water 

' £1::fo.J.J.rti ~on cost ( 1 r:(1) 
( ,, 

~ ·'. ,") ~;_:,J\1• \_ . / 

'I'O't'A~. : 

·;-s ,ooo 
;>•; . ()()'J 

== 

:;:: 

Deprec.i .'.J.tion of plant .:1 t 11)% 

Labou1·. one man at f 1
;, l···! · 1·c\t' '(3) 

Operni~ng ouppliPO()) 

Power, including cooling costs(~>', 5Si HP -­

Stea.ru 15ene.r:ation cost (4) 

Maintenance (2% of capital cost) 

TO'I'AL : 

OPERA.TING CC'_ -:J'/1 OOO KG WATER REMOVED 

71.500 1 
7 . '02 X 7 . 5 X 1 20 X OOO 

FIXED COST Af3. PERCENTAGE OF TOTA.1, 

282 ,300 
553 ,aoo 

.Q.QliQEJ~TRATION COSTL1000 KC WATER RWIOVED 

35:-S ,OOO X 1000 

= 

= 

= 

= 

$28, 230 

5, 400 

2 ,400 

2 , 200 

27,600 

5, 646 

$71 , 500 

$10 
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I ,_0· (K J ·1 - ·; n· 1 ·' 
Jl, . 11 e._._,:/·. I.J i' ,) • 

(2) S1r1,:; .-~xi :F.in-· ~w:~]cr at Hu:;ti(lt~:..· J..,. ,:,,t.L"JJtly operated at 

full capncily .. 'Ir 1:,·r·;_'on' . '-f, ,:,·,· ,s iG no :1 _LL, ·rnn tiv0 bu t tu insi.n:i.l 

Eve po .-·:..i tu r 1 'JO') l~/ h ·, 

::(;<_)1 l ::' :/i, c s team 

Gj_ v r n a then:,· 1 C' Li ; c ,, .-. y ,J 1.-;0%, n :U.Gh i. o:i.l-f j red boilor wi i h 1. 

carnci t,)' of .:, I'. lu~~· ·:, , . c;oo kg/ lu- :.,+.c~oro u t 1 '.j(; pr1.i. g is ne f,, ded . 

Nason An de r.sun Lt d. (; ';"fU) r_:;iw c tli t: co::t of' :, ?900 kg/hr oil- .t'irc u 

boj l er 1-1.s ~;::'/ , OOO (.; r. : a:U u:) . 'l'hc,; f 1wl cc,,·-L f o1· li f.,;h t oi l is 

,;:; i .G $0 . 107 ror j . 

' . \ 
\ ., J 011e 11, ·n: .i.~. c• ··.: : :,o opera t e i.no ovapo i:,1 t o c, Clcanlng U.mo 

is l)c; ·:.im.·,te J at 1 , '., ,., 1;i:u and the cos t of c l eu.ning mat erinlG u t 

( tj) CooJ.inc wai. c:r :i.:; drawn from a bo:c•;, i.;o thr· only cost i '" the 

power ro ,.lui r c d to draw t h e amount nced.cd. A 10 rn pump i s allowed. 

for in thf' calculations . The evaporator rl rm-;:~ ,:/; HP and pow er c c:;·~c 

5. 0 cents / Kwhr . 

(5) Source : Thij ssen and Van Oyen (19n). 

8 . DISCUSSION 

Bomten et al . (1 973) carried out a comparison of evaporatj0n, 

freeze concentration and RO, and reported that RO became oompeti t i-.1 e 

with both freeze concentration and . evaporation at small c-apa.cities. 

For nearly year-round operation (7,500 hour s/year), RO was · cheapcr 

at capacities below about 400 kg of water r emoval per hour. They 

also f0und that at 2,000 operating hours a year, RO became cheaper 

for er ->.J. ~i Lies sma.:ler than 200 k g of water removal per h6ur . 



Thij s ;Jon 1 ,,d 1Jn11 i',Y· 'i ( 1 · ;',"(J ,;n :· ; . , •:! o u-l u n econt1m.i.c 

evu luu t ion of' conl'•'r, :,, ·. L.Lo!L liy , v :qH .1 ·-::?.t: J' <r i,r, H1~ . 'J~he 

app.r:oxirnate coot::; of, nL~<: rJt ··a 'L:inn 1,.1_,,., · · ft i'c)J: dewn tering 

h01u- enrl 1 , HOO 

and 6 , 300 pl'oductive J1n1 irr; per ::,·<:','U' (see 1•'.i.[.;-u rnz ~6 1-l lld 2'{ ) . 

For <:::,::',. ~_jp,., uj_mila::.· to U.o evapor~t or and RO y:rov,.1ed i n 

thj :3 r;twJ~;, thc.i 1· 1·,.,n, ·1 Ln n.m l .r.esul 1.n fou.nrl in Ta'ulee XLVII 

and XLVIU aro :::ummnrj:Jcd below. 

TA flLE XLJ.~ : co(~ t;:; J $/ t.on_no water 
c v_{1:Jl(1rn tor at a 
re movnrl 

- - ···- - -------------------·-·---- ---·---
, 1 p< • rn tj 011a],. hou 1·r:/.vcrnr 900 

HEVl~HSF~ 1\ 

o:1Mo:;1~; j( ,. I ,i 

----------- ·- - - . ·--
I'Li\',' G ,\ 

i~VAP1)1, ; \ '~ Oi, p 
·" 

A ;·o. 7 1/rn' J,r, 

., 
' ' 

10- 20"/b 
,,.. (' 

J • u fl 

,, . .. ' 

6300 

-----

Ii ( 1 ) 13. :i J/ 1/J.r, 10- ) C/}~ r,, 
J • I .J . • j ·.bou.r costc not i nclaci.ed 

( 1 ) ; JI. .1,1 .. ~ ... ~r; : --·-~- ~ ~.·1.; ,i:.:. 1:,. :Jr,., V-'tn Uy c.:n (1'JT/j 

I/~() . 

l!'rom TRblc XI,IX, it can be seen th .. 1.t ·o,:, ~:. RO and eva -~orat ion 

i s very expcMiv c f or short s ea:::onal opcratiou , due t o -the h ieL. 

capital i nv estmen t ( 3;700. 000 f or RO and $282,300 for the evaporato-r) . 

F'or 900 operationa l hours per year . the concon'crat ion cost ($/ tonne 

water removed). For RO i s mor e than twi ce a~ expensive than 

eva poration ($1 22 conqxi.red to $51) , thus making RO very unattractive 

for short t~rm operation. Results from Thi j ssen and Van Oyen 

(ibid . ) a l s o i ndicate a concentration cost for RC of more than double 

that of pl a te evaporation, even at 1800 hours operation a. year. 
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l:U p::..Ci ty ( 'i'/H) 

Ji' IG . 27 : :'.:'·cwat,., r·ing c o~;ts .i.n d.olLir s r,er tonne water 
~- : J!tov.:-.1 without arou:a :·(• tun t i on o-r· r e c overy. 
1 '.~l' p.lo. te evapor ation (!11d "t·vcrse osmos is a t 
6 , 300 ~roductive hours p0r y~ar . 
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Labour costs and costs due to IJOSs i ble product l osses 
are raol:: incluclec.l . The f ic;urt::S a long the curvus indica te 
the ec or.omic optimum number of effects . 

B. multi- e:ff ec t plat e t ype tivaporators with vapour 
,_ ~-!,,pression for fruit jui.ce:J 10- 70%. 

E. ·· .. verse osmosis flux 1 j . :;i l/m
2 
/hr, 10- 30% for 

fr'J. i t j u:i.l·es . 

Adapted from Thijssen and V:1n Oyen ( 1977) . 



dou ! l j ng t.he or,c~ro. i..ion~ L Jlour:3 V'J' y \,,::ir froru ?00 to 1 , L100 

wi l] :reduce the co n C() rt ;. ru, i; i o n co:0 i, ~: i'o t Lr:.:,h; •·o(·r·.~ ... ·cn by: , 

fac i.or of' .'.J.bo;, t seve n . On. th e ot11 c r );:,,. 

ope r a bcnaJ. ,~•) UrG pe r year from 1)00 to 6 , ,:..(1C., ,,,j_l l n:d u c.:e W 

concfmtration cos t: ; :'~ ti me,.; whil e for ·'. 1,: .{' :'.','.lJ;OrD. -t.or , 

concentra t ion c os t 3 are only r educe d 10 t i mes . At G. 300 hourG 

p,, r year bo t h cuncentrnti on cos ts flre e qual . ~"! ,u:. , it soem:.:; 

tlJl\ ·:, 

when 11 , ~, (: -'.l T rnurH'L ( r, , 300 hou.n :; a ye:1.r) . Thi::, cc,nfi rms an 

ear] :L."1' r-...:·por1 ( 11'hi ,i,·::_1e:n , 19'/C ) whj_ch c, :.0 n.v,··rl a t o. s :i.milar 

cone] ,· :·:.ion, evon al tho ug h it U3P.d much more, ·,11ljj~o;,. 1.ma t e c os t i ng 

f .i. 1~v.rc r,; -L han ;,re1·c u::; c d i n t he 1:-li,Rr ::; tucly ( 'i,hi ,i ss c n a nd Van Oye n. 

i bid . ) . 

-;:· 1)(; a~ · :-uJ i. :·: i'cund j _n th i :::; study j nd j catc -Lh2. t the 

unn,Jal opcr:1t i.ri r: cc,:J t D fo r h'.0 ( $142 , 200 ) .i. ::; ::1.tbsic1.ntially h i gh e r 

i.han t J-<; cq v , -,;;,;.lent f,·,r pla t e ev a po ration CVi'1, 500) , poin i.:'..nr. 

De:: e co;, ,,j :, 1.1.. ,: 1 ; , J ,c u:-;e of a p l a LA P.vapo r ::t tor. Thus it seem::; 

that t h,,: u:::: ,;; c,:· ;·,\.. :.< :, preconcentr:·, tion '\. ,}crmique i r: t1 ;1'') l e j ui.ce 

processjng wi l l ncvr.:L· ·nc:i realised unlcs::; cu.pi ·:.::i.:i.. co::;'" :·; L..1'0: reduced 

considerably and operatin1; ho,..i rs a :;:·c i ncrcu:.rid ~i gnifi ca ntly. On 

the basis of this study , it would not be financially prudent for 

the App l e a nci Pear Board in Hastings t o consider RO for the 

pr e conc en t rat~ on of appl e juice when the capacity of their pr esent 

1:.vaporator i s n o longe r adequ ate. 
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Molar 
density 
(r:Jole/ ; 
cm3 x10) 

) . ) j'.) 

'.) . ~35 

. _,,,. 
) . 

l 
,,,; . ; 

' . ,., 
1 4"' "':'"~ 

• L ;• 
.,.,, • )j\ .. l 

~· . :,26 
,:_ I ) 

• f • J~ 

a obtained by multiplying weight 7; s olute (w/w) to den:... i t 1 

of solut ion ( g/cmJ ) 

Source : Sourira jan (1970) , p. 563 
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