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ABSTRACT

The Reverse Osmosis (RO) process and its food industry

applications were reviewed. Because most of the work published
in the literature on the concentration of fruit juices Ly RO was

empirical, it was decided to select one fruit juice (apple juice)
and study the retention of certain components (namely sugars and

acids) when that juice was concentraled by RO.

A method was developed for the analysis of sugars and
non-volatile organic acids in apple juice. In this method,
acids were precipitated as their lead salts from fruit ethanolic
extracts, and the sugars in the remaining supernatant and washings
were partficipated into aqueous methenol. These preparations with
internal standards were then dried :nd converted to their
trimethylsilyl derivatives for anulysisn by sus-liquid chromatography.
The method provided a rapid and simple procedure for the concurrent
separation, identification and quantitative snalysis of sugars and

non-volatile acids in apple juice,

A pilot-plant scale Abcor THS=14 RO module was used in
this study so that the results obtained coﬁld be applied to
industrial processing, Preliminary cxperiments were conducted
with dilute salt solutions to ensure that the membrane performed
satisfactorily, and to monitor any changes in the operating
characteristics of the membrane as the experimental work progrecsed.
These data provide the common means {or comparing different RO
gystems. The results obtained eslanlished that the membrane
performed satisfactorily, and that the membrane characteristics
(Permeate flux and % Rejection) responded as expected to changes
in the operating parameters of pressure, temperature, flow rate,
concentration and operating time. The membrane characteristics
did not alter significantly over the time during which the

experiments reported here were carried out.
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A current theory (the Kimura-Sourirajan analysis) was
used in an attempt to predict the membrane performance of the
RO modulc when the system sodium chloride-water was used as test

solution. The Kimura-Sourirajan analysis had previously led to
the development of @ sct of basic transport equations which,
together with the correlations of the RO experimental data,
enabled the prediction of membrane performance from a minimum

of experimental data. The application of this analysis to

the RO system under study did not establish any significant
correlations between the solute transport parameter (DhM/Ks)’
and feed concentration and operating pressure; neither were the
average mass-—transfer coefficient values (k) significantly
correlated with feed flow rate. Experimental results obtained
suggested a more complex relationship between these parameters,
and the narrow range of feed flow rates under which the RO
system was able to be operated weant that the Kimura-Sourirajan
analysis could not be used to meaningfully predict the performance

of the membrane.

A further attempt was made to predict membrane performance
from a knowledge of the Taft numbers of the sugars and acids
present in the juice. Experiments carried out on model solutions
of sugarg and acids present as single components or as complex
mixtures confirmed the Taft number as & criterion for predicting
the organic rejecction of the RO membrane. It was also
established that molecular weight was indicative of solute
rejection, higher molecular weights gave higher rejection by
the membrane. Results oltrined further confirmed the fact that
the mechanism of solute rejections by RO cellulose acetate
membranes involved both preferential absorption and capillary flow

of solutes through the membranes.

Finally, actual apple juice was concentrated by RO and
the results obtained on permeate flux and solute rejection
confirmed those found previously with model solutions of sugars
and acids. It was established that apple juice (initial

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



ive

and 99 atm precsure without any significant loss of sugars and
organic acids, Experiments were also carried out to assess
the advantage of operating st a higher temperature (20 C),
since any increase in flux would be desirable from a commercial
point of view. The end-to-end flux of the TM5-14 module was
found to te 16.4 1/m2hr at 20 C compared to 11.7 .'!fmpi:r' at 7 C
when single strength apple juice was concentrated to 35 firix

under maximum pressure (99 atm), an inerease in flux of 40%.

The pilot plunt data thus obtained for the RO module
were applied to a study of ihe feasibility of using RO as a
pre-=concentration step prior to c¢vaporation.  An IO plant
comprisiry: of 296 modules (membrane arca 308 mg) with a permeate
flux of 20.7 l/m”hr was found Lo be feasible for concentrating

the juicc {from 11°Brix to 20°Brix in 7.5 hours.

The economy of such & process was also assessed, and
compared with that obtained by using o triple effect APV plate

evaporalor.

A comparison of the concentration costs ($ /tonne of water
removed) of' the two systems revealoed that RO was more than twico as
expensive than evaporation ($122 compared to $51) for 900 operational
hours per year, thus confirming results Crom the published literature,
which also suggested that the cust of RO was competitive with plate
evaporation wnen operated year round (6,%00 houru/year). The
results found in this study indicated that the annual operating
costs for RO ($142,200) were almost twice as high as the equivalent
for plate evaporation ($71,500). As well, the capital investment
for RO was substantially higher than that for the equivalent plate
evaporator ($700,000 ccmpared to $282,300), thus making RO very

unattractive for short seasonal operation.

Thus it is concluded that the use of RO as a preconcentration
technique in apple juice processing will never be realised unless

capital costs are reduced considerably and operating hours are
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increased substantially. On the basis of this study, it is not
financially economical for the Apple and Pear Board in Hastings
to consider RO for the preconcentration of apple juice when the

capacity of their present evaporator is ro longer adequates
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1 TNTRODUCTTOY

The 'Reverse Osmosis lMembrane Process' is a
general and widely applicable technique for the separation,
concentration or fructionation cof liquid foods. It
consists in forcing the liguid food to flow under pressure
through a selective porous memvrane. The permeate is
enriched in one or uore constituents while the retentate
becomes more concentrated. Ho heating of the membrane, and

no phase change in the product, are involved in the process.

Despite the rapid advances which are being made
with respect to this application, the process is still at
its earl, stapes of development. ''he basic principles
involved are still controversial and no currently available
theory on the mechanism of the process is beyond question

(Sourirajan, 1970).

A el R T T L
2- UoMUBLS .A.i:l) RV iioly OSHOOTS

'ne term 'osmosis' ius used to describe the
spontaneous flow of pure water into an aqueous solution,
or from a less to a morc concentrated agueous solution,

when separated by a semi-permeable nembrane (fig. 1).

If the pressure on the aqueous solution is increased,
osmosis is impeded, and at a surficiently high pressure it
is stopped all together. I'his pressure is called the

osmotic pressure.

A further increase in pressure on the solution
reverses the direction of flow, and pure solvent is removed
from the solution by passapge through the membrane, leaving
a more concentrated solution behind. This process hes been
conveniently termed Reverse Osmosis (I'ig. 2).
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MnoLoems Theverse Usmosis' has now gained such
Wide popular usa o Lhat 1t seems necegsary to point out
Lhal the pivecess w6 not restiricted oo Lie passape of water
from aqueousn solutions, nor ig v reatricted to 100 percent

solute separation.

Heither 'osmogig' nor 'Teverse Osmosis' is an
explanation oi the mechanism of The process involvea. llence
it is misleading to explain ‘reverse osmosis' as the reverse
of 'osmosis'. In both processes (under isothermal conditions)
the preferential transport of material through the membrane
is always in,the direction of lower chemical potential.

Reverse Ugsmosis (RO) is a general term and it is
more common to speak of ultrafiltration (UF) and hyper-
filtration (HF). Although UF and HF use a pressurised feed
system tov a seni-permeable wmembrane to achieve separation,
there are ic-ortont differences between the two, leading to

diiferent applications. The nmain differences are summarised

in Teble 1.
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TABLE I: Characteristics of hveeriiltration and
uiteofitbration

— e

Hyperfiltration Ultrafiltration

Bolute molecular weilght Golube wolecular weip nt
cenerally less than 10006 enerall.  rewter than “1UOuU

Osmotic pressurec of tho Osmotic pressures of the feed
feed can be up to i, atm fare gencrally negligible

Uperating pressures o21e uperating pressures are up
up to 100 atn to '/ atuw

Bolute is retained by a solute is retalned by
diffusive transport barrier molecular screening

The chemical navurc or the The echemical nuture of the
membrane 1is importont in menbrone 18 generally
atfecting transport uninportant

properties

o
oources vt
e Kearsley (1<94)

Ze  LshiBRAT G

teid and Ureton in 19%% Tound that th: nassage ol
saline water over a supported eerce vilm of cellulose acetate
(CA) at elevated pressure resultea in the permcation ol water
with a salt rejection of 95 pereent or preatel (Buurece:

Yodall, 1992). The water throu;hput rate or flux uas, hovever,

very low (less than 0.4 #/day per w” o) merbrane area).

The first practical « murovane wos developed in 1960
by Loeb and Sourirajan at U.C.Ll.i. ‘Mg, dizcovercd au
aniso-tropic weworane walch had a very thin active layer with
a relatively thick but very porous supporting layer. by
producing an anisotropic wenorone, Lac excessive hydrodynéumic
resistance inhercnt in previous mecmbrancs .ac reduced and
practical flux ratecs become pocoible. The calt rejection of

g 3

a
this membraic was comparakble to the ¢ne developed by Reid

"

and Preton but the Plux wos inpreved to about 80 £/day per m°

at comparable pressures (l'odall, ivid.). A membrane of this
type consists of & very thin lajer of dense polymer (about

0.2 microns thick) with pores of around 43 in diameter supported
by a porous suc-layer (about 1u( riecrons thick), with pores
vanging up to 0.4 microns diameter. i'he Toeb and Sourirajan

discovery resulted in & surce of activity aimed at the



5e

development of 10 &= a practical anc useful method of
fluid zeparation. In 1964, -avens Industry annocunced the

commercialisation of a tubular c¢ystenm running on sea water
and utilicine a resin-starved fibreplass support tube for
the CA membrane (llavens Industricz, 1904). [n 196%, the
city of Calinga (Calirornia) was the first municipality

to be supplied drinking water by RO (Source: Kavana:h, 1971).
In 1966, the first commercially available package systems
using: KO were announced by Universal Water Curporation,
Havens Industries, General Atomics, Aerojet General
(Kavanagh, ibid.). Vor U. applications, CA is being
increasingly superseded Ly non-cellulecsics with greater
chemical resictence and tempersbove stavility. However,
only cellulusic RU membranes are currenlly available
commercially. CA membranc: surfcr from a number of limit-
ations, moctly attributable to tue polymer propertics of tho
wembrane waterial. ‘they can generally only be used with
aqueous solutions. Moust must be . ot wet, since if they dry
out, the structure tigutens anu they necome lmpeTueable.
Temperature apove vl €C have a similar o(lect., They are
susceptible to hydrolysic oubtside the pll ranpe 4=, and are
sensitive to enzyme and microbial attuck. However, these
difficulties have becen larpcly overcome by the use of
different materials, =o that newer menbranes are far morce

versatile.

Current supplicrs of coumercial HU membrancs include
among; others, Abcor lnc. (UBA), DuS (Lanish Sugar Corporation,
Denmark), Osmonics lne. (US4a), P'CI (l'aterson Candy Internat-
ional), Havens Inaustries (USA), Aqua=Chem., Inc. (USA).

4. ADVANTAGES OF keVaursl OoOsls
The advantage of RO over traditional methods in

‘food processing have been discussed and tabulated by Harrison,
(1970a)and are summarised in Table IIL.

It is evident from thic table that RO opens wup a
large range of potential applications.



TABLE II: Some advantagesof RC over traditional methods

in food processing

Product Imbprovement Fossible

Thermal damape to delicate flavouring compounds
can be eliminated
Storage lire and quality increaced
Removal of contawinants such as salts
Sterilisation of permcate solution by retention of
micro-ovryanisms
Sweetness enhancement by &cid removal

Froduct Handling Improvements

Reduction of liquid volume yields lower packing,
freezing, storiny,, handling and transportation costs.
Multiple processes may be replaced by a single process
type

Lower energy reguirements 1in comparison with thermal

evaporation process

Source: llarrison (1970a)

5. REVIeW OF FOOD TNDUSIsY AFILICADTONS

woverse Osmosis has Leen proposed as a method for

the concentration of liquid foods without phase change or
the application of heat. It rinds its applications in two
main areas ol food processimny; : cuncentration and purification

#

5.1 Concentration

Current methous of food concentration consist of
evaporation, either at atuospheric pressure or under vacuum,
and freeze concentration. lioth o' these methods cause phase
change involving costly heat tranzfer and possible flavour
loss. Concentration of fruit Jjuices and syrups can be
accomplished by RO without phase change or thermal damage,
without undue loss of solids, and with considerable amount
of aroma rctention at a cost competitive to evaporation.
(Leightell, 1972; Merson et al,, 19C8; Potter 1972).

5.1.1 F¥ee White Concentration
On concentrating egg white by conventional methods,

denaturation of the albumen proteins and foaming instability
occur. This impairs its use in the baking industry, and
other methods for concentration must be used.
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When dried e;g white is produced, glucose must be
removed, prior to drying, to vrevent the Maillard browning

reaction and thus imnrove the ored product. AL present,
it is achieved either by controlled fermentation of the
glucose, or by an enzymatic method using plucose oxidase

producing gluconic acid (Harricon, 1070Db).

A method has been devised (lowe et alv 1969) using
a modified RO system in which concentration and glucose
reduction occur simultaneously: the glucose passes through
the RO membrane with the water and is collected in the
permeate rather than the rinal concentrated product. The
glucose reduction shortens the desugaring process and thus

offers potential savings.

The modification to the RO system facilitates product
removal Irom the system, to aveid shear in the product, which
would disrupt its roaming ability. troteins are retained by
the membrane because of their molecular size relative to
glucose, but salts need to be added back to the concentrated
product since the process lower:s the ionic strength of the

concentrate by their reumoval.

S T2l Maple Bap Concentrabion

In the production ol maple syrup, nmaple cap needs to
be concentrated 30 to 4U times, dependin: on the sugar
content. Up to a few years apo, thig was carried out by
evaporation, but now RO systems have been desipnced for this
task. The final development of flavour and colour still
depends on the action of heat on tue product but 75 percent
of the concentration can be accomplished by RO (the other 25
percent by evaporation). The main constituents of maple sap,
sugars and flavour precursors, &are retained by the membrane
and water is removed from the system. A 54 percent saving in
co8t is envisapged using this method, which makes it an
attractive commercial proposition (Underwood et al., 19G9).

A similar process was evolved for the concentration
of wood sugar, an effluent by-product of the hardboard
manufacturing industry (Kearsley, 1974). These sugars are
mainly pentosans and hexosans in a wide range of molecular



weights and their recovery not only lowers the biological
oxygen demand of the waste but may also provide further
revenue for the industry.

> g P Fractionation and Concentration of Whey

Whey is the effluent produced during the manufacture
of cheese or cas«in, which has in the past posed very serious
disposal problems owing to its high biological oxygen demand.

Whey contains proteins, lactose, vitamins and minerals, and
it is a useful animal feedstuff. lHowever, its low solids
content, and thus hipgh costs during transport to the consumer,
limits its usefulness, and large volumes are disposed of
through the usual effluent channclc.

The rO/UM processes have now provided a means of
recovery ol whey and its cumponents By choice of a suitable
RO membrane, whey can be concentrated, or, by using a " looser"
UPF membrane, can be fractionated into its component parts.

Lactose, one of the components, hsn & varicty of uses

in the food industry - from the manufacture of baby milk to
dusting powvders for confectionery, and whey provides |
a cheap and ready source of it. Whey contains, on average, i
about 4.5 percent lactosc and this is the larpest single

component of whey.

tor lactoge production Ul membranes are used, and

el

fractionation may 1ollow the pattern of Figure 3.

The lactose solution produced in the final UF stage
may require further concentration to raise the solids
content prior to recovery by crystallisation.

cheese whey

Permeatc concentrate
lactose and minerals , preteins
Concentrate T FPermeate
Lactose Minerals
v ~ure %:  Lactose production

'Lquurce. Kearsley, 19
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5.2 Furificetion

Another k re ol ppplication which takes advantage
of the unigue propertics of 0 iz purification, or the
removal of some undesirable solutes with the permeate.
The membrane #2111 2170w salts and small amounts of acids
such as lactic and acubic acid Le nuss, while retaining

sugars and other hicvh moleculor weivht stubstances.

‘ractionstion an. concentration of cottage cheese
whey has been reporbed by liarshall et s8l., (1968), in which
lactic acid and saits have been removed, leaving a
concentrated solucion ol purified lactese and undenatured

protein.

has wlso been vsed for the cleaning and concen-
tration of cuzymen. Dilute agueous solutions can be
concentratod at Jow temperatures, and with an appropriate
choice of membrane vworosiby, videsirehle low molecular

weisht golubes can be removed ab the same time (Smith, 1974).
Anothier s Tisatian oxamnple is the removal of acid
guaho a molic agid, hw make fruit juice sweeter (lMerson

L2 t; '._11 -5 ] « .li..‘ ;’ -

Go i ew Wt o dw TP TU G CUENCeMNCATTOR B RoVEaRsSy OGnusigs

vork done in Uhiz area is dpuarde and results are
sometines conflicting. This is not only due to the different
tvpes of membrancs used and the various experimental
conditions encountered, but also to the particular type of
Juice studied. Prosress in the making of newer and superior
membranes has been fast, but as yet, no ideal membrane has
heen developed to cope with the various requirements involved
in the concentration of fruit Jjuices.

fruit Jjuices can be considered to be complex mixtures
of sugars, acids, flavouring compounds and pectic substances
in solution. Merson and liorpzan (1968) have published work on
spple and orange juice concentration. The authors used a
cellulose acetate menbrane cast acecording; to the method
developed Ly Manjiikizn and loeb (Manjikisn, 1967). The
membrane made was supported on a sintered stainless steel
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surface 2,5 cm wide, 2.5 em deep ard 45.2 cm long. The
permeate was analyced for solutes, and the volatile aroma
in both the feed and permeate liguid was analy: '

chromatographically.

It was found that the minor constituents of the
juice were largely recpoasible for satisfactory flavour, and
the succees of the process largely depended on the behaviour
of these duriug RO. It iz therefore important that these
molecules be rctained by the membrane in sufficient
quantities to pive a pood concentrate guality. The nature
of the flavouring varied from Jjuice to Juice, and some
molecules were rctained hetter than obhers. Pectins present
in the Jjuice increased the viscosity, which had an important
effect on the pumping requirements needed to circulate the
feed. Increased viscosity normally hindered the removal of
accumulated so0lids from the surfoce of the membrane, but
conditions used in the laboratory miniwiced this effect. It
wag found that clarified appnle juice, having a viscosity of
1.4 cp gave the same permeation rate as the whole juice,
having a viscousity of 2.0) e¢p when they were circulated at
1 m/sec and maintained at 14° rix.

It was found from plc analysis that many of the
volatile couponents leaked out of the memprane to some extent,
and this effect could be reduccd by using tighter membranes,

with subsequent loss of permealion, whicn would increase the
product cost. 'They obuerved that economic factors will
dictate a flow rate at which some aroma loss occurs. At the
other extreme, the membrane cannot have such a high flow rate
that solids are lost. It was possible to lose some malic
acid without harming the taste, since pH was not abruptly
changed with small changes in acid content. The flavour

of the reconstituted Jjuice was reported to be less intense
than the fresh material, but was still judged to be very good
as the full spectrum of the apple aroma was well above the
threshold concentration.

Clarified apple Juice is reported to cause very
little membrane fouling (leightell, 1972). To obtain a four-
fold concentration, operating pressures of the order of
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102 atm are renuired because of the hizh (90.4 atm) osmotic
yressure (Pahle T71). Sustained hish flux cperation at
ess1 ble 1 C o i peration a

this pressure iz reported to be currcntly not attainable
(Roosmani et al,, 1974).

TABLE I1I: Pynical oumotic nressures for different foods

substance.: Approximate Approximate osmotic pressure
concentration psi &t
,)

Whey o - 7 100 .8

Orange juicc 11 220 1547

Apple Jjuice 14 3500 b

- . - ‘ Z00 5

Grape Jjuice =10 500 20 .4
Fineapple julicc 14 20 20.4

Maple sap 4 - 5 100

Source: Leightell (19/2)

Merson and Morpan (19GH) corried out similar work
to apple Jjuice, on orange juicc. ‘I'he juice was reamed from
California Valencia orunges and seeds and large pulp
particles removed by passing through an 80 mesn screen.

The Jjuice was then concentrat.d in the same way as apple
juice using a tubular deaigpa <O unit supplied by Havens
Industries of San Diepo, Calitornia. ‘''he ¢il content of
he Jjuice was 20 ppu.

The aroma of orange Jjuicc is considerably more
complex than that of apple juice. T'his is because much of
the aroma resides in an oil phauc present in the Jjuice in
the form of an emulsion. Thesec aroma molecules are mostly
hydrocarbone and are only sparingly soluble in water. They
are insoluble in the CA membranc and hence are easily
retained. This was shown by the retention of volatiles in
the permeate being very low, e.g. the concentration of
limonene was 100 timec. more in the feed than in the permeate.
As in apples, however, some very important flavour compounds
are water-soluble esters, alcohols, and aldehydes. In spite
of some loss of these during concentration by RO, the
flavour of four-fold comentrates produced was judged to be
excellent. With RO, thc aroma retention depends upon the
"tightness" of the membrane, being higher for a membrane with

a low permeation rate.
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In commercial evaporation of orange Jjuice, all the
water-soluble aroma compounds are completely strippoed off.
To compensate for this, commercial practice is to add peel
oil and to overconcentrate, e.z. to 58 “Brix, and then cut
back to 42 "Brix with fresh juice. Thus, in a drink recons-
tituted to 10.5 ’Brix, only 8 or 99 of the original water-
soluble flavour is present. By contrast, concentrating four-
fold through a membrane by RO results in a drink with at
least 25% of the original flavour, even if the membrane is

very open.

Essence recovery is used commercially for concentra-
ting apple juice. With a tight membrane, RO may be able to
produce an equally flavourful concentrate with a single
operation. urthermore, the flavour may be more stable during
storage because it has never been separated from the juice
and has not been subjected to rigorous thermal processing

(Merson et al., ibid.).

Feberwee and Bvers (1970) nvestigated the influence
of both the molecular weight of the or:anic solute and its
solubility in the cellulose acetate membrane on the degree
of separation. ater-soluble orsanic materials were chosen
ranging in molecular weight from 58-585. The pressure diffe-
rence across the membrane was 100 atwmospheres in all experi-
ments. It was found that the retention of the organic solutes
was primarily denendent on their molecular weight, and not on
their solubility in the membrane. For compounds with a mole-
cular weight of less than 100, retention was poor, while
compounds with a molecular weight of 300 or more were almost
completely retained. etween these extremes, retention in-
creased steadily with increasing molecular weight. The au-
thors concluded that concentration of food liquids oy RO is
therefore likely to result in the loss of important low
molecular weight, water soluble 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 Abcor modules made of 7A membranes were used and
could handle pressures up to 100 atmosnheres, with a total
ugseful curface arca of about 1 m>. ‘'hey found that the ver-
meate flow rate increased with increasing applied onre:ssure,
while it was independent of variation in the capacity of the
pump. Permc.t flow decreased with increasing concentration
of liqui. toods. The authors revorted that losses of solute
into the permeate were not noticenhle until the concentration
reached 20 “Brix. ith much higher concentrations, however,
rrowing quantities of sucrose and citric acid begin to apnear
in the permeate, finally becomins aquite considerable. The caus
of this was attributed to a real ani characteristic saturation
of the membrane by various solutes, which ac umulated on the
surface with result:nt necative efrects, not only on the speed
of permeation, imt also on the semi-nermeability on the same

membranes.

'he losses of ascorbic acid were limited largely to the
final stages of the concentration nrocess, vnroving that !0 is
a good method tor concintratin: this particular heat sensi-

tive material.

Jith anvle juice aroma, fairly congiderable losses were
noted in the nermeate. owever. in spite of thio, the product
after concentration ntill ha'! a characteristic aroma and abo-
ve all a distinet freshness due to the presence in the correct
proportion, even thou:hi in omall quantities, of almost all

the volatile ¢ mponents peculiar teo annle.

More satisfactory results were ohtained with the graoe-
fruit and orancze juices, as the oil-soluble (water insoluble)
flavour components were better retained by the membrane. One
of the major drawhacks of !0 pointed out hy ‘herardi was the
slow speed of permeation at the higher concentrations. This
was due to the increase in osmotic pressure with concentra-
tion, the effect of concentration nolarisation, and the oc=
clusion of pores of the membranes with subsequent loss of
permeability.
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Thus to overcome this problem it would e necessary to
ensure turbulence of the feed ingside the memhrane. Uith better
designed membranes to withstand hicher external pressures, it
is hoped that these problems colud be overcome and provide
more interesting results in the area of the concentration of

Tfruit Jjuices.

Peri et al., (1973) investigzated some aspects of the
concentration of orange juice by RO (retention and permeation
rate). The concentration was carried out with a laboratory
DDS (De Danske Sukkerfabrikker, Copenhagen) unit having
3600 cm” membrane surface area. 'he Juice was clarified by
centrifugation and successfully concentrated by RO at 5-7 C,
at pressures ranging from %0 to /0 atm and with different
membrane types DDS 880 (55% NaCl rejection), 990 (914 Nafl
rejection) and 999 (99% l'aCl rejection) raising the concen-
tration up to about 25 °Brix. Results obtained indicated 'ich
retention (98-100%) of sugar, acids, phenolics, nitrogsen
and ash and retention of of %0 to 100% of volatile aromatic
constituents (calculated from aromacsrams for memhranes 70
and 990)., The nermeability wns found hicher than that repor-
ted in the previous litterature, particularly with the mem-
brane type NHD3 990.

"Peri (1973) subsequently raleulated the costs of the
concentration of orance juice by RO, based on permeation
rate values obtained uning the DD assenbly as above. The
values referred to a 2,3 and 4-fold concentration with a
working period of 60 and 120 days/year, 20 hr/day in a con-
tinuous oneration with 8 stages in series. For a period of
60 days/year, the costs are Lira %090/tonne, 4781/tonne and
6972/tonne treated juic~, corresponding to a 2, 3 and 4~fold
concentration. ior a period of 120 days/year, the costs are
Lira 2:/40/tonne, 5%%3%/tonne and 4522/tonne respectively.
Peri (ibid.) concluded that these figures, nased on conser-
vative coast and performance estimates,are competitive with
comparable concentration techniques such as freeze-concen-
tration or evaporation with cut-back and aroma recovery.



Schobinger et al.. (1914) crried out studies on the
behaviour of the arom=ss of ci':r durins concentration by RO
at room temperatures, as comnared to a conventional thermal
process by evanoration. Samples of commercial cider were con=-
centrated either in & pnilot-plant single stage Unipe«tin eva-
porator (3% rassaczes) or at room tempnerature in a lanhoratory
L0 unit (DS 995, ‘l‘openhagen) to yield concentrates of 2b
and 23 ‘Brix respectively. nt various stages in the concen-
tration cyecle, the titratable acidity, alco:ol content, total
extract anl extractable arocma were determined. 'oncentribion
with RO was round not to give better results than conveniio-
nal evaporation. ‘the A membrane used allowed the wajority of
the aroma coomiounds to nass thro wth the membrane with the wi—
ter and ethanol. As regards orgsanic acids, Schobinger et al,
(ibid) reported that nalic as well as lactic liffused throush
the nembr:me with increasing concentration. Citric acid, on
the other hand, appeared to bhe retained exnerimentally. A
slignt quantity of sugar (0.2 /) was also detected in the
permeate beyond the value of 20 “Brix for the extract. On the
basis of these results, the concentration of apnle cider

by RO is not reconmended.

Pompei and Rho (19/4) conceutrated Passion Flower Jjuice
by RO using three different mcmbirne tynes DD3 990, 995 (9%
NaCl rejection) and 999. 'They ohtaineq better aroma retention
than was the case with apple cider. Tésts were carried out

with the threc membranes, each having a surface area of 0.%06
m*. Analyses of permeates and concentrates obtained showed
high retention of sugars (>99%), acidity (97% total acids),
nitrogen compounds, wvolyohenols, notassium, and notably vola-
tile aroma constituents. 95% or pnassion flower aroma is re-
ported to consist of ethyl-butyrate, ethyl-caproate, n-hexyl
butyrate and n-hexylcaproate. Pompei and Rho tound retentions
of these in the three respective membranes in the order of
32.5%, 41.5% and 70%. The authors added that the reconsti-
tuted juice was not orgmanolevtically different from the
original juice with respect to aroma and freshness,

Peri and Pompei (1975) studied the partial concentra-
tion of grave juice to 25 “Brix using three DDS membranes
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(DDS G990, DbDE 665 and DRSS 999), and evaluated the influence
of the cperating conditions sad the type of membranc on the
permeability, 4and the retenti:.i., of some of the conetituents
of the _uice, particularly sugars, acids &nd total phenols.
Their work was very similir in naturc to the one published
earlier (‘ompei and Rho, 1974). All the tests were carried
out at a teuperature of « C, at three different pressures
(50, €0 and 70 atm). sach meubrane had an effective surface
area of 0.%6 m®. The juice used came from a white grape of
the Pinut variety. It had earlier undergone clarification
treatment (pc¢latine - tannin - bentonite) and had been kept
at low temperature, with the preparation of a sparkling

wine in view. At the time of the tests, the juice was
slightly Termented and had a residual sugar level of about 10,
The juice was concentratea at a pressure of 70 atmospheres.
The authors found that the permeability tended towards zero
for a surar concentration of about 2¢% and that retention or
the sugurs by the three ncubranes were identical and almost

total, while alecohol retintion wns nil,

With respect to vhenols, they 'ound that simple phenols
permeated throupgh the memorane, while tne more complex flavour
molecules were completely retoined. Uhe authors conecluded
that the 990 membrane, whicio Lo the most porous uscd, was
best for concentrating : rapc ,juice, since it had comparable
retention to the more coipact one, &and wus much more permeable.

sourirajan, (127¢) in un entirely different approach, |
laid out the physico~chemical criteria for the isotbermal RO |
separation of water from binary aqueous solutions based on
Loeb=SBourirajan type sccous CA membranes. This approach gave
rise to the Kimura and “ourirajan analysis of RO experimental
data (See Chapter Three, Section 2) which led to a set of

basic transpcert ecquations that could be used to predict
membrane performance :or o large number of binary aqueous
solutions from data obtzined for a simple appropriate reference
solution system. latsuura and Sourirajan (1971) extended

their investipations to the separation of some organic solutes
in aqueous solution using CA membranes. The systems studied
were glucose-water (0.1 to 1.9 1), maltose~water (0.3 to 0.11 M
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lactose-water (C.04 to 0L.2Z h),etn;lene slycol-water (0.2

to 1.5), propylene glycol-water (.2 to 0.5 M), and ethylene
glycol-propylene glycol-water (total molaiity ~ 1.0 }M) in the
concentration range studied. The correlations oI datu for

the single solube systeme were round similar to those

reported for the system sodiun chloride-water. HResults
obtained with the mixed solute system showed that the predict-
ion technique developed for acueovus solution systems containing
mixed inorganic zolutes with a common ion is applicable ror

grstems convaining non~ionic mixed arsanic solutes.

Matsuura ct al, (1973%) later studied the RO
concentration of fruit Jjuices using a similar approach. '[They
presented the phyusico-chemical criteria for the 1! gseparation
of inorganic ions, alcohols, aluchydes, ketones, esbers, aclda,

sugars and non=polar substaneccz with respect to the separatil

of fruit Jjuice componcants using porous CA membrances. WU cel!
of the flow-type were used, eachi having an eiffeclive 19 L

arga or 9.0 em . squations of LU transport applicable to bl
processing of Fruit julces were derived by the authors ond
found apolicapie¢ for the determination of osmotic pressurc
of the Jjuice solutions. Mvperimental aata on the vsmotic
pressures of cumpmercially available spple Juice, pineaprle

Juice, orgncge Juiee, (rapeiruil Juice, grape Jjuice and tomat:

{4

N

Jjuice and their concentration: were also riven. ‘Phe auth '

FYG
system of analyzis could be used to prediet memirvane
pexformance for the ®Q concentralinom of frvit Juices provided
the following conditions wer: natislied

(i) osmotic pressure of solution is proportional to mole
fraction ol solute;

(ii) solute concentration in product ic small compared to that
oI watcr;

(iii)longitudinal diifusion of solute is negligible in the
process using a flow=type cell apparatus;

(iv) the solute transport parameter (DAN/L8) is independent
of feed concentration (see Chapter Three, Section 2) ;

(v) molar density of solution is constant, and it is
essentially that oif pure water;

(vi) membrane pore structure does not change during the process.
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BExperimental data on the processing capacities of
some typice! CA membranes for the concentration of the shove
juices were finally given by the author.

Matsuura et al (1974a) carried out further studies
on RO for concentration oif iriit juieces using non=flow type
CA cells which haa a film arvea oif 9.6 cm « ‘''hey showed that
lou temperature ( 7 C) 1O treatment of membrane permeated apple
juice waters resulted in signiricant recovery of aroma
compounds which escaped through the membrane during the
primary concentration vrocess. The authors suggested a two-
stage process. In the first stape, the objective was to
recover most ( >99¢) ¢r the supgars present in the juice. In
the second stage, most of the {lavour components were
recovered and analyses showed that this was more so at 7 C than
at 25 C. They also found that the lower processin capacity
at the lower opcrating temperaturc (7303 £&/day m° at 25 C
compared to 1100 £/cay m* at 7 C) us compensated by higher
aroma recovery in the concentrate (the concentrations of arona
compounds in the concentrate were 2.8 and 9v.5% higher
respectivel, commared with the concentration in the r'eed).

In a recent study on 20 reeovery of rlavour components

trom apple juice waters, babzuura et al, (197)) used the non-

flow type CA cell (suriace nresn - 1.0 m,) Lor the first stage
concentration of apple juice @ud Chs permeate obfnined was

subsequently concentrated using the 'low type cell (effective
£ilm area = 1%.2 cr®) 1ade from loboratory aromatic polyamide

membranes. Earlier work (Matouurs et al., 1974b) had indicated
that polar orpanic solutes of the type present as flavour
components in fruit juices were much better separated with
aromatic polyamide membranec than with CA membranes with about
the same average pore size. The authors verified that a
higher operating pwessure tocther with a lower operating
temperature resulted in a relatively higher recovery of flavour
components in the concentrate during the RO treatment of apple
juiceé waters. They concluded, however, that due to the lower
processing eapacities of the polyamide membranes LGtudied

(%14 £/day u° as compared with 1700 £&/day m* for CA membranes),
further development weas needed for more productive aromatic
polyamide ncabranes if recovery of tlavour components



19.

from apple juice nermeate wis done on a commercial scale,

7. CONCLUSION

From this review of the litterature, it can be con-
cluded that RO, as a technique for the concentration of
fruit juices, should be favourably recarded above all
because of the advantages it shows regarding the qualitative
characteristics of the final concentrates. With the exception

of apple cider, advantages in concentrating fruit juices

such as apole, orange, and grapefruit Juice can be summarised

as follows:

(1) Good retention capacity for suzars, organic acids, mine-
ral salts and nitrogeneous substances (Peri et al., 1973;
Pompei and Rho, 1974; Peri and Pompei, 1975; [atsuura
et al., 1913).

(ii) The possibility of preserving almost entirely the natu-
ral content of ascorbic acid (Gherardi et al., 1974).

(iii) The possibility of keeping., at a resnectable level, the
various volatile aromatic compounds in a singsle stnge
RO process (lerson et al., 1968; reri et ul., 19775
vomnel and Rho, 1974; Jherardi et al., 1974) or as a
two-stasge recovery process (Lats ura et al., 1974a; 1975).

On the other hand, the dravhack and difficulties wnich
are Btill encountered, :wi'! whicih roverely limit this new
technique, are such thal its use on an industrial scale for
the concentration of fruit juice seems at tiie moment nrema-
ture. :lowever, it is hoped ‘hat tie improvement of existing
membranes or the development of new membranes (e.g. aromatic
polyamide membraines) wi'l elininate this problem to a large
extent and thus make this interesting technolgical process
available for wider applications.

Because most of the work published in the literature

to date on the concentration of fruit juices by RO is empi-
rical, it was decided to select one fruit juice (apple juice)
and Aattempt to predict (using currently available theories)
the retention of certain components (namely sugars and acids)
when the juice was concentrated by RO. A pilot scale Abcor
TMb=14 module was used (the plant is described in detail in
Chapter ‘'hree, Jection 1, nazc 51 ) so that the results
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obtained would be of value from a commersisl noint of view.
Preliminary work consisted of woncentrating simnle solutions
containing one or more sugars or acids in an atteupt to re-
veal whether or not there was any interaction between those
comnonents. Finally, actual apple juice was concentrated by
RO, and the results obtained compared with the work done on
model solutions.
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SUICPION I

A REVIEW OF THE POSSIBRLLE BiiTIODS

1. INTRODUCTIOH

The rirst requirement in this study was for a
method which would determine (both qualitatively and
quantitatively) cugars and acids present in aqueous
solutions. Lecause in many cascs the level of sugar ond/or
acid in the sclution would be very low, the method selected
would need te ke sensitive and precise. I1 possible, the
method should also be relatively quick and simple, as nany

solutions would need to be analyseid.

-~ ~T Ty Lt o AT R
2. JFOSSIBLi MeTHOUS

The official methods for analysic or total sugars
and acids in rruits and fruit pioduects are published hy the
Association of Uffiecial Analytical Cheumists (A.0.A.C.,

i

In braefly total acidity in Ele Jjuice is deterwined by

titrating the Jjuiece @50 4) wibl cikali (04 w) using paunol=
phtalein as thc indicatur. st surars can be determirnn

by the .iclgon-iomogyl met «od o' co!orimetric copper reduct ion

While G .0.A.C, methous wre useful 4 a guick check
on the overall amount of susdri: or acius in a given semple
of juice, they ecould not be uted fopr the separation and
identification of sugar. and wcive present in complex mixture.

in apple Jjuicec.

Thin layer chromatopraphy (tle) has been used to
separate and identity the cucars present in many tropical
fruits (Chan et al., 197% ©¢,b) and the acids present in
Canadian apple juice (Ryan, 1972).

In both cases, tle is uscd in conjunction with or
prior to gas-liquid chromatopraphy (gle) as a qualitative
test. Tlc cannot be used as a guantitative procedure
because of its limited accuracy at the lower concentrations,
the limit of detection being about® ME in the case of acid
(Ryan, 1972). Tlc has alsc failed to positively separate
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§ values (Heatherbell, 1975 a).
While ion-exchanze has been successiully used to separate

acid components having close R

organic acids present in chinese gooseberry fruit, it ifailed
to separate any of the sugars (.l[eatherbell, ibid,).

A recent method for the separation, identification
and quantitative analysis of common Iruit sugars and non-
volatile orpanic acids was developed by Heatherbell (1974).
In this method, acids were precipitated as their lead salts
from fruit ethanolic extracts, and the sugars in the remain-
ing supernatant and washings partitioned into aqueous
methanol. These preparations with internal standards were
dried and converted to their trimethylsilyl derivatives:for
analysis by plc. Total sugars and total acids determined Dy
this proccdure gave comparable rcesults with those obtained
using sgandard A.0.A.C. procedures.

This method has many advantages over other methods
in that it offers a rapid and simple way of quantifying
sugurs and acids at the same time. 'I'ne method permits
identification of most iruit acids and the guantitative
determination oi’ a wide range ol common fruit acids and
sugars. Therefore, Heatherbell's procedure was adopted in
this study and uvsed for the anulysis of sugars and organic
acids present in applec juice.
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SeCTION 1T

ANALYSTS O/ SUGARS AHD NOH-VOLATILE ORGANIC ACIDS
TH GRANNY SMDU] ATFL.. |y GAs=T.I0UID CHROMATOGRAPITY

1. 1UHTRODUCTICHN

Gas chromatographic methods have recently
supersecded existing analytical methods for carbohydrate
and acid analysis. The advantages of gas-liquid chromato-
graphy (gle) over "classical” methoas such as paper, thin-
layer and ion-exchange chromato;raphy are many. tirstly,
the estimation of the amount ol =u;ar and acid is part of
a separation-identitication procecure (iclair et al., 1968).
sSecondly, glc is a very sensitive method of analysis as
monosaccharides of less than one pmol have been detected
(Clamp, 1974). Thirdly, another advantage of gle is its
flexibility. "“he type of liquid phase and percentage
roadinr, oven temperature and pre ramming rate, carrier gas
Flow, vtc. can be varied Lo senarate almost any combination
of organic solutes. The only limitation is that the chemical
handling procedure should quan' ‘fatively transfer to the final
injection procedure all the constituente, Yrimethnyl-silyl
(Mu3) deriverisation vioncersd 1y Sweeloy et al (1975) has
laid out a firm basis lor quantitative work using gle.
#inally, reliabilit; znd repeatulbility can be achieved

provide¢ peak arcas can be accurately integrated.

gecent werk on ¢ lec as an analytical procedure has
led to the rapia and concurrcnt recovery ol sugars and acids
in fruits (Heatherbell, 1974). Lany New Zealand fruits have
been successfully analysed for gupgars and organic acids using
this method (Heatherbell, 1974, 197%a, 1975b).

The object of this work is a further investigation
into glec as a quantitative method for analysing sugars and
organic acids with special reference to New Zealand Granny
Smith (GS5) apple as raw material. This, in the end, will
provide a direct and convenient method to separate, identify
and quantitate GS apple sugars and non-volatile acids so
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that their fate can be followed during the concentration
of GS apple Juice by Reverse Osmosis.

S P ERTIMENTAL MATERIALS AND MEIT!IIODS
2.1 Gas liquid Chromatograph
2.1.1 GLC Equipment

The pas-liquid chromatograph used was a Varian
Aerograph model 2100 with dual column and differential
electrometer. The columns can be balanced and operated
with Flame Ionisation Detectors (FID) and/or Electron
Capture detectors (£C). #or this work, a single column
with FID was used. The pen recorder used was a RIKADENKI
dual pen recorder. The chromatoprapn was connected to a
Varian model 485 electronic digital integrator for
determination of peak arcas,

The flow of carrier gas, hydrogen and air was
regulated by fine controllers and meterinyg valves, with a
rotameter in the carrier ;zas line.

''he column oven could he operated by direct dialing
up to a temperaturc of 400 ¢ with = 1 C repeatability.
Temperatures could also be set at different modes : isothermal,
programmed at a preselected ratcd rate to a preset limit at
whieh it could be held or cooled downe.

V2o B - Column preparation and conditioning

A1.8mx 3.,2mm I.U. U=shaped glass column packed with
5% SE~-52 on 80/100 mesh Varaport 30 was used.

The column was prepared by dissolving the correct
amount of liquid phase in 2 suitable solvent (n-hexane) and
placing in a round bottom flask. The weighed amount of
so0lid support (Varaport 30) to give a Final 5% £SE-52 was
then added. The flask was conuected to a rotary evaporator
and the solvent slowly evaporated at room temperature until
just damp. It was then inmersed in a 60C bath under full
vacuum to evaporate all the solvent, A small piece of
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glass wool was then placed in one end of tihe column and

a vacuum pulled on that end while adding the dry packing
in ¢mall quantities through the open end. Full packing
was achieved by vibrating and pently tapping the column.
After the support had settled, the open end of the column
was plugged (Mc Hair et al., 1963).

The column was finally placed in the oven and
conditioned at 245 C overnight. 'I'he oven was then cooled

to 225C and the column conditioned with a small carrier pas
flow rate (10 mé/min.) until stable.

243 G1.C Conditions
test opcerating conditions were obtained with:

Injector temperature: 250 C

Detector temperaturc: 250

Hitrogen carrier flow rate: 30 mé/min
lydromen flow rate: =% wé/min

Air flow rate: 2450 wm&/min

The oven htemperature was procrammed rrom 165 C to
245 ¢ at 4 C/min Lor the susurs ‘rom 100C to 225C at
o &/min for the acids.

2.2 Centritupes ane ancilliari

A My centrifure was uo for the 250 mf bottles
and 50 m& centrifuge tubec. & 5.1 lao=bench centrifuge
was used to sedimenlh solide U'rom Che ''MS-derivatives

contained in the % nd vials,

A BTL mechanical shaker was used to ensure good
mixing and to accelerate silylation inside the vials.

A Varian Aeropraph Ultrasonic was also used when
more thorough mixing was rmequircd.

2.3 Vials and connections
The % md viols (FPierce Chemical Co.) had Teflon-
lined screw caps. The vials were attached to a modified




"Quickfit" tubing adaptor connected to a buchi rotavapor
by plastic screw caps also lined with teflon siliconc
rubber seals.

Samples were stored under vacuum over P205 until
silylated.

2.4 Syrinces

5 and 10,13 syringes were used for gle injection.
A 500 Pﬂ syringe was used to add "TriSil" or "TriSil 2Z"
(Pierce Chemical Co.) into the % m# vials for silylation

purpose.

All syringes were from S.G.s. (Scientific Glass

Engineering; Ltd., Melbourne, Australia).

2.5 Saturated lead Acetate Solution

This wag prepared by dissolving neutral lead

acelate (approx. 16 g)in water (1100 me ).

2.6 Internal Btandar

Inositol (meso)-inactive used for the sugars was

from BDH (British Drug House Ltd, !oole, iny-land).

D-Tartaric acid uscd .or thée acids was also from
BDH.

2.7 .S reagents

PrisSil for the acids were obtained in 50 mé vials

and TriSil Z for the sugars in 2Y mé vials. Both reagents

were from Pierce Chemical Co., RKockford, Illinois.

2.8 Other Chemicals
Glucose, fructose, sorbitol and sucrose were

2T

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

purity available was used. Wuinic acid was obtained from
Sigma Chemical Co., St.Louis, UGSA.
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L Samnle Freparation

1

ithole apple or apple juice was stored at 4 { before
analysis. Feeled fruit or juice (50 mé) was transferred to
a Waring blender and S5% wsthanol (150 m@\ﬁusadded anl the
mixture blended for 5 min, pivinge a final concentration of
approximately 803%. After stunaiy - for 1 hour the extract
was centrifuged at 2000 ¢ for 1u wmin. The supernatant was
decanted and the recidue washed tuice with 80 Ethanol
(25 m&). Supernatant and washings were combined and diluted
to 250 m€ with 555 ECH,

2.10 Sample determinotion

5 m€ aliquots of nreparcd namnle were transferred
to a 50 mnf centrifure tube. Tartaric acid ( 10 mg as 1 ml
of 1% solution in 9% itCH) was added, followed by 85 wtoll
(10 m&) and saturated lead acetat solution (1 wm#) to
precipitate the acidu. after nixing thoroughly, the extract
was allowed to stand for 4% min or longer, and then centrilu .
at 500 g for 7 min. Comnlete preecipitation ol the acids was
checked by adding; a Jdrop of lead acetate solution into the
suvernatant. The latter (coubaining the nuiaes) was decantea,
the resicues were woshed three tiacs with 890 utOH (1 x 10 mé
followed by 2 x ¥ md) aund the combined wsupernatant and
washings werc partiticucd betwecrn eliloroform-methanol-water
(120 ml of &34:% v/v). the latber sbou was uvsed to prevent
any possible intcrfercnee froa pi o ment and lipid material:
in the sample. lead :lts during cuach washin, vere carefully
resuspenaed using: & spatula end ultrasonic bath. 'The louer
methanol=-chloroform laver containing negligible amount of
sugar was discarded. ‘e upper methanol layer was made up to
100 m€ with 80% LtOH, 1 m£ aliquots transferred to 3 m€ vials,
inositol added (0.2 mf of 0.1 w/v) and the sample evaporated
to dryness on a rotary evaporator.

The precipitate containing the acids was washed
with diethyl ether (5 mf), centrifuged, the ether decanted
and residual ether cvaporated before oven drying at 100 C
for 1 hour. Dried prccipitate was transferred to the 3 m&
vials for silylation. Samples were stored under vacuum
over P205 until silylated.
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271 Preparation of TMS derivatives

Sugars in the 3 mf vials were silylated by adding
Irisi) Z (5001#3), shaking for 5 min, heating at 7?0 C for
20 min and then shaking for 15 min to ensure complete

reaction.

Lead Salts in the 3 mf vials were derivated by
adding TriSil (1.5 m#), shaking thoroughly for 5 min and
heating at 50 C for %0 min.

Solids in the vials were cedimented out by
centrifuge and typically 0.5-1.0 ML of the clear solution
directly injected into the gas chromatograph. Sample size,
conditions and sensitivity level were adjusted to keep

major peaks on tcale.

2.12 I reparation and determination of standard

All sugars vere dried over ;0. under vacuum prior
to weighing. D-fructose, LD-3lucose, D=gorbitol and sucrose
were accurately weighed to moke up 1% (w/v) standard solutiun
in 80% EtOH. Calibration cucves were obtained for each supar
over the conce iration studied by chromatographing varying
amounts of sui -+ (0.1 to 2.0 my) uwith constant amounts
(200 Ug) of inositol,
Standard neid solutions were similarly prepared by
dissolving cryotalline acids in 30% EtOH. The coneentration
of each acid wac studied within the approximate range
dbmmonly fouril in Uruit. Aliquots (5 m£) of a standard acid
solution were transferred intoe 50 mé centrifuge tube, tartaric
acid (10 nmg 25 1 m€ of 1% (w/v) solution) added and the
solutions treated in the same manner as described in Section
2410, Calibration curves plotting weight of acid/weight of
standard (wq:ws) against the corresponding area ratio A ilAg
were prepared., Concentrations studied were from 0.04 to
1.0% (ﬂﬁ:us of 0.2 to 5.0) for the acids.

In addition, model solutions of mixtures of sugar
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and acid standards at a Wyils of 1.0 were prepared for
recovery analyses, first by direct injection of the THMS
derivatives and secondly through the entire analytical
procedure. These model solutions simulate GS apples
containing a 1% (w/w) concentration for each acid and 2%
(w/w) for each sugar on a fresh weight basis.

Calibration curves were prepared by plotting
Weight solute/Weight standard (W1:WS) against the corres-
ponding area ratios (Aq:As).

2.1% Calculations
Relative response factors (K) for sugars and acids

were calculated ag:

These were used to calculate the amount of a given acid or
sugar by:

VWeipht or internal std x pe%ﬁkﬁggﬁ

Weight of unknown =
Lopropriatc I value x peak area
internal std

In the case of fructooe and ‘glucose, two peaks
each appear, theretore, the peak area of supars is the
sum of the two peaks.

3. LESULTS AHD DISCUSSION
%.1° Qualitative analysis
The principal purpose here is to separate and

positively identify the sipnificant sugar and acid
components in the apple material. The Granny Smith (GS)
variety was chosen because it accounts for 80% of the
apples processed into juice by the N.Z. Apple and Pear
Board processing factories (Gyde, 1976).

Prelininary analysis of a representative GS
sample without internal standard revealed the presence of
4 sugars being; presumably fructose, glucose, sorbitol and
sucrose. Inositol was chosen as internal standard for the
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sugars because it had not been reported in GS apples, it
was readily available in pure form and was chemically
stable and solid at room temperature; and it gave a
completely resolved peak close to the mid=-point in an
unoccupied region of the chromatozram. A typical glc
separation of TMS derivatives of the sugars present in GS
apples is shown in Figure 4. Comparison of the relative
retention times of the unknown peaks in Figure 4 with
those of pure crystalline sugars (from Table I) established
and confirmed the presence of « and P-D—fructose, oL and p-
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 the possible presence of the following acids:
phosphoric or succinic, malic, citric, quinic, p=coumaric,
ascorbic, glucuronic and/or galacturonic. Here identific-
ation of the acids presented some difficulty due to the
close resolution of some peaks on the chromatogram. Tartari«
acid was chosen as internal standard for the acids because
it had not been reported in GS apples and its lead salt
is completely insoluble in water or ethanol (Merck, 1960).
Typical glc patterns of non=-volatbile acids present in GS
apples are shown in Pfigures © and €. Comparison of the
retention times of the acid peaks with those of authentic
acids on SE=-52 column (Table V) sugrested that peak 1 in
Figure 5 could be either phosphoric or succinic, due to
their very close¢ retention time (V.46 and 0.49 resgpectively).
The problem was overcomec by "spiking" peak 1 with an equal
amount of THMS derivatives of pure phosphoric or succinic.
It was observed that succinic did not build up on top of
Peak 1 but in fect gave a second peak next to the original
one. On the other hand, pure phosphoric co=chromatographed
with the unknown peak, giving a single peak twice the size
of the original one. This established that peak 1 was in
faect phosphoric acid. Using the same technique, it was
found that the main non-volatile acid in GS apples is malic,
with lesser amounts of phosphorie, citric, quinic and
ascorbic and trace amounts of galacturonic. Peak 6 did not
correspond to p-coumaric and peak 9 of Figure 2 was also
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unidentified. Comparing Figures 5 and 6, it is interesting
to note that the relative amounts of the non-volatile acids
can change rewarkably depending on the sample analysed.
Thus, in ligure 6, there was no phosphoric and galacturonic
but a relatively larger amount of citric, quinic and
ascorbic. This is likely to bc due to a difference in
maturity of the fruit analysed: alaecturonic has beun
reported to exist only in mature or over-ripe apples
(Hulme, 1970) while quinic has been reported mostly in peel

and youn(: irruit (Ulriech, 1970).

On the bagsis of the qualitative results obtained,
it was concluded that the main non-volatile orranic acide
of interest in GS apples were: ohosplhoric, malic, citric,
quinic and ascorbic. These acids in ract coustitute OP%

of the peak arca detected.

TADLLs 1V: lelative retention time of TS derivatives

’
i

OL SW-ars on L=

Supar lketention time

D=tructose B
® == Tuc oo Pl
l—sorbito! a'? 5
p=-b-glucos 0.82
Inositol

(inter>:l sbandsrd) 1.00
Suecrose 1579

TARLS V: Relotive ratention time of TMS derivatives

ot mon=vo'anbile or.anic acids on Sk-=52
Acid netention time
Phosphoric U b6
Succinic O.49
Malie Q77
Tartaric(internal std) 1.00
Citric 125
Juinic 1.52
p.Coumaric 128
Ascorbic 1.43
Galacturonic 1.46

Glucuronic T.05
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3.2 Quantibotive analysis
i B pftect of Heaekion time

Reaction tiwe shudiez estanlished that conversion of
crystalline sucaers to their MU deriviabives was complete
after a 5 min shzic follewed by a rcutle ~ixing for 20 min at
70 C in a weter sath snc o {inal 1' =min shoke to ensuvre
complete reacti.n.

5 =

fOr acidi @ D min shake [ollewsd hy 30 min at S0 C
completed TVMS derinhigatiorn of siwnle nixtures. [for more
complex urynthetic mixbuwcs a further 15 min shake may be

necessary.

[ S st foet o TaH rasrents

Freliminany work using Vrivll us silylating reapgent
for sugars resultea in low ~acover ) ol the individual sugars
from a synthetic mixture. 16 was Toler estoblished that this
vag due to the elfaoch of mresidun “cture in the vials even
after the samples wers frlten o dryn»ug on a rotary
evaporator. OLivre complete - i 20 the samples is often

arduous and time consuming, tne proolem was overcome by using
TriBil 7 instrad of ™rinil to derivatise sugars. Trifil 2
has been reported as suitavle for ~uantitative work involving
carbohydrates either in dry or o % conditions (Pierce
Handbook ol Bilylation, 1972). sxperiments confirmed this
and led to the use of TriSil # for sugars in the final sample

preparation procedure,

Belal Iiffect of storapge on TMS-derivatives

Repeated injection of the same TMS derivative over a
period of time established in the case of sugars a slow loss
of TMS~-Tructose and sucrose with time. Samples were best
analysed within 6 hours of silylation.

3.2.4 GIC conditions

Studies on the effect of glc conditions established
that length of chromatographic run rather than recovery was
significantly affected by temperature programming rate : too
low a temperature program (e.g. isothermal or at 1 C/min)
gave satisfactory separation of the components at the expense
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of a lengthy run. 0On the other hen, a fast programme
rate of temperature rice (e.f. 8 or 17 C/min) eluted the
peaks quickly Tut the chromatorrz 5 erammed and
inaccuracy arose cue to overlep; yeakz. 3Aest oven
conditions for soo4d Soperstion in cosongble time were

ohtained ag folliove: Lo sunerey 08-2087 5 gt & Cfming

1 ] -

for agids 100<R C at o Cf/xin,

T e e T R o v ; T e
D RECHVETr ol Suiirg o1 e B N 5 Lngection

T - U S R e, - e L

A met ot stondard calibratd CeTes WAL prepared

for sach of Lho suare and agiu fHind.  THeso SUrves are
derictod in o3 ure P 3 - e I in both e
CL S L A 17 7 [ L SRl S & 6 T k vl R : I W I Bl cazes y

-

iineority batwnen roak Tacr w9l - weisht ratio was

obhuorved over the soaceni i run o stpdiel. Lach point
on the xraphs wo L avent b ol'4 o nmore debterminations.

o cenroeies wore Oblaines &t ¢ 458 of unity. ixtending
Lhoe »omicn ?uﬁ R { oue Waade = 0y e leod €6 non=Llincarity

qu 19 SubRor Toswr ur erdebwenal of ¥ ute with respect

to the inbern:s? melas ‘g Ternande Tactors K caleulated

Lad A= Yy o - | R T o o moey by §lay s s o - e LS S ey .
Prom: whe alopss 202 TLALUDTIU IR CUrVeS gave Tho values
o By = - 1 o i i 4
i - . ‘ 2\ - Lo - -
o vy e 1e 3 t 1
-~ Sy 5 3 = Ay A a5
8 : o b Lt G . (560 Gl & RET 1 iLAine 2ia 5 E8Nd gclls
¥ §
- P e
et ey | T 5 e st B s oy

mpar/ fedd bebector response K*

=-fructors 0:52
D=r:lucese 0.786
Degsorbitol 0.82
Sucrose 0+58
Fhosphoric 0.78
Malic 0.86
Citric 0.70
Quinic 1.02
Ascorbic 0.91

*Average of four determinations

A mixture of sugar standards made with various
amountc of crystalline sugars and a constant amount of

inositol was analysed for individu2l sugar recovery and
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results arce presentea in Table Vi.
Mipure © shoin& o typical "o pattera of sugar

standards chromatoj ranhed on the Lua=-_od column.

fdesults from vooee VLI clearl; gutablished that
complete recover,; ol suyirs .rom & mixture of direct
injection could be achieved unuer waperimental conditions
with an accuracy oi Z 74 Por the i-dividual sugar and with
an overall recovery ol 9% — -

TATAT e VIT: KecoweTy o©F Swars b rect, 1njection
LI om war ol anoilyts it
Supar Input Recovery 7 Averapge
Hecovery Recovery *
2O 200 )
Sorbitol B4 20 102 102 - 3%
;’I '_\ '1’\1.’1'}
/ a®, 101
S : T
xlucoce 3 1k g2 99 X
UL | 104
SV 452 &7
. + i
f'ructose HUO 496 100 O -~ V%
SO0 095 35
L0 505 101
oy = +* .
Sucrosce 500 462 2 99 I 7%
500 525 105
* Averapge of threc determinations
Overall :
Recovery QG - 3%

Direct injection of a synthetic mixture of TMS acids
resulted in recoveries shown in Table VIII.

Figure 10 is a typical chromatogram of the acid
standards eluted on the SE~-52 column.

Results from Table VIII also showed that complete
recovery of crystalline acids by direct injection could be
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FIG. 9: GLC pattern of sugar standards: l,«+p-D-Fructose; 2,%-D-
Glucose; 3, D-Sorbitol; 4,P-D-G1ucose; 5, Inositol (internal

standard) ; .6, Sucrose.
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FIG. 10: GLC pattern of TMS derivatives of acid standards:
1, Phosphoric; 2, Malic; 3, Tartaric (internal

standard); 4, Citric; 5, Quinic; 6, Ascorbic.
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achieved with an zccurecy of 4% for tue individual sugsxy

-4
and with an overall recovery of 100 - /7.
TADLE VIII: Recovery of acids by dircct njection
Acid Inpu! 1OCovery Averare Averape
_ & ? Recover)
. ; 4 44 T A
Malic b = 0.1 “ o 201 100 = 3¢
i HF
".L',(\
- . o * ' 1 ’ - +
Phosphoric 4.6 - .1 Gobs = 0.2 100 = 4%
T
A
e - ; : : ' + A
Gitric S = W W R oy = 2%
(’]J-.” N i :] -
R g . 4 : Sl
;uinic = 13 oG - U1 g8 = 2%
- %)
'o(..ll
. s , - 1 e+
Ascorbic ot < Gl P o N 106 = 4%
(100 £ 259 .
Pawd
(mrorall
: m o
ocovery 100 = 4%
5.4 Hecovery of fnrars and acids by analytical

rocedure
This section will provide information on the secondary

response factor of the compounds which were analysed as any
change in K value was reflected in the recovery of the
compound analysed. The primary response factor was previously
established by direct injection.

Synthetic mixtures of crystalline sugars and acids
simulating a 1% w/w (W,:Ws = 1.0) concentration of each acid
and a 2% w/w (quws = 1.0) concentration of each sugar in
real fruit were prepared and taken through the entire
procedure for recovery analyses.

Recovery of the individual sugar in 4 different
mixtures of similar composition, average recovery of total



sugars and overall accuracy

are listed in Tabl

Table IX: Individual recovery he anal=tical procedure
from 4 synthetic mixtures ab oz Wg = 1,
Mixture Cur ar RECOVEY:; Average
% Recovery *
A H
) N i A ' vl + P X
b Frucltose 10 107 = 13%3%
C 59
D .
A
2 i _ - + s
i Ly lucoie W /}Uq‘ e Ll'g{'}
C i
D Tk
)'1.
' e + \
i worbitol 97 = 45
! i i
D U
A i
1y ¢ . * n'
B Sucrose 91 = 147
4 1714
1 80
* Average of four determinations
Overall

TARLE X:

Recovery 98 - 0P

'

Total supar recovery by analytical

procedure

from mixtures A, B, C and D at a wﬁ:Ws = 1,0

Mixture sugar % Recovery % Recovery
of each sugar total sugars
Fructose 108
Glucose 110
A Sorbitol 100 102%
Sucrose e

t'ructose
Glucose
Sorbitol

Sucrose

100
103
92
78

93%
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TABLE % (cont.)

Mixture Sugar & Hecovery % Recovery
ol sach sugar total sugars

fructose 83
Glucose 100 ”

c =] LV L) 9770
sorbitol
Sucrose 110
t'ructose 113

Glucose 104
sorbitol 100

Suerose bl

1007

Overall
I 4

i

Hecovery 98

Results from Table IX showed that variations in the
recovery of the individual sugar in different mixtures
could be as high as I 13% and X 145 ror fructose and sucrose
with glucose and sorbitol more accurately determined at Z 44,

However, if the rcecoverics ol the individual sugars were

pooled topether, the overull accuracy was quite adequate at

g ¥ o . _ _ B ey kg ~

Q8 = 6%, On the other hond, L7 recovery of total supgars was
N o : YT - . . -

considered, a hiph overnll accuracy ol 98 - 4% was achieved.

Similar verults for aeids are gilven in Table XI.
Here only the ~ccovery of the individual acid is considered
because of the report.od lous ol ascorbic acid and the wide

inaccuracy in aquinic acid gyuantitation (licatherbell, 1974).

TABLE XI: Recovery analwsis of mixtures of acids at «

I, saleden o 1

.0y lead salt method

Acid % Recovery Average Recovery *

1+

4%

Phosphoric UG 102

Gz

1+

A¢350)
Malic i 96
9

93
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TABLE XI (cont)

Acid % Recovery Average
Recovery *
l_'/) {;_
Qo

Citric . g2 X 2%

Q2
y

4L

I+

Quinic ¥ 51

LS
iy
o

L
waa

* Average ol four determinations

esuits from Table XT zhowed that mood recoveric:s
were obtaincd for the main three acide in GE apples, nan
phosphoric, =malic and citric, with an accuracy of - 4,
llowever, t*. poor solubility of the lcad salt of quinic

acid (ueath =mell, 19%4) resulted in very poor recovery

with thc 1o amounting to about %0%. The loss ol ascoriin
(presi.uar’ ;- sue to oxidation during: preparation and the
drying mectl ! adopted) rezulted in only one third of tne

5
|

areunt being recovered. [eatherbel: (4074)

#

origina
earlicr reported a -“uUiv loss of azcorbic acid by the oven
drying; method.

Furtier investigations into the effect of lead calr
drying conditions established that there was no significan.
difference bLetween oven drying at 100 € for 1 hour and
vacuum drying at 50 C overnight. Thus, the more convenient
oven drying method was adopted in the analytical procedure.
It is also important to bear in mind that although the loss
of quinic and ascorbic acids may appear important, they only
constituted about 2% of all the non=-volatile acids present
in GS apples, whereas the amount of phosphoric, malic and
citric acids represented aporoximately 95% of the total
acids. Since those three acids gave good recoveries, they
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constituted the main non-=volahi

-
i
-

acids studied in
later quantitative work.

2-0f Recovery of cupore and scids fyom apple extract

The extrsction and separation procedure was

evaluated by performing recovery zrperiments on the

e

actual biolegical syciem. Sample. of GO apple extract
previously analysced lor supnos an. dcids were fortified
with known amounts ol supar: (glucose, fructose, sorbitol

-

and sucreose) and acids (phosphoric, malic, citric, quinic
and ascorbic). Hecovery in cxouvss of 940 for the sugars
and 90U’ for the acids was ohtained. Thus, up to this
point, the analytical preocodure uscd in this work
permitted the positive sepownsiss and identification
combined with th: rapid quantitation of a wide range of
non-volatile orpanic acids ond su ars com monly found in
fruit. The applicability ol this analytical method was

investigated and 1t rmeported in the next section.

+o: _Appiicotion oi method in determining sugars

and acids in (w5 apples

ilypieal gle chromatograms of the sugars and non-
volatile organic ncids in GS apple extract were previ iously
shown in Fipures 5,4 and 5. The glc quantitative
analysis of gupars in GS apples ic reported in Table XII.

Recvults obtained indicated the predominance of
fructose as the mzin sugar in GS apples, followed by
lucose and sucrose and trace amounts of sorbitol. Total
sugars established for GS apples were within the range
encountered in ftropical variecties such as mountain and
rose apple ( Chan et al.)1975). However, the result for
total sugar appeared low compared to the figure for
Canadian apple juice. This discrepancy can be accounted
for because of the natural variation between areas,
varieties, climate, etc., and also because the Canadian
figure was.taken as an average from 20 samples made from
a blend of many diiferent varieties.



48,

TARLE XII: Quantitstive determination of supars

in Granny oSmith apples by e

Sugar 7 [ YV Mountain Romn Canadian
Content apple apple . arpley  apple juicec
I'ructose e I c.0 Se
Glucose 1.0 2:7 2.0 2+5
Sorbitol trace - - 16
Sucrose 0.4 - T .3 18
Total BSupar

(gle) 4,0 3.6 5.8 10.8
Source (Chan et :'.,i@?p) (Ryan, 1972

1. Average of 2 determinations
b. kExpressed on a Ircsh weight basic as mg/100g fruit

¢c. Expressed on a fresh juice basi: oo mg/100ml Juice

The qnhnhltn:ivc analycis . ¢ non-volatile acids
in GO apples is reporfied in Table Wiii. Total acids
determined by ;sle wos Q.06% as comno wd to 0.56% determined
by titration and cxpressed as the m? - acid (maliq. The
discrepancy in correlating the two ~iods can be accounted
for on the basis of the different zalar weights of malic
(134,09) and citric (210.4). ixccllo . agreement resulted

when results werc expresed on a millicquivalent basis. This
was obtained b;- dividing the mg acids/100g of fruit by the

appropriste molccular weight.

TABLE XITT: Quantilative determination of organic acids?

in Granny Smith apples

Acid Molecular weight mg/100g of meq/100¢g
' fruit fruit

FPhosphoric 98 trace -

Malic 154.09 %350 247
Citric 210.14 250 1.19
Quinic 192.2 40 0.21
Ascorbic 1969 40 0.23

Total Acids (glc) 060 4.10

Total titratable
acidsP (as malic) 560 4,18

a. Average of two determinations
b. Determined by A.0.A.C. procedure
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SECTION I

FEBRANS CHARACT BRISTICS

T« DMECHANIGM OF RuVihob OSMOLLS

The Gibbs equation relatines the surface tension of
a solution and the excess concentration of the solute at an
interface predictc that for agueouu sodium chloride
solutions, there is a negative adsorption of solute
resulting in a multimolecular .ayer of pure water at the
interface, the thickness of the lejcr being a funetion of
the nature of thc interface.

It was first sugpgestoed in 1956 that if the surface

layer of pure water could Le skimmed off, then solute could

be separated from solvent. This . u i cition was the starting
point of investigotions into Ghe vosaiination of sea water
by RO. .

'he mechanicm of MU can be cxplained in terms of a

conceptual model known as lhe prc. rtential sorption-capillary
flow mechenism (Sourirajan, 1970,. dere the solution is in
contact with a solid meterial in vhe Lorm of a porous membranc.
If the membrane huu o preferuntial sorption for water (or a

preferential repulsion for solutc,, a multimolecular layer

of pure water could exist on thc membrane surface. A
continuous removual of this interfacial water can be effected
by letting it flow under pressur¢ tihirough the membrane
capillaries. This model also gives rise to the concept of a
critical pore diameter for maximum separation and permeability.
This is obviously twice the thickness of the interfacial

pure water layer, for if the pore diameter is bigger,
permeability will be higher but solute separation will be
lower, since some of the feed solution will also flow through
the pores. ©Smaller pores will increase separation but

reduce permeability. An infinite variety of membrane solution
combinations can give rise to different levels of solute
separatidn.

In short, the indispensable twin requirement for the
success of this separation process is an appropriate chemical
nature of the film surface in contact with the solution, as
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well as the existence of pores of appropriate size on the
interfacial surface of the film.

Por RO, the solvent and solute flux can be
described simply by the following egquations:
Solvent rlux, N, = FKa (A -8M) 1)
f =

Solute Mux, N, = o { &C) (2)

i

The result of combining thess two equations is that
as the pregsure is increascd, witer Llux increases but salt
il does not. Thus abt bigh prescurces, bthe water flow
predominates snd pure water emerget LJrom the membranc.

I

NESRITY SRTHEY VT ) f
2o  CONCeNTAANPTIWN PO L AT

o ———

Az water GranspoLt procecds Lhroucsh an RO membrane,

there 112 & loecal concenvrabion of colvte &t the sibte where

water leaves the feed and posses Laroush the membran:.

This results in 8 subseguent locol snerease in osmohaie
pressure and decreasc in wabker Learsvort through this layer,
a phenomenon termed conceagravien olarisation.

Po overcenc this reducticon irn water transport, the

concentrated ocoundary laver must Ue displaced as it forms.

(13

This can be acconmpliched by engurin, turbulent flow conditions

1n the feed material over the membrane surface so that the
cencuncrated layur is econstantly replaced by a more dilute

soluticu and water Lranzpert is facilitated.

He  DESCRIFTION AND OPuialT1ON O THE TMS=-14 VMODULE

A flow diagram of the RO pilot plant used in this
study 1s presented in Fig. 11. The AS-197 membrane was
seamless, 1.27 mm in inside diameter and 1.52 m long (Abcor,
1971) . They were inserted into porous fibreglass epoxy-

Q

impregnated cupport tubes, fourteen of which were arranged
in a circular pattern and connected by stainless steel
headers in each THM5-14 module. A clear plastic shroud
encased each module for collection of permeate.

The module which was freighted from America, contained
0.89 m* of membrane surface with a tubeside hold-up volume
of 2.83% litres and could produce up to 757 litres of
permeatc per day, depending on operating conditions (Abcor,
1976) .
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The high pressure Triplex pump (model 520 Cat pump
2.5 H.P.) was operated at a fixed speed (755 rpm) and
could pump up to 102 atmospheres. The tubes were fitted
with turbulence promoters in the form of small spherical
plastic bDeads inside the tubes.

A Greer-Olear high pressure accumulator (maximum
working pressure = 204 atm) was incorporated into the system

to dampen the surge produced by the pump.

A by-pass valve provided mcans of controlling the
feed flow rate delivered by the pump, and a back pressure

regulator was used to adjust the pressure in the systcem.

During stancdby periode, the module was kept
wet since drying out tightens the structbure of the membrane
making it impermeable. A Teel 1¥655 filter and water valve
were added to the system to properly store the membrane;
this was dcne by circulating riltered water at a small Tlow

rate (200 = 00 wmL/min).

wanitution of the module was done after each run by

dissolviny conwcreial hyvoehloribe (0.7% g) in freshly
Tiltered watey (o0 ) z2nd runnins the solution thus made
(10 ppm C1 ) under pressure Lfor about 15 min. The module

was then rinsed with pure vater and the membranes kept wet

as previously described.

Because of the hijh pressures involved, all components
downstream o the high vressure pump were able to withstand
pressures oif at least 102 atm back pressure. Non-return
valves V,, V, and VD were used to ensure unidirectional feed
flow and to withstand high back pressure build-up.

The feed tank, high pressure pump, accumulator,
filter, module and all the intcrconnecting fittings and
tubing, pipes and valves were built as a compact unit using
commercially~available quick-assembly stainless steel.

Operating the system required some care. Before
starting the pump, valve V-5 must be closed and valves Vq,
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V2 and V5 must all be open. Initially, the pump was
started and the pressure delivered was increased slowly
by using the back pressure regulator V-2 to set the back
pressure indicated at P2 (iig.3). The inlet pressure
was slowly increased by slowly closing the by-pass valve
V-1. The operating pressure across the length of the
membrane was taken uas the arilihmetic mean of the inlet
and outlet back-pressure i.e. ¥ = Lk

The rced temperature was convrolled mainly through
the use of two Alfa-laval platc heat cxchangers. The small
heat exchanger marked (1) in 3.2 haa 41 standard plates
and the bigger P20-H3 neat exchaniier (2) had 6% plates.
Running cool tap water throupn heab cxchanger (1) and/or
(2) was sufficient Lo maintais she feed temperature at

puanning at the lowcr Loe.ocrabture however. was more
difficult duc Lo Ghe rapid healing of the pump o4t the high
pressures cnd also to Uhe warm umblent temperature
(experiments were performea <urcing summer). In this case
both heat exchanpgers were ucved with chilled water at 1 C
pumped from a large nearby cooling vat. Heat exchanger (2)
was used to cool the concentrate and heat exchanger (1)
the feed solution via a small recirculating pump. The
feed tank was further insulated by circulating the outlet
chilled water from the small heat exchanger inside thick
plastic hose ( 1 cm inside diameter) wrapped along its
length. The outlet chilled water from both exchangers
was returned to the vat for cooling. The feed solution
was either kept under refrigeration (2 C) before starting
the experiment 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 7 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 were .
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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TABLE XIV: CHANACTERILIICS OF THE Tii5-14 MODULE

2

) . : A
eeBad B e Sl N o 1 o D] 1 ekl
MG die Al G % B v e 1

Maxirus pressure 102 atm (1500 psig)

Masiuyn flow vate & litres/min
Tempu=alure Tonge v o= 40 C

bH TGS 29 = 7.0
Comeenlirabion rang.c up te avout 40° Brix

Source: Abcor (79%7.)

Typical perfommsnce Lor tioe cellulese acetate membrane
used in this sbudy i Iven 13y Taple: wolows
TABLAY. X3 S AR T gt T A0=197 MEMBRANE
Membreaie oyBten Wwisetien it W bovk s bt
'D._‘;' e ) AT f e INg,
sure
Rejection
readings made
at T=25 C at
Aa=10" ital s by Sho=t atm 41 stm atbier
: 50 nin. Qs
JaCl =oi:tion,
2.8 £f/min brine
Teed
Sonrcus  Abeor (A91)
Hy AT WRIMENT S WITH DITUT SALT SOLUTIONS
To ensure that the membrane was performing salisfact-

orily, and also te be able to monitor any changes in the
operating characteristics of the membrane under actual
experimental conditions, it was necessary to first establish
the performance o. the module on dilute sodium chloride
solutions, since these data provide the common means for
comparing different systems.

4.1 EXPERIMENTAL
4.1.1 Test Solution

In every case, this was an aqueous solution (0.5% w/v)
made up of salt (food grade, 150 g) in fresh filtered water
(50 &).
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4.1.2 lMeasurement of salt concentration

The salt concentrations in the permeate and feed
samples were measured using a Philips Conductivity meter
type PW 9501. The conductivity readings K (::Jhm-'I cm"q)
were converted to actual salt concentration (% w/v) using
standard conversion graphs. The accuracy of the meter was
assessed at + 4%.

4.1.3 Permeate Flow (PF) and Rejection (R%)
A1l readings were taken when the experimental

operating conditions reached steady state. The permeate
Tlow (PF) was measured using @& beaker and stopwatch. The
permeate was collected at the outlet of the module and

expressed in litres/min.

Rejection of solute expressed as a percentage was
calculated according to the foraula:

o 2 W , where
Cp = solute concentration in the feed (% NaCl)
CP = gsolute concentration in the permeate (% NaCl)
P¥ and I are commonly used as criteria for monitoring
membrane pericimmance (worley, 1970).
4.,1.4 iumn one=in procedure
e D=4 medule was first subjected to a running-in
period which conzisted of operating the membranc continuously

under pressure using the test salt solution (0.5% NaCl) until
the separation ¢fficiency and the permeate flow dropped to a
Steady value. The reduction in performance was rapid initi-il:
but after the initial period, the performance became virtually
constant.

4.1.5 Material balance

A run was made to ensure that nothing was lost from
the system. Pure water was uscd, with pressure being varied
from 14 atm to 100 atm (200 - 1500 psi), while the permeate
flow was collected at different feed flow rates to permit

material balances to be drawn up. Results are presented in
Table XVI.
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operation.

optimum for the membrane and were as follows:
Temperature
Fressure

Concentration

4.,1.10 Effect of Temperature

77 atm (1130 psi)
Recirculation Rate 5.0 Z 0.8 £/min
0.5% NaCl

This effect was tested at constant operating pressure
(77 atm), feed concentration (0.5% NaCl) and recirculation

rate (5.0 - 0.2 £/min).
and illustrated in Fig. 16.

Results are listed in Table XXI
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6. DISCUSSION

On the basis of equation (1) described earlier, the

module appears to perform satisfactorily when run vwith

pure water (Table XVI). At the lower pressures ( 13 - 27 atm)
and lower recirculation rates (2.7 - 3.2 £/min), the PF was
neglible but pradually increased with feed rate and operating
pressures, au expected (Worley, 1970).

The maximum PF for pure water at maximum pressurc
(102 atm) and maximum recirculation rate ( & £/min) was
1.7 #/min. 1t dropped quickly to 1 £/min at the same
pressure (102 atm) when the by-pass was slightly opened,

reducing the reecirculation rate to 5.7 &/min.

When run with dilute s£alt solutions (O.be NaCl) the
membrane also performed accordin: to equations (1) and (2).
Table XVII axd #3:. 12 show the cffect of the operating

pressure on merpprane performance (P and R%). The PR
inered @i 1L carly witn pressure, while the R% increased

Ggapon. stael Lo o diwmitine level of gbout 97 - 98%. This
value ymn wiote The wembrane characteristice presented in
Tabir Ve Lh Basle XYIL, the PI' shows a 2. fold ineresase
For & S o dmeegse in operatingg piessure, while the RY
only LEPOTE 49T warly a 3 fold 1lcrease in pressure.
Worle ibids,; obtoined similar variations with high rejecting
CA A .

Concentration, on the other hand, has a negative
effect on ¥# and .+, @t shown in Table XVIII and Fig.13.
This can be duc to the cifect of concentration polarisation
described earlier and is shown by a 10% decrease in PF and R%
for a 3 fold increase in concentration at 7?5 atm within the
range 0.5 to 1.5% NaCl (0.1 - 0.5 4 NaCl). Worley (ibid.)
similarly obtained a G decrease in R% and a 3%0% decrease in
PF for a % fold increase in concentration at 102 atm within
the range 0.5 to 1.5 M NaCl. Thus concentration has an
important erfect on rejection, mainly due to the effect of
concentration polarisation. Although PF decreased with
increasing concentration, the relative decrease (10%) was not
as marked az the relative increase in PF with pressure



66

(85% i.e. for a 1u0u increase in ', the PF increased
correspondin; ly by &%¢). Thus operuting pressure appears
to be relatively wore important tian concentration in its

effect on the muenbrane performance.

In contrast to pressure anu cencentration, feea
recirculation rote had relatively 1.htle elfect on PP and
R% as shown in T:al e XIX and Fig.14. Worley (ibid.) showed
that this was the cage with high »C «cting RO membranes.

The resuli: Ifrom Table XX and Fig. 15 have to be
taken into the cunbext ¢ the conditicns of the membrane

treated over a juriod of aix monithe when this study was done.
Over the first three guarterz of .- .. period, the membrane
showed little decreasc in B> md o decrcase in PF. The
last part of this pcriod was o wat  xvopimenting with model
solutions of supari:, acids, and e sHple juice; the

L L3

compaction effeclt wau muarked, a. & .uwn by & 2% drop in R®
and a 45 drop in Fir'. ‘'The overzli Lijure, however, was a 10%
drop in I't' for the whole periou & ¢ll as a 2.5% drop in
overall rejection ol salt. Judging Lrom #ig.15, the membrane
pverformance was not drastically changed over the period tested.
Thus, for the purpose of this study, it could be assumed that
the membrane characteristics remained relatively constant over
the length of the experimental work.

Finally, as expected (VWorley, ibid.) an increase in
temperature of the solution generally improved membrane
performance, as shown in Fig. 16 and Table XXI. R% remained
virtually constant at about 97% while PF increased 26% for a
35% increase in temperature 25 to %31 C. This represented a
relative increase in PF of 74% with respect to temperature
compared to 85% for pressure.

7. CONCLUSION
The TM5-14 module (AS=-197 membrane) performed as
expected when a standard aqueous salt solution was used to

check its characteristics.
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rom the five process variabler investigated,
the effect of spercting pressure is the most important
factor aifectinir membrance performancc; next is temperature,
then concentration and ¢persting time. Recirculation
rate had little clfect on P and RE.



SICTION IT

PRUDICTION OF MEMBRANIE PERFORMANCE
USING THis KIMURA-SOURIRAJAN AWALYSIS

1. INTRODUCTION
Kimura and Sourirajan (Socurirajan, 1970) basecd
their analysis of RO experimental data cn the isothermal

separation of binary aqueous solutions, using Loeb-
Sourirajan porous CA membranes. Their analysis led to
development of a set of basic transport equations which.
together with the correlations of the RO experimental data,
enabled the practical prediction o1 membrane performance
from a minimum of experimental data. This approach was
based on a generalised capillary diffusion model for the
transport of solute through the membrane, and was applicable
to the entire range of solute ccparations in the RO process.
In their analysis, the transport of solvent water throu b
the porous membrane was proportional to the effective pressure,

while that of the solute was due to pore diffusion, and
hence propcr: lenal to the difference in .olute concentration
gcross the wmbranc, (Lee declion I, p.51).

The object of thiu study was to uxtend the Kimura-
soupirajsn i (iis to the pilot plant RO module under study,
using tho « :m godiun chloride~water to predict membrane
performance. LI the analysis was succegstul, the prediction
of menmbranc performance would be extended to aqueou.; model
solutions of sugarz and acids, and ultimately to apple Juice.

2. EXPERIMENTAL PROCEDURE
following is a theoretical treatment of the Kimura-

Sourirajan =z=nalysis and the application of this method to
the prediction of membrane performance related to the RO
module under study.

2.1. Kimura-Sourirajan analysis of Reverse Osmosis
Experimental Data
Figure 17 shows an RO process under continuous
operation. The existence and the continuous withdrawal of

the preferentially sorbed interfacial layer along with the
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bulk feed solution through the porous merbrane gives rise
to a product solution which is less concentrated than the
feed solution. Thus, a concentration pradient arises

between the boundary solution and the bulk feed solution;

this efreect is called concentration polarization ,

bulk feed solution uncer
operating pauge pressure P
¥ concenlrated boundary

Al nolution

5 _ preferentially sorbeu
Xaz g .7 intertfacial region
YT s L ~ dengse wicroporous membrans
». L‘R}(‘ﬁ";‘-'-{?‘gf?.‘r:l‘;‘\gﬂf‘??.;; <« surtace

7 A VR ’ bl -

. ¥ % , _ _ _
S //'- . N AWM - spongy porous membrenc
| s % e ' b |

rroduct solubion at
AtmosSpHEric pressure

#ig. 17: RO urocess under steady state conditions

Let X umd il weprese the mole Irapction of the solut:
and €olveonlt 1'lux through the wembrane (in ¢.mole/em” /zee),
arul € Loe muy! dengity ot selution (in r.amole/ex” ), and
et tae was 39S A, By 1y Ny & anit 4 reprecent solube.,
solvent—u . niembrene phase, bulk feoed soluvion, concenkr
boundary = Srpy S bhe MenTomae poPnedbed oAU i
solution 1 ivalite

Then KAM’ K311 K“L, aridl Kﬂ; gre Tae mole fractions

solute in the membrane place, sulk feed solution and the
concentrated soundary solutivii on the high pressure side of
the membranc, and the menbranc permcated product solution on
the atmospheric side of the membrane respectively; the
symbols for the molar densitice Sl S Co and. c.j have
similar meaninrgs. N, and Nb are the solute and solvent flux

throuyrh the membrane.

2.1.1 Pure Water Permeability Constant (A)

For a piven area of membrane surface (S em®), the
pure water permeability rate, P.¥ in g/hr is proportional
to the operating pressure (P atm), and the proportionality
constant (given as g.mole H:0/cm’ . sec. atm) is represented
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by the symbol A defined as followz:

PWP
A = : (B
MB o 53 « 9600 « P
where Hb is the molecular weight of water.

4

n this analysis, A is a fundamental quantity. It
is a measurc of the overall porosity of the film, given

in terws of Tae permeation rate of pure water for which the
membrans muterial has & preferential sorption frowm the
aqueous golution in the kU proceéss. A corresponds to
conditions of zero concentration polarisation and is

independent or any solute under consideration.

2.1.2 Transport of solwvent watcer throuri, the

nOrous uembranac

‘he solvent-water rluwe (1,,) through the membrane
proporticnal to the effective pressure () where the

proportionality constant i . 'Phus

ks

|

| - ‘ 3 £ op b
PLo=T{X,.) 4 ﬂkn.j{J (%)
| i L

wheore
(X = orrotic precsure I\ dus to scolute mole
freetion X,
S
(X..) = wumotic pressure N due to solute mole
28

rraction Rﬂﬂ

tguation (5) ic applicable to systems where the
kinematic viscosgity oif the product solution is not too
different from that of pure water. This condition is
reasonably satisfied in most cases of practical interest
such as the system sodium chloride-water.

The quantities Nj» 4, 1° and XAj can be obtained
from the experimental data on FWP , PR , solute separation,
operatiny pressure, and the membrane area. Using the above
data, M(X,») can be calculated and hence (Xpo) from equation
(5). Since the value of A must be known to obtain (Xﬁa), it
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is a fundamcobal quantity with ressect to the membrane

ana to the RO priccis.

A a coven operating pressurc, A is a constant,
and is independent of any solution :uider concideration,
while ﬁp and £, are functions of fcoed concentraticn and

) -

feed flow rate 26 the membrane interiace.

&

By itsoll, cruation (1) woes not suggest the
existence or c¢thurwise of any uniuae relationship,
independent of feed concentration and Leed flow rate,
between KAE and Kj.e.

ak g

2.1.5 Iransport of selute Linrdu i the membrane phase

1

During Lhe RO process usder continuous ztesdy-utate
operat iolly «a concolitration «lilerence exists on eithor side

of the porous mu. oraaé. Pho traaspoert ol solute varcugh

the membrane is LLen Lredabes o soin, cus to pore diffusion.
CVonseguently, the solubte Dlusr 1 w2 Lz membrane is

proporbtional wo i concentrucicy daliference on either side
of the membriny phase. Phus:

N = < 3 R
“A (UA['{/‘)).( CH;) . Sy Cl"‘"

Afiel iD

. Xfp,-l/) (U)

44

where Xi'” I Ay, are mole fractions of solute in Fhe

21 falal)

membranc phasec in equilibrium with Xﬂﬁ

and Xﬂﬁ in the
solution phases respectively; Cpp @nd Cryz @Te the molar
densities corresponding to XAME and xAHj in the membrane
phase, while D, is the diffusivity of the solute in the
membrane phase and § is the effective thickness of the

membrane.

flone of the guantities on the right hand side of
equation (6) are known or easily measurable, and the
dividing line in the membrane phase between the regions
corresponding to XAM2 and XAMﬁ is only conceptual.

Lquation (6) can be transformed into one containing
neasurable quantities and a group of unknown quantities,
by @Ssuming a simple linear relationship between Xp
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(concentration in the solution phase) and Lo (concentration
in the membranc pizse). Thus let
W
- = ;& - . A ys g N
ey Al {77}

where K is a constant.

Yt Py 5 .
wewrat i 8 gL

eguation (V) for

equilibrium condi’ iors on either side of the membrane:
- - e == T e - ATy
Ccf AA:: Pl Ale ( 8)
3 S, v e X, Q)
2 XAJ Mo Allg ( 9)
Lguation (6) c¢on now be rewritten ao
v g KDLIRE ) 6 Lon o« Huw @ 6. o Xy 10
NR ( m‘-_u/’ g v e 4 )‘; ¢ "J)
Since N, ¢-, , and . AT vurable quantitiocs
i\ 1 ] 41 0 >
and X;., can be obtaincd Iro L \>Js+ Liae quantity
(DAM/Ké) (known as bLhe sols by L narameter) can be
calculated from euuotion (10, )
I,
A I A
T+ Vo = Ay (112
4 i
* N = By . Hg .
A =X (12)
A%)

Substituting equation (12) into equation (10):

Ng = (Dg/%8) . (1 = ) (02 » Xpp = Cy - XA3) (1%)

XA5

The parameter (DAM/KS) plays the role of a mass

transfer coefficient with
through the membrane.
quantity for the purposes

respect to the solute transport

Hence, it is treated as a single

of analysis. It must, however, be

remembered that (UAM/KS) is not a single factor, but a
combination of several inter-rclated factors, none of which
are, or need to be known precisely for the purposes of these

calculations.
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In the original derivation, enuation (7), and hence

equation (8) and (9), were ascumptions. Since X,, and XAB
are bound to the membranc phase concentrations by the same
relation (7), equations(8) and (9) iaply that with respect
to any membrane, tio valucs of X, aud KAi must be uniguely
related, and this rciationship mucst e independent of feed
concentrations and eed rlow rate pout the surface of the

membrane.

This was veriliecd experimentalily Zor the systems

sodiwa~chloride-watcy, mlycerol-watcr and urcas~water

(Bpurirajan, 19/0). tonscouently, cguation (7) is no longer
an assumption but rests on ule basis of firm experimental
evidence.

2.1.4 MNoss transfer op the hish prers-ure side of the

membrane

Bince the solutec in the concculrdew toundary solution
also diffuses back to the less concs wod feed solution
on the high prescure side of the mui.crene, o mass transfer
coefficient k, charactoeristie of the c¢xperimental conditions
on the high pressure side ol the mem: "ane cun be calculated on
the basis oif the simple 'film theory'. The scolute transter
from the concentrated boundary condition can be represented
by the relation (3ird et al., 1960):

Ny = X, . (NA + NB) - Dppe ©q - ..df:'}._ (14)
dz
where DAB is the diffusivity of the solute in the aqueous
feed solution, and z is the thickness of the concentrated
boundary layer. Using equation (11), equation (14) can be
written as:

dXA (NA + NB) (NA + NB)

- .X = - -X (15)
dz Cqo- DAB A Cq - DAB A%

The boundary conditions for equation (15) are:
when z = O, Xy = Xpq, and
when z = 1, X, = X,, (1 = thickness in cm)
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On solving the simple differeantial equation (14)

with the avove boundrxy conditions:

4 Dy | (19D

Xig = Ky (liy + N3 ;
er: In ( -G A2} o — — T (17

ke i C H S
{- s f;-a': 9 AB

-

Defining tic mass transfer coefficient, k, on the
high pressure side oL the membrane in the conventional manner
Ar

of the film thcor sherwood, 1959; Cherwood and Pigford,

(
1952 Treybal, 1555):

.

e w it (18)

Equation (17) cun be wribtten as:
/

134 (-I\:f\.ﬁ:l i A

A J-"; ,] b

e
E
|
i
Pz N
Y
[

1 PR . . { #1 =
oM uade10in (e )l

-

Substituting equation (20) into equation (7%):

;.._-K. I:

1n Ar = {Aj 13 (21)
A1 “A% k.cq.(ﬂ - K2a)

Xpn = K,5

AZ AZ \

or: Ny = k.es » (1= X32) « 1n Aa (
B 1 A3 XA’I Lp3 /

no
no
~t

2.1.5 Basic transport equations
From the foregoing analysis, the relationships:

A

.15 (%)

Mo, ¢« B8 « 5600 o P

B

5= A [P -N(X,,) +N (XM)] ()
1-X

" A%
(DAM/hs) - (_X.?L) . (‘32 XAZ e 03 XAZ;) (13)

=
i



Lpo = X5

Xpq = Kﬂj

k.c.. (1= X j) . 1N

A

emerge &t & scu 2L basic equations describing the solute
and zolvent truausport in an RO precess involving binary
agueous solutilong and membranes having a preferentizl
sorption for witer from such aqueons solutions.

In many agucous wolutions (cwuch as sodium chloride=
water) and In c.ncentration rangen of practical interest
(0 = 1.0 I NeGly, the molar densities Cqy €5 and Cy may
esgsentially be Lne same (see Appendix I). In such cases,
an average valuc can be used to represent the molar density
(¢c) of the solution and it may be ucsumed that:

Q

6y & Ga = (23)

The set oi basic transport ecauations (5), (13) and
(22) for the system sodium chloride-water can then be
written as:

”'J B A [1: = —n(XAEJ f T..l (J{A,))J ( ;\’

1= Xi‘i"\i
= & /Bl B 5 2] o (Bus = Bpe) [28)
AN Ay A2 A7
Kpo = X
R 22 ~ a3
2 £.C (' - Xﬂj) I E 5 (XA/! EE K,ﬂj_' (25)

2.1.6 Solute separation in terms of mole fraction

Let W, and W, represent respectively the weight. in
grams of solute and solvent in an aqueous solution, and let
M, be the molecular weight of the solute. Solute separation
(R) can then be expressed in terms of mole fractions (X
as follows:

i = m m-
R = &i——él = ’| - E};él—- (26)

A)

0,

Vi 1000
Wo & M
A/ My
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BB =
I =X, = -y (29)
w2n i @b
i LJ_—U
X il . ."_'./[111.5 =
ethaprans  agiSnas (30)
A B
lJi—;.
A i 100C
Therefore i - 7 = e Ry~
o= A 'l Wiy
A L D
"4 00 0
= X; ° W (5%)
\.iﬂl I,I-_
Bl oy sy B * oL Favi
Lrherelore m,] : ‘]_- ,". i - o \JC-,)
A5 T PP
anG m,. ~ - R ~ = = \ 22
~ e,
f > \
. f/ ; g \' n : I' s ~
Therefore = T —&Tpiﬁﬂf*‘a' R LR (54
15/ \ /
2.7 Permeate i"lo

et (LJ) represent permeate flow in grams per hour
per § cm® of film surface, and Q' the product rate in grams
per second per c¢m’ of film area. Also, lct W, and . be

)

the grams ol solute and solvent respectively in Q' grams of
product solution. Then:

Q" = w, +wy g/sec.cn’ (35)
(P¥) = Q' .S . 3600 g/hr (36)

From equation (26):

my; . (1 =R) (37)

=]
(oY
I

W
Since: my; = A |, w0R00 (38)

M& WB

|

W
. B _ 1000
Then: """'WA m1 v £ = R) % MA (59)
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- . y ' Fy ur 1 : T 1
and.: L [ L ‘”?B/‘”AJ (40)
1000
We w 7T * e oo 41
. Q! %
Therefore w, = - 000 (42)
oy . (1-k) . M,
Since W,
jj ]
If;'
"B s (42
Alsc W ' - o
'-,'f‘.. =3
| k= -'Q-,"" | (4
!' -
e I
1 + - ——
Therefore Q' — A . ( QD)
( 1 N
& o |
l A dislele I
m, (-0 1, |
N., o« Mue S o 5600
Therefore T = . B Bq (47)

L 1+ 000
m /I .T’l -5 ) - illtli._'l

2.1.8 Correlations of RO experimental data

The correlations of the quantities A, (DAM/RS ), and
k with operating pressure, temperature, feed concentration,
feed flow rate and the nature of solute are of practical
interest from the point of view of predicting membrane
performance under different operating conditions. Such
correlations have to be established experimentally for every
specific membranc-solution-operating system. The basic
. transport equatiomns(3), (5), (13) and (22), by themselves
are independent of such correlations. On the basis of
extensive experimental studies (Sourirajan, 19701,aignificant
experimental correlations have been established for a
number of solution 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 operating conditions. The experiments were
of the short run type (each lasting 2 hours) and were
carried out at the laboratory temperature (25 C). The
eifective area of the film used was 7.6 cm°, and the
reported product rates were those corrected to 25 C using
the relative viscosity and density data for pure water.

(i) Correlations of A
At 2 given temperature:

A = A exp ( -«F) (48)

where Al s the value of A obtained by extrapolation when
P =0, is a constant; « is a tunction of the overall

porosity of the - .mbrane, and its volue has to be determined
experimentally . _ each film. Equation (4¢) expresses Lhe
fact that the vii_ve of A tends to decrease with increace in
ORpEeTATIL ¢ JLEeLIVERO.,
2wy 4 - y 2 - v
(ii) Correlatic o giflﬂv/uo )
A L Pty | ~ LR
AL a givon cenperature (Sourirajan, 1970):
(B, /8% 3 g ¥ F (49)
4
and, at a [tiven pressure (Sourirajan, 1977):
'K . 4 0,005 P
(Dp/E 8 dpyooy o< exp (0.005 1) (50)

Equation (49) expresses the lact that (DAM/Ks) tends
to decrease with increasing operating pressure; f!is a
function ol the overall porosity of the membrene, and its
value has to be determined experimentally for each film.
The effect of temperature on (DAH/ﬁs) for sodium chloride
is expressed by equation (50) for the temperature range
5 to 26 C. At a given temperature and pressure the solute
transport paramecter for many inorganic and organic solutces
was shown by Sourirajan (197/0) to be independent of feed
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concenbration and feed {low rate.

(iii) Correciationy ol k

At @ o uven tumpereture, K Lo o function o nature
ol golubte, food councntration, Ledu | low rate, and the
peonctry ol Lin waratus o membran. confi o uration.
(Sourirajan, Jbil.) onrivajan (197¢) consrdered
K independent wi opesabing pressurnre; ad the effect of feed

flow prate &} oiz © way Be eXpressed Ly che peiation:

) (. '.,': (5%)

witore 18 o concbtant eharacteristL L e natuare of tha
solute.

2.%1.9 Irediclalvilisy ol membrag { Y

A Gingile wot of experiments . ;ure wolker porineability
PWy , permcete Ulow P and solute separstion (R) data at

any operating oeosniure was shown o sypirajan (1970 to
enable the prodictivo ol both I i | ) at that pressure,
for all Leed ecnceulbyatbions and | Liow rategs for whiech

(DhN/HSJ remieas coustants  Buen areaiclion  involves The

followiny utleps:

(i) Irom the experimental data, the values of A and
(DAM/KSJ ape caleulated using eguations (3), (%) and
(1%). ‘''hese valucs were shown by Lourirajan (1970) o
remain constant for all feed concentrations and feed
Tlow rates.

(ii) The value of k can be obtained from predetermined
experimental data (Sourirajan, ibid.). Combining
equations (24) and (25) for the system sodium chloride-
watexr:

1 =X,
¢ (/i) (=) (yp = Xy5) -

Ly = L3

kit s (1 = KA5) + in

or
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X - X Voo e X
(Dp/KS) (—A—%{—&) = k. T#_—Ai) (52)
A3 A T *43
{XA2 - Xp3) K Xpp = %)z
= \ %z ) = W) P Ty - XA;)(%)

(iii) By trial and error, the combinations of X5 and XA5
satisfying equation (5%) are first found - there are
several.

(iv) Finally, that particular combination of X, and XAB
which satisfies the equality of equations (5) and
(24) ic deturmined - this determines the value of NB.

(v) sing the values of X,, and I, determined above, and
he known value of XAﬂ: corresponding to the preset
operating conditions, the values of solute separation
R, and permeate flow (1'") are determined using
equations (34) and (&

The foregoing prediction procedure points out that,

with ret'crenc: to a given solute and operating pressure and
temperature . while data on A ond (UAH/Hﬁj are enough to
specify t nmbrane (Sourira;zn, 1977) they are not :.cugh
to prediect co'uhe separation and permeate flow obtainable
with the memb'; ne for any reed concentration and any leed
flow rate. (1 such prediction, th. dpplicable value of k

is needed in «ddition to the data co & and (DAN/Kf).

2.2 Application of the Kimura-Sourirajan analysis
to this study.
In arn attempt to predict the performance of the RO
membrane usec in this study, experimental data were derived
and subjecter to the Kimura-=Sourirajan analysis previously

described,.

2.2.1 Lffect of operating preéssure on the Pure Watecr
Permeability constant A
Fresh filtered water was used for tests at various
pressures. The Pure Water FPermeability rate (PWP) was
measured using a beaker and stopwatch, and the Pure Woater




Permeability constant (A) calculated according to
equation (3).

2.2.2 Iffect of feed flow rate and feed concentration

on the solute transport purameter (D,,/K§)

Tests were carried out at two different pressures
(54.4 and 92.5 atm) representing the low and high operating
range of the TM5-14 RO module used. The feed flow rates
were changed over the range possible with the pump (4.0 -
6.9 £/min), and the feed conceatrations were varied from
0.5 to 7% NaCl (w/v).

feet of feed flow rate and feed concentration on

e

(_3.020_) B!

the average mass transfer cocificient k

'he experimental results obtained in 2.2.2 were
used to auvzess the effect ol Yeced flow rates and fegd

concentrations on the k values at H4.4 and 92.% atm.

.tk I rediction of membrane performance

with resnect to the cipoerinenbtal data obtained in

S U .. %y membrane perlorusrce predietion could not
D L e subscelion 4)
J - .I_ I__
/I S i operating priescure on the Fure Water
Lomienl? Jt, Constan: 4
i ettt 4 te ZX1T below &y
illustrated o Vige 18 (p.58).

TABLE XXTT: Liicect of pressurc on the Pure Water

Permeability Constani A

FPressure (PWP)* A

atm ml/min =/ he

S4.4 357,5 = 2.5 21,450 I 150 6.8 x 10-7 (= 0.9¢)
68.0 437,86 % 8.5 26,250 =450 6.7 x 10™7 (% 0.6%)
81.6 515 2 2.5 30,900 £ 150 6.6 x 10™7 (£ 0.5%)
92.5 575 2.5 34,500 £ 150 6.5 x 1077 (2 0.4%)

* Average of four determinations
(Sample calculation in Appendiz: 1)



e MLTecet olf lecd (low yate and levd concentration

T

on ithe solube hransport param:“er (1, /K )
Reuults are piven in Table: XXITi, &XIV, XXV and
XVI and illustroied in Pig.19 (p.99) A sample calculation
of (DAM/KS) ig provcnbed in Appendix 13T (p.149.

= 1

«5 LEffect of food Llow rete and feed concuntization

M

on the aver:,. mass Lrsiasfer coslilicicat k

The eficel 1o present in Tables AAVII and XXVIII

i

and illustratcd in .20 (p.90). A sampie calculat.on of k

is presented iu Avoendix IV (p.147



TABLE XXIII:

and Teed conceniraticrs
anc nmermegts corcentr o Lic
S# :_t L
& Liatl s Bagl
= “+ . - F e - _‘—- i it Bl r— g =2 =
Ol/2 o C/.L]2 "‘?‘.d R , Ay e e . 5
+ ] =
Sl = Qa2
= oA *
j.\_. e Un_.
B.7 = 0.7
e ool S
LA - 2
+ ~ e - - W # e o i
1.09 = 0.04 Taty = Higds - . Sy L 350
e - 2 e
BB = U
1.85 % 0.0 4.0 £ 0,8 ¢ T g G
- g - ? - — -.-.d N o . =
-+ o
5.6 -_ --;‘
-+ L, . SRR —- 50
4.0 = 0.2 b4 S 0.2 : Mg s3IV
+ .
5.2 et UQ‘J
¥ + . - B . > o R g
7.15 = 0.3 4.9 = 0.25 z e 298 = 0.95

* Average of four determinations

°c8



TABLE XXIV: Effect of changing feed flcw rates (FR) @ 3 feed coucentrations (S)
on Permeate Flow (PF E'Ue“reate congczniration (Cpl., P = 92,5 aty)
S* FR* sk B
% NaCl _ £/min ml /i % acl
0.513 X 0.02 G2 2 B2 eh = 2, 031125 £ 9.00002
+ -
97 = 0.3
609 i Oo/
1-’15 t 0.05 4.5 i 0-2 5‘12 = 2.5 O.an; — Ej.tJt
6.5 = 0.3
195 X 06.08 B o 8 new.e L p.g c.ove L g.uos
6.3 £ 0.3
4.07 % 0.16 c.8 L 0,3 gus L =ae 0.292 2% o.005
7.145 - £ 0,3 5.0 £ 0.25 132.5 = 2.5 1.45 F 0.01

*Average of four determinations

*va



TALT

AN TR ST o b

Lhe

o0 luto 1 ransnort

!

abm

of foed conceuntral i

.- —

- ' e ; *\
on {;E1 _:;“F.; aCl ) on

[ E i v .
) (B AR T
4P Cann . f-.:/‘ / andard Lirror
£ iy S
cr/aec LY
— ’.)
0. 5e (B = 9.4) = 4™ Z 731.1

- '/" - ¢ ') X ,t f:.—

-+ -
P

Al e - ) +

| I b e = Ted) E 0 - 11.1
s e T Y + :
"".U o C. - ) X ’1'3 o 7'.‘:‘"

2.5 { 52,

= 8.9

¥

TABLIE XXVIs Qo

Averar.c of-

i
-rs (G T Y VAR i A . .
Fi \'/L"|l P S S T

roct

©doeberminations -

(Sample calculat..on

O L

lfead conecontirod

]
w 400 o=m

sppendix Iii)

6
'
e

oabm

Lon on /DA’ ]/f{ S)
A L

olc

(_ U; r,,f } &

otandard error

% cm/sec =
0.5 (20.2 2 3.9) x 107° * 19.1
1.15% (gu.7 L 2.8) % 10°° E 11,2
1.9% (25.8 % 2.0) x 107° 2 9
4,07 (38.7 £ 1.9) x 10°° 4.9
7.15 (38.9 £ 1.8) x 107° p:

4-5

Average of four
H: O/cm® .sec.atm

determinations = A = 6.5 x 10"? g.mole
(Sample calculation in Appendix III)



TABLE XXVII: Effect of feed concentration (S8, % ¥2Cl or sole fraction ) on
tThe mass transter coerficient x.
P = 54.4 atm (Flow nate = L.U - 5.8 £/oin)
% NeCl X, 4 g.mole/cm’ sec atm Xes (i=%.-) . 1 o T o
S l-'- R, e B o SO 7 oLC
q —
B 9
0.52 0.001602 35.1 x 10™° 0. i5 5027 =Sined -
1.08 0.003369 32.0 x 10°° ).C00%3 g Ce D05 36 0 k undefinsd & 24
1.85 0.005775 26.7 x 107" 5. G0C3Y7 1 -7 12 (50504 )% 107
4.0 0.012670 4.9 x 107° G 0AEES R Loy g
- o =+
2.15 0.024764 37.7 x 4U~° GuIOBED o gepes LalEGEN 82050 (5,055,
Ue'gOY D i 5 - e
e T 5T

(Sample calculation in Appendix IV)

*98



TABLE XXVITI: Effect of feed concentratior (S, 7 sl
on the mass transier ccefiicient i,
P = 92,5 atn (Flow Fete = 4.0 - &.0 g/=i

% HaCl X

21 g.mole/ca’” Byw okoy)

- = 4 .i‘-./.‘ :‘_/ = -~ _:
S se CNG thl - ;
B
0.513 0.001587 57.2 x 10™° 0.000035 4  G.oiiesd 5 {FEHgpe e T2
1.13  0.003511 53.3 x 1070 0.000105. 1 . 004315 392 Cessto.smag S 3
1.93 0.006028 47.6 x 107° 0,20241 1 C.lo:2 33 (et gwod 3
4,07 0.012826 35.7 x 10°° 0.750907 4 P ot S &
55 .0.023151 13.4 % 10°° 0.005482 G.590 O.0504 (0.6t ™3 X

PF x 60

S, o
?

18 x 3600 x 8900 x P atm

(Sample calculation in Appendix IV)

e e e e N o
&E ..Jf/..;-._, e

La ]

*L8
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18: Effect of operating pressure (atm) on

the Pure Water Permeability Constant A

(g.mole Hto/cml.mcc.atm).
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= S 0.513 $NacCl
- } i
. . o 4
] a I .,
e o 1 z *f— 1.13 %NaCl
7 — A 1.85 %NaCl
p 3 ~
4
____:__.: "_""—“ g 4.07 3NaCl
==y \g 1.85 %NaCl
. ‘
i
= - = -
% x w— 4 %NaCl
] i % .
‘: .I - .
. . . 7.15 sNaCl
] l &
» w
| |
® o » 7.15 sNacCl
E L L
#—p—p at 54.4 atm
—+—e—e at 92.5 atm
1.0 2 3 4 7 8910 20 :
1n feed rate (1/min)
FIG. 20: Effect of feed flow rate and feed concentration on

the average mass transfer coefficient for the system

Sodium Chloride-Water.
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4, DISCUSSION

4.1 Effect of operating pressure on the Pure Water

Permeability constant
The TPurec Water l‘ermeability Constant A decreased

exponentially with operating pressure, as expected
(Sourirajan, 1970). The results Irom PTable XXITI and Fig.18
could be correlated as follows:

B o P’ (equation 48)
A = A0 + e - 0,091

A (0.2 = 40775 . &

4,2 Itffect of feed flow rate and feed concentration

on vhe solute transport pavamecter

Sourirajen (ibid.) fcuud shat CEAH/KS) was
independent of feed concentration and teed flow rate at a
given operating pressurc. Results presented in Tables
XXIIT and ¥XIV showed that (uﬂh/uﬁj was essentially constant

with feed ! ;. rate within the narrow range of flow rate
ased n vl otudy (4.0 = 6.9 £/uin). This narrow range
severcel, ot -Lefed the prediction of membrane performance
Lo nn avers Low rate (5.0 «/min).

Moo cipmificant wan thie Fact that the values of

(b, /58) were not independent of “eed concentrations as
ux:;PVQu. Resultes from Taubies XNV and XXVI and Pig.19 showed
Thiot there was in fact an iuc esse in (lhﬁfhﬂ} with feed
concentrationg (within experdircanrnl errors). It must be
noted that thoe standard error in (DAH/KS) was very large

at the lower concentrations (e.iz. = 30% at 0.9%% NaCl).
Equation (49) expresses the fact that the solute transport
parameter tends to decrease with an inerease in operating
pressure, as was established by Sourirajan (ibid.). Results
from Tables XAV and XXVI did not establish any significant
relationship between operating pressure and the values of
(DAM/Hﬁ) since half of these values at the higher pressure
were above those at the lower pressuré at the corresponding
concentrations, and half were bclow. This effeect was shown
in Fig.19 by the straight line relationship of (D,,/K§) at
the higher pressgure intersecting with the line at the

lower pressurc.
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4,3 Effect of feed flow rate and feed concentration
on the averase mass transfer coefficient k

The correlation of thc mass transfer coefficients k
with feed concentrations (Tables XXVII, XXVIII and Fig. 20)
showed that k varied with chani:ing concentrations and that k
could not be accurately determined at the lower coacentrations.

At the lower salt concentiation (e.g. 0.5% NaCl) the
calculation of k depended on how accurately XAB could be
determined which, in turn, depeénded on mcasurements of XAE’
the mole fraction of solute in the permeate. Since Kﬂj was
very small at the lower feed concentrations, any error ia
XAB brought sbout a much larger error in KAE through equations
(4) and (). lisrcover, as readings were indirect i.e.
conductivity values were Lirst converted into % NaCl (w/v)

usinig calibrating graphs and then to mole fraction values

using published data (Appendix IL)., therc was an inherent
limitation in accuracy at the lower cowccentrations, and this
¥ 5

led to values of X,. fluctuatin: areund = 2058 error (C.¢.

A2 ;

! Ty ] J 2 + 4f .

at 0.5 HaCl/t4 .4 atm)., Lrror: of ciout - 40% in k were not
uncommon «“t ot lower eoncentrnvions fLud Lipher pressure
(Table XXVIT) ond k values coull nob ! dotermined undor such

conditions.

; oL ; £

The ¢ lation ke freuw equation (91) expresses the

faet $hal x tends to inerecase with an inerease in flow rate
(Sourirajan, ibvid.). The expcri..ntal results obtained

(Tables XXVII and XXVIII) shoucd that k was essentially
constant with flcw rate within tihe narrow range of flow rate
possible with the pump.

Furthermore, k was not Ifound independent of operating
pressure, which disproved recent consideration (Sourirajan,
1977). 1'ig.20 showed that the k values at the higher pressure
were difierent to the k values at the lower pressure at
similar concentrations.

Thus, although Sourirajan (1970) expressed k as a
function mainly of flow rate, thc experimental results
obtained would suggest a more complex relationship.
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The experimental RO data obtained did not esitabliish

any uipnificant corpelation between (Qﬂw/ﬁﬁ) with fecd

T

concentration und gporating pressurcy neibher were the k

values significuubliy corrclated with feed flow rate. The

W L

T

relat

ively narrow rangc of feed fiow rates under which the

RO system was acle to be operated meant that the Kimura-

Sourirajan &nalysis was of little use Lor predicting membrane

e :Ad

nerformance.

On the baiis ol the experimental results obtained,

the Kimura-Oourir:s.ian analysis could not ve used to ucaning-

el

>

fully prcdict V. certormance of the RO membrane undor studye.
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SECTION IT1

USy Of TAWT NUMBERS TO FREDICT
MEMDRANE PURFORMANCS

1. INTRODUCTION

Larly publications on the mechanism of mombrane
transport in RO pointed to tie fact that nermeation through
a membrane was not completely defined in terms of the
molecular and configurational size of the dissolved solute
and its concentration, the pore size¢ of the membrane, and
the pressure applied. Adzorction by the membrane, both of
water and ol dis.olved solute, viicoolty of the solution and

other factors elso seemed tove involved (Loodall, 1972;
Amraual and Seurdrajan, 17, 1Yy Lunis wnd Sharples, 1966;
[

rtv;, 1968; Harricon, 1970 .wusdale et al., 19653

ﬁarﬁﬁon,iU?UJ: Merson et - l.y 19085 beri, 19721; Commuon,
19G9: Sharpie.. 197/0).

axteil ve sbtudies on colute sSeparation by CA wembranes
have been co~  wd oubt by Sourive, nn (1uy0) and Matsuura and
vourirajan (1979a, 1971by 19724, 21« hege author:

o

developed a nopu *r conecept to explad:n the mechonign of IR

Thic asoncost. eallad ‘the et ential zerption-capi! 'ary I'low

meChbﬂi*m's.Pcce|; as the fach that 0 usoraration Lo roverncd
o ine . )

not only by chimicsl nature of tl.c membrane, but also by the

existence cof pores of apniorricke oize on the surface of the
membrane (gec Sseticn I, , .50+ 91 . ‘e solute separation
occurs only if, under the conditions of the experiment, the
membrane suriace materisl has ¢ jpreferential sorption for water
rather than for solute and thus water passes through the
membrane porec. JHFor a given pore cise on the membrane surface,
and constant overating conditions, 2 high solute separation
means that the membrane has a preferenbial sorption for water
with respect to the solute. Jherc th¢ membrane surface has

a preferential sorption for solute instead of water, then
solute passes through the membrane pores, resulting in

negative solute separation or enricnment of sclute in the
permeate.
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The surface loyer of an K0 memdrane is microporous
at all levels ol colule separation, and 11f the membrane
surface material hams o preferential sorption for water,
pracbically any cepre of golute separation cen be obtained
by chuanging the pore tize on tie membiane surfiace. Thus,
whnen considering @ fecd solution conbaining several solubes
applied to a nmembrane surface, separaiion or concentraticn
of solutes can occur, depending on wnebioer tihc surfaece has a
nreferential sorpition lLor water with recpect to each sclute.
with a counctant pore -timicture, this depends on the permecation
rate and uolute scepiration with respect to each solute, i.e.

the preferuntisl seorpbion o one soluie over another.

Toerelore, the performance ol Lhe membrane in r0
(i.e. solube conaration and permeation rate) depends on taree

main Yactors:

(1) the aumbier, size apnd size distribotion of
Lihw norea on the membran. interface;
(ii) tne ghcpical naburs ol membrane material

‘el solution,

e coabtingy conditions of the experiment.

P
ja
=
-

e o

Ascuming: (1) and (diii) can te held constant for a
given membrane and under a particuluar et of experimental
conditions, then (ii) will dictaie how well Lhe solute under
consideration will be separated by the membrane. The physico-
chemical criteria for preferential sorption of water witn
respect to different solutes is governed by the Taft number
of the organic solute under study, as outlined below.

1.1 Taft Number - a criterium for the Reversc Osmosis

separation of solutes

In this approach, solute separation in RO is thought
of as a function of the extent of preferential sorption of
water by the membrane material and the porous structure of
the membrane surface. With reference to a given membrane
material, preferential sorption of water is a function of the
chemical nature of the organic solute. Both the functional
group (-OH, -COOH, etc..) and the substituent group in the
organic molecule affect preferential sorption of water, and
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hence solute separalbion.

One of the physico-chenical criteria governing RO
geparation ol orgenic solutes in aqueous solvtion is the
polar effect of thne solute molecule,  ich includes the
offect of bolly Lhie lunetional group 5 . tlhe substituent.
‘o the separatbion of orpanic solulec guch as alcehols, phenol
und mopocarbe. ylie acids, acidity is conscidered to be the
relevant exprussion ol the polar effect of the molacule
(Matsuura and gourirajan, 1971b). A mcasure of acidity is
given by the ease of hydropsen bond formation and/or the dersree

¢l disgociation of the molecule in solution. These parameiers

are relatec Lo Talt and Hammet numbers which give a quantitative

measure of the inlltence of the substituent proup on the nolar

effeet of the solecules (laft, 1956).

e Bignit iaancs Pairt and Hammet nuonbeba

dommen (1040) established that witain a reaction series

of the mclv- and para-csupstituted derivatives of benzene, the
effect ol wbructure un rates or equilibria ic nearly &lways
determincd by the oolar elfect ot the suostituent. This 13

expressed as the Hammel eguation:
0 i = O .
Log (k/nu) e %)

where k and k ore ratic or cquiliprium constants for a given
reaction and a standard reaction, rcspectively; T is the
substituent constant which depends solely on “he nature of

the reaction and the reacvion conditions. The wvalidity of
the Hammet equation is restricted to substituents in the meta-
and para- positions oi the benzene ring where interference
from primary steric effects is negligible.

Taft extended the Hammet equation to cover a wider
range of reactions including aromatic orthocompounds, phenols
and aliphatic compounds where the substituent group is closed
to the reaction centre. Taft (ibid.) defined:

F* = T 1 log%ﬁB— log I}%:jA (2)

where ¢* is a polar substituent constant called the Taft

5

1
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number and k and k. are the rate constants (or the hydrolyses

of RCOQOR' amc CibGaC0 Peupeetively. Phe subucripts ., and A
cefor respeetivel,y to alkaline and aciu hyorolyses carried

it for the Lume o' under rdentical capcviienial conditions.
‘e constant 2.4 audushs T™* Yo the vame seule ag T . g
wsumption heve io Ehal the woechanisis for acidic and alkaline

nydrolyses ae Liadlur, and hence roeochunce and steric uvifects

essentially conccel ocub. Thas ¢F gives a mcoasure entirely of

the polar effect o: the substituent. rom this work, the Talt
equation analogou: o the llammet equai ol is:
fos A
o ."i.“"'. £ % * F
Loi: [+ j ] @ (%)

where the ol swaber 7% 18 entirely 4ualogous to the Hammet

nunber, dut ol difiercnt origin.

The o sd.teant points about the Taft and Hammet
numbers are:
d) oota 4 and T* quantitetively express the
1 et of the substituent group on the polar

Lecl, ol the orpmanic nuwlecule;

(ii) both T and ¢T* are indupendent of the nature
of the reaction considercd wid hencc have
wide pmeneral applicability;

(iii) with reference to a given Tunctional group, a
lower value of T or T * indicates lower aciwity
for the molecule (Matsuura and Sourirajan,  71b).

These inherent characteristics of -and T * offer a basis for
the application of these parameters in 0 to explicitly
differentiate cach substituent group, within each functional
group, in the organic molecule. Extensive data of T and ¢*
are available in the literature (Taft, ibid.).

1.2 Separation of organic components (alcohols,
aldehydes, ketones and esters)

In solution, these compounds are present essentially
as undissociated molecules, and solute separation in RO is
governed by the polar effect of the molecule. This, as
mentioned earlier, can be represented by the hydrogen bonding :
ability (acidity) or by the Taft number T of the substituent
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proup in ihe solube with respect to cach functional group.
he Taft rumber ives; a mceasure of the clectron=withdrawine
power of the subidituent proup in & zolnr molecules. Gince
polar effects are auditsve for polysubotituted devivatives,
the total polar cfivel ol the substituenlt ;roups is given by
the sum ol thneir rcipecbive Taft numbers; this sum is
represented by T*. Hatsuura ond Sourirajan (1971b; 19724
and b; 197.) have shown that, with respect to a large number
of alecohols, alaeenydes, ketones and esters, the solute
separotion increozou with o decreacse in acidity or an increase
in basicity of a4 melecules HBince a deerease in Taft number
is equivalent bo a gcercdue in acidity or sn increase in
pasicity, a&n inerser o in selubc separoition can be expected
with & decrease in Yal't number Lor 4H. 0o compounds.

e Bkl poise effecth of the selute molecule is due
bo Lhe svestaduen!. s Junctional gronpt in the molecule and,

i v e

anee Lhe Taly moenes 13 a measure ol the polar effect of the
suvastbituent peou GH Ly Tee Bobi Lt eriecet of the mole-
cuie ig alWrunt Jor different fancolomal rroups at a given
fafh mamber. wombilarly, the effect o 1 change in Taft
muaver on Lo ol ot pular c.lect of the molecule

is diftferent Jur difiovent Lunctional proups, and it is tnese

diflerences tuatb allocl solute separation (kKe&rsley, 1Y74).

14 BSeparction of zwrars

The octructures of the four sugars of interest
in apple Juice are depicted below:

CHO (lJHz OH

- OH G 0

1}

HO -~ - H
OH (B)
- OH

Hz OH CHz OH

- H HO -

i o« on (&) H -

O—Q— Q{1 —Q=—
I
—O—aQ—CQ
I

D-glucose D-fructose
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| o
B e BY b B Sl )
| | / \L
HO = ¢ - ) N
A0S s A \l
o A oi
1T - (J‘ - L3 . =
qH - 112 - 7]
{
(B F =
oorbat Sucrose - (A) + (B)
Glucouw 5 o 'taft number ol «0.951 with respect
to -0OH, end -u.% > wikh respect to -CHO. No estimates of
Taft nunbers . uctose, sorbule or sucrose are available.

However, duc (o log cloge proximity of tneir structur: to

glucose, fruciecse and corbitol are believed to have & Taft
rurber spproximutel; cqual to the Talt number (29%) of
Ficos0. W the other hand, sucroswy, which is made up of

a molecu.w ol ilucose and fruc.ose, is thoupht to have
a Tarft number ol Lvice the vealue of =he glucose Taft number
(Rearzsloy, 1%/4).

In peneral, it cen be sald that sugars have very
nigh nepative Tolt numbers, and are relatively far more
secparated Irom water than other solutes in 20. Beparation
of the order of 99.%% has been achieved under actual
experimental conditlons (Pereira ct al., 1976) for glucose,

fructose and sucrosce.

1.5 Seporation of orpanic acids

The acids may be present ac dissociated or undiss-
ociated species. wolute separation for the dissociated acid
is due to electrostatic repulsion of the ions, and that for
the undissociated acid is due to the acidity (hydrogen bonding
ability and hence Taft number) of the molecule (Matsuura ct
al., 1973). While repulsion of ions always results in
preferential sorption for water at the membrane-water inter-
face, and hence positive solute separation in RO, either
water or undissociated acid may be preferentially sorbed at
the interface, depending on the relative acidities of the
respective molecules. This is quantitatively expressed as
pK,, where K  is the dissociation constant for the acid.

MASSEY UNIVERSITY
LIBRARY



A decrease in pi, *esents an increcse in seidity,
waleh tends to increanse bhe hydrogen boading ability cno
hence the Ralt e ol the acid, cesulit L a4 decreas:
in solute separstisns On the othe: =134 130 The acidid:

of the moiecule iu i enough to o1 cebeh the -0H bond to
the point ol . uwplure, Lhe moleocule disuociates and exiuts

in solution #5 ilon.. Thege are subject Lo wleetrostatic
repulsion 2t the membrane interface, hich results in a
decrease in solute separation. or uunccursoxylic aciga

in agueous solunion, a “Ka ranpe of “ %ty 4,0 is psrticularly
significant with respect to solute scparation. When pPK, 18
greater than 4.6, the acidity (hydrogen bonding abili‘.:;_.-" and
thus Talt number) is low enouph to result in preferential
sorobion for water, and hence wositive wsolute separation.
When pﬂa is lesu Chan 4, the dissociation ¢f the acid is
high enourh bto.eain ccecult in net positive solute separat-
~fi.e  With respeect Lo the undiooociated species, a transition
Irom repu'sion lor solube to attraction for solute st the
membrane~solution interface occurs in the pE, region 4 to
Moide Thus Lhe depree ol dissociation of the acids present,
ang the Waft number ol bhe undissociated acids, constitute
the governing physicen-chemical criteria for the RO

scparation of orpanic acids.

'he major acids present in Granny Umith apple Jjuice
arc malic and civiic, with lesser amounts of phosphoric,
quinic and ascorbic acid (Chapter Two, p.%5). In correlat-
ing solute separation data as a function of the Taft number
of the acid, Matsuura et al.(ibid.) established that solute
separation is generally in the order monohydroxy~tricarboxy-
lic acid (cifric) 7 dihydroxy-dicarboxylic acid (tartaric)
monohydroxy=-dicarboxylic acid (malic) ) monohydroxy-mono~
carboxylic acid > monocarboxylic acid (quinic and ascorbic).

The above order indicates that an increase in the
number of polar functional groups in the solute molecule
results in higher solute separation. Further, when the
degree of dissociation of the acid molecule is increased,
its separation is also increased in all cases.
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while ecach monocarboxylic acid hen @ single Taft

number, each hrlooxv=carooxylic acid g two Taft numbers =

ene for each e mal jroup. Phe Padt number for eacn
hydroxy-carboxy ! .c zeid is arbitreril, expressed as tho sum

of its Talt number fov ¢sch functional spoup (¢ * OO0l +« ¢ OH).
(Matsuura et nl.. Lide)e. However, suck cimple summat o . s

not really volid tecause Taft numbers or dilferent fuw L onal

groups are not generally on the same scale with reopect To
their effect on solute scparation. Ko technique has vyt ocen
developed to express the effective Talc number for substituent

proups in molecules containing differ«nt functional groups.

Fox entirely undissociated spocies, citric (20* =
-0.61) and tartaric scid (0 = =Q.4{" _howed aimost complete
scparation. Malic acid (2T = =0.50, us not retained ag
much ai the lermcr two., while benzoic id (20* = 0.60) was
negatively separated and hence preler nlially corbed at the
intertace (Hatsuurs ¢t al.,ibid.). hlo supssests that quinic
acid (o tctrabydroxy<~benzoic acid) w i 2.0 he preferentially
sorbed at the membriiic interface. (u e other hand, @scorbie
acid (2 tribydroxy keto-monocarboxyli: acid)} would be expected
to have a gimilar depreoe of ceperation &v guiniec aecid, due to

its double unctional pgroup:

- Ot
- H

e B CHz OH

Quinic isecorbic

Finally, phosphoric acid (HaPOu) though not an organic acid,
has a strong tribasic character and hence would be expected
to have a low Taft number (to a decrease in Taft number an
increase in basicity is equivalent). Therefore it would be
expected to be better separated than the monocarboxylic:
acids considered.

1.6 Conclusion
On the basis of the above discussion, it can be

concluded that, in the case of Granny Smith apple Jjuice,
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the following gencial order of solute separation by R

-
(&)

>uld be expect

MO TOSY . welbone, plucose une sorbibol

e ———time feirrama

preater than

i brde asdd

roater than

ma2lic acid

fsreoter than

pheirhoric acid

grcater than

ascorbic #fcid, gquinic acid

kizperiments wore carricd out with simple solutions

untalning, one or morc supars or acicds, to confirm whether
nei wae penerad order of solute senaration mentioned
cariler was cbrerved. and to reveal whelher or not there

were nny lateraction: between these components.

2« Umelindnaey andlrsic of gusars and acido (food grade)
with ile
On the basis ou Lhe caprlicr analysis of Granny Smith
apple Jjuicc (Tables Xil and XIIIi, p.4%8: it vas decided to

work with malic and citric (ag the main ccids) and glucose,
fructose, sucrose (ac the main sugars).

Since analyticel prades of these components could not
be used in this study because oi the cost of the reagents and
the amounts required, the use of lood zrade sugars and acids
necessitated & rcasscssment of the retention times and K
values by glc for subsequent identification purposes.

2.2 Reverse Osmosis experiments
2.2.1 With model solutions of sugars

Model solutions of sugars were prepared to within the
approximate concentration found in GS apple juice (6% w/w).
Typically, the food grade sugar (1.5 kg) was weighed into a
container and the solution (2.5 kg) made up with fresh

filtered water.



Due te Linibtabions in the amouvab of fructose
available (onl =, ol fructose eoule oo 2btained), fiw
simple solubien Wwears were Feplb wiiww refiiseration
ror subseaquelt 1 aue. Phe model solution of mixed suiess
was made up by adowy the cample goluiions of suvpars
together in ilw correct proportionzs. Althoush chis ha
diluting eJlecy on the individual 2 ap, the total percentagwy
of sugar in all kodel solutivns made reamginced the same
{about G w/v ).

Phe wolublc solid contents {(°wrix) of Hae cups
colutions wore wmo oG wy oan sabbo Iractomcber and this
provided a quich 4wl cheeking vhe concentrations of supurs
in the fecd and perncales However, wue Lo tne lack of
e, nowel Ghis melhvd, the absolt congentrations ol
supar in the reca saw permeate arve reporbed only on the basis
of le & BilaS

j aovel vuivtions (simple or adxed) were o el
A S T o) moduly ab bwo didferent temperalures (/o and

}y Cumies baf op creting pressure (77 atm), and conetani

oG flow rale (O £/11n). The permeate and concecntrate .t s
reluined to Lhe feed tank to make a ciose circuit syotem.
The performonce ol the mewbrane wus acsessed by measuring the
permeate iiow (I'¥, m&/min) and rcjection (. ) from samples
simultanecously collected from tihe Teca sulusion and the

permeate once operaling conditious rcemained constant.

2.2.2 With model solution of acids

The preparation of model solution of acids cnd RO
experiments with these were carried out using the same
procedure as described above for sugars. The concentrations
used were malic (0.4% w/v), and citric (0.3% w/v), both being
made up with fresh filtered water (50 kg). The mixture of
malic and citric acids was made from fresh reagents, due to
the low concentrations involved and availability of the acids.

The concentration of acid was monitored by titrating
the acid sample (25 m#s) with standard NaOH solution (0.1 N)
using Cresol Red as indicator (six drops). This provided a
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quick way of checiting the concentratic.. of acid in the
feed snd nerncale. ‘The absolute conconitrations of zcid
in the feed und permecaote, however, arc reported only on the

basig of ple analysils

2o With model o c tubions of supars _nd

m \

The mode]l solution of suesars avd acids was made in

the following; way. [he apove mixbture ol acids was concentrated

%o half of its original volume; the same wao done with the
mixture of cupars from 2.2.1. The two concoalrated solutions
were then mixed Logether to give a so o tLion o4 sugars and

acids of the deuired composition.

The fipst run was made at &0 O anc vy (mé&/min) and

R % ecalculated g0 Lolore. The mixed solution was then cooled

iown to 7 G and cxpuriments repeated 2t that temperature.

o oo woe thought that Lhere could be inter-
actions lLwebwoeen + Casars and achidi aixeo together,
erparunental du. n was made o that Lhe nature of any suc
intaract ton, cuniu be determined.

1

The process variables involved in the deoign were:

Process YVarpiables -] cD +1

{

A (Sucrose %) 2 4 o
B (Fructose - Glucose ) P 4 6

C (Malic %) 0.1 O.4 07
D (Citric %) & P 0.5 0.5
E (Temperature C) 7 16 25
F (Pressure atm) 54, i 73:5 92.5

The symbols -1, cp and +1 represent the low, high
and 'centre' level of the variables considered, 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
represented diagrammatically as follows:



cops  Run B4 o G)y I B g G5 Ay
9 it =7 - - - - - - -]
Alsl'H c +] -] ] - +1 + = 1
BUGH 3 =1 +1 i " o R
ABOG s +71 1 = 2571 - +1 +7 —
CrGH 5 -7 -] | - - 7l 4 +7
ACEG O + -7 i1 -7 +1 = +7 -1

:LI([_L';.: d -
ArCH : 3] i g -

DG - - -1 7 +1 +1 +% -
ADCH 1u +7 =71 -1 +1 -7 -7 : +1
SRS 9 = i =1 ] ] ] - +7
DL, i i1 +1 -1 + +1 -1 - -1
Chui! = = 34 s 44 -1 - +1
K1) £ 4 -7 -~ 4 =1 +1 7] -1
H LR ! -1 =1 + t ~1 -1 +1 -
APOT

i e 16 +1 7 | +7 1 + + .4

cusuamn (code) rveffers Lo a0 combinations

of wariablieg VY i level (+1). Columns 7 and 8 arce

not considercd au pruece viriosoles but the corresponaing
values of and i are aoed for grouping, the experimental runs

into four blocks of four runs each according to the following

code:

Runs

BLOCK 1. Al

i
i
!

Cp,y, CP

BLOCK II 11, 1%, cp, ©p

BLOCK III G = 9, 15, ¢cp, cp

BLOCK IV G = 5, 10, 16, ¢p, cp

.
=
TR
LS
-
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The 'runz' on the right hand cide ol the table
refor to the cance wiere G and H ovey !he levels specified

in the middle scection. Within each block, the »uns wore
randomised (usin, & tebhle of random numbers) Lo eliminate

any trend effect. Uhe purpose of having two extra ccunire
points "cp" withic ecach block wus to have a measurs of the
curvilineuri.y ol the response to chuiy ¢ in the process
variables. Howcever, bthe design is only suitable for rirst
order models wierc the relationship belween response variables
and process variables is essentially linear. This "blocking"
also has the effect of minimising the time trend effect of

the membrane due to compaction.

A run is an experiment performed at the differcnt
levels of proccoc variables specified across the design table.

e« RISULT
Pt L D

TABT XXIX: Reloalaive Retention time and X fastors of TMS

derivabives of sugars and acids (food grade)

on Ll column

5 — z i . P 5
Comnpoard Hetention Time K~ factors

L'.J'-i] ‘-tuuh f)-cjlja 0.69

W 1
%= uco.. U.o8 f
- 0.74
P -Gluco: 0.5% g
. - = e
CGUCTOSC 1.81 0.46

Malic 0.77% 0.89
Citric 1.25° 0.65

@Relative to inositol (internal stendard)
bRelative to tartaric acid (internal standard)

GAVQraga of three determinations

TABLE XXX: Reverse osmosis oi glucose, FR = 5 £/min
P = 77 atm

T = 25 C T=2C
©pf (né/min) 427.5 247.5
SCF (% w/v) 3.7 4.9
Aep (% w/v) 0.09 0.43




TABLE XXX: (cont)

b -

. _- 5 ;
R % a8 = 1 a7 I 14

B g : . : : _
All resultsy are Lhe average of twe determinations.
Pepae cp=a 100

o

W M il calculated to the neareut

TABLy, XxXI: Heverse osmosis of fructose; R = 5 £/min

P o 0 i

T = 25C T = 70

PP (me/min) 410 245

ck (% w/v) 6.6 5.6

CP (% w/v) 0.06 0.06

R % 99 + 1% 99 X 1%

All results orpre .

¢ average of two determinations.

TATIE XXXil: Leverie osmosis of suceose; VR = 5 £&/min

By g

S atm

it (mt/min) 8575 257 5

Ci 0 owiv) 6.1 B

CP (D w/v) - trace - - trace -

R % ~ 100% ~ 100%

All results are the average of two determinations.

TABLE XXXIIL: Reverse osmosis of mixture of sugars

(lucose = G; fructose = F'; sucrose = S)

PR = 5 £/min; P = 77 atn

P = 25 C

=]

i
=~
@]

PF (m£&/min) 437.5 250

) O . N
L ]
b 5 |
()
5
L]

CF (% w/v) G

tn
L]

107

s W
/2
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PABLE XKCLil: (cunt)
= 25 B o= 9
! . J_!l ‘ -
I‘I (4’ "'I"/-Ir," { - ‘ -
W im ' o -
ot ¥ E; ' Qf =
l: £ "" ¥ t_‘ y
; + - .
S by - bt G ol
ALY pesnltd dve 5 averanre ( tus leoerninations.
i ( ORLG of L
i : Afming 1 o= U AT
.I.l =
{ i I
{ / (Jat Q.47
[ ] o (3404
P e o e s A - . —- : 0
= A - 1
BEL LY HE aversie o) BWue debtesninations.
i \ 3 e YOS A el A i
o e .__’/_.r_._.' y ijlf ke i
I'}'I - f..f') b s r{;
e (m€/min) 485 272
Cr (® w/v) 0«59 0.40
cr (% w/v) 0.0z 0.02
T W e 5 B oy
R » Q95 = 1% 08 = 1%

All results are the average of two determinations.
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TABLE XXXV1: Reverse osmosis of mixture of acids

waalie = M3 gitric = €)

it = 5 £&/miny P = 77 atm

e Qe " -_-‘.‘:’]i'
1 7 | - 30
It g Oeo= Yt = 7%

; f i N

. v A 1 i ¥ ol
& O4 = C S = 1%

g Sl * R DR 6 T S, T = b o - T ~ T e P ] ive= ]

ALL renuldlts are the average of two determinations.

DABLSS X¥XV11: Reverse osmoils or mixture of Sugars and

acias (glucess = U Smuctoue =

E AT & - - TE . & . o oY
SOOI = S gicul N L
;.’/"_ i |
] 3 1 i |
& = of A f (1

MEATS Acids i Kedeiu

t (ml/wmin) 41¢ 50

C B ' ay } - 1{.- “ r\ 3 /('} i F ot ; it 499
G w/v) R C 0.29 ¢

Cr ¥ 005 M Q.U i Ut MooQaUs
b w/v 5 "
(% w/v) B 007 © 0.004

B 0,05 J -trace-

- i 3 + - - + - s T e 1 le" LA
S T SY - 2% M 92 - 2 fAE - 2% M 9d - d%
o M oo 4 o G g , o W L
G 9% - 2% C 99 = 2% G 9y - 29 C 99 -~ &
1 ™\ Y + L i r
b Y8 - 2% 5~ F0O0"

All results are the average of two determinations.

4, DISCUSSION
The rzsults for the rejection of sugars and acids

singly or in mixtures were as evpected from a knowledge
of the Taft numbers and thec moliecular weiphts.
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As repards the sugars studied, sucrose (MW = 582.3)
/s

the highest rejection (close to 10U%, Table XXXII th
Lructose next (1 iy R s O9%, Table # xI), a1k then
slucopge (MW = q8u..., « = 9, Table XXX). ilowever, the

exparimental crrors dinvolved it the nmousuresints ol G and

CP (und thus in i computation of R ., wuas such (= 2%) that
no sipnificant d.iliercences can be caid to exist belween the
rejections of the surars. Overuall, the rejection of cuwars

was very high (92 - 400M).

with reospect to the orpganic acids under study, malic
showed a rejoction ol suout 90% (Table XXXIV), while tiat of
citric was about © L (filable A4XV). This was as expectcd, since
citric has a highee rmolecular weight (210.1) than malic
(15”.1) as well as having a preater number «f Tunctional

group, reculiing in a lower Taft number (p 99 ).

Fixing the cuars togethor did not significantly alter
the rejection: of the individual sugars (Teble XXXIII). 'Phe
sane was true for the acids (Table XXXVI).

femporatnre had a considerable effceet on the permeate

flux of both suars and acids. Thin was wa vxpected from
earlicr results (Chapter Three, iSection I). A temperature

of 7 C almost halved the P¥ of the supars and acids (Tables
XX to XXXVI1I), compurzd tu runs at 2% C. Uecreasing the
feed temperature incrcased the rcjection of both sugars and
acids (Tables XXXIII, XXX1V and XXXVII), but in most cases
this was not signilicant because of tlhe expcrimental errors.

Mixing sugars and acids together increased the
rejection of malic and citric acids (Table XXXVII), while
the rejection of sugars remained high (97 - 100%). The 99%
rejection of citric acid (Table XXXVII) represents a steep
increase over the earlier results (about 95%, Tables XXXV
and XXXVI). However, the citric acid concentration in the
mixture was low, resulting in large errors when the permeate
was analysed, since glc response was very low for citric as
compared to malic. (Table XXIX). The standard error involved
was I 2%, and thus 95 and 99% rejection cannot be said to be
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sismificanti, -l ‘Verent. The apparent increasc in

rejection of masic and cibeic acidcy in Lhe pregence of

sugars could se pusuibly cug to su Sru bloeking the majority

of the setive sades available for nors diffusion on Lne

.

mombrene inteorface, with the resuli that the lower molocular

15

weisht aciu: wouic have less chiznce te pe GhrouEh “ith

the permect

=

On the bogiz ol the above resulis, it was conciuded
that thore was nol any sipnificant intercction between the
componchuis sbtuaicd. Therefore, the cxperimental desirn

docaribed 108 subseetion 2.4 wias dobt followed.

Any suspieiong that membranc compuction coulid huve
in: luenced tue rocults oblained were allayed when ! Wi
modu le wags checked aller the sugar and ocid yuns wil
stoudard 0.0 NaCl. l'ermeate flow and rejection values for

L

bhe gsrrshen sodduwn coloride=vater Lested under standard R
genddbrong were nob siynilicantly different from values found
capiice (W= G4 min apd ® = S5 at %) he after Lhe
noerloenbe wire completed, compared to O.40 £/min end 90%.72%

at Yy hey welore Lhe experiments started.).

I,'. (/Il\li\i.c iJiil‘ pHi _'.rl

Y o

The @bove pesudlbs OYom wodel selutiopns of sugdss aud
acids prescat as single components or as complex uiixtures
confirmed the use ol Parft numbers to predict membranc
performance. The use of molecular weight as an indicator of
solute rejection was also confirmed, higher meclecular weiyhts
giving greater rejections. These results confirm earlier
reports (Matsuura and Sourirajan 1971a, 1971b, 1972a and
1972b) that tlic snechanism of solute rejections by RO cellulose
acetate membrancs involves both preferential sorption and
capillary flow ol the solute through the membranec.






1. THrRODUGCTON

in the basis of the resulits nhigined in Chapter Three,
section 1II, a hich retention of osu :rs wilh some loss of acids
waa expected when anple juice was concentrated. Some loss of
augars (mainly sucrore) al hicher corncentrations was alao -

pected (Gherardi et al., (1972); Schobincer et al., (19%4).

In this gection of the investisalion, apple juine was
concentrated by RO to see if it behaved as predicted from the

work on moiel solutions.

2. BAPERIFNENTALS
3ingle strensth Granny mith apple juice (50 £) and i2°

srix concentrave .5 1) were obtained from the Apple and Pear

Donrd Juice factory at Hastings. The single strensth (s/s)

Juice was preparod as ollows. After extraction in continuous,

horimontal ucac luyer hydrauli: presses, enzyme (Ultrazyme
ipecir L, S.ba eigy uwitd., Switzerland) containing pectinazes
amylar o woyu wbied. The juice was held for 16 hours, before

betis nasoni Lhrvowh a diatomaceous earth filter 1¢ produce

a sparklio: cdoar juiee, On receipt at Fazvey, it was pasglteu-
ri i ooy teabens 50 85 C for 30 seconds. The pastesurised juice
woo dmmediatly Ly oo ad Lo room temporﬂturv (10 C) usin:- a

iate heat exc .’ 'r, Lhen passed through a PF-%0 iilter press

P
(British "ilters uLbtd.) to give a hril.iunatlr clear juice, :ihe
pasteurice’ and ciarified s/s juice was cpi at chill tempe-

ratures (2 C) until used.

The concentrate was prevared as follows: clarified s/s
juice was passed trough an aroma recovery unit where the vola-
tile components were flashed off and recovered separately.
The juice was then concentrated to 72° Jirix using a triple
effect APV plate evaporator. The concentrate was stored at
rassey at 2 C until required. The concenirate was reconst .-
tuted to single strength juice by diluting it with fresh fil-
tered water until its total soluble solids content (as measu-
red on an Abbe refractometer) was the same as the s/s juice.
The characteristics of the different juices are presented in
Table AXXVIII.



2.1 Reverse Osmosis experiments with single

strength Jjuice .
The s/s juice was concentiated at a pressure of
77 atm, a flow rate of 5 £/min 2nd a temperature of 25 C.
When these conditions were reached, duplicate samples of
feed and permcate were collected and the permeate flux
recorded. The samples werc analyscd by gle, and rejection
of the sugsrs and ac.ds culculated. ''he same Juice

cooled cosn to 7 C and the experiment repeated at thiu

temperature.

With the aim of comparing whoether or not there
ware any significant aiffercnces in be aviour between the

single ~irenpgth juice and the diluted concentrate, the

Tatter von glso run 8t o5 @ ang 7 . Pl RO conditions wen

the¢ same as deceribed above,.

2.2 Reverse Dsmosis concentrob ion ol applcivice

(i) Gy +d 8/¢ Juice was concenbeatvd by running it
t the highest practiecal pressure (U2 aLw) and at
7 e ‘e total soluble solids content (using en
Abbe relvactometer) ef the ['‘eed and the vermeatos ilux
af the HO module weri rucorded af regu'ar intevrals
througtout the process, 'Yhe concentratbion wa:
continued until the Jevel in ‘the Tocd tenk was
insufficient to provide looded =i ion to the nump.

The aupar and acid content:s: of both the concentrate

and perme¢ate were determined.

(ii) Diluted concentratc woo similarly concentrated at
? C at the highest practical pressure (99 atm), with
the =im to achieve a hipgh flux rate, which would be
desirable for econcmical reasons. The total solids
content and the flux rate were measured as before.
The process was stopped when there was insufficient
feed to provide flooded suction to the pump. Sugars
and acids in the concentrate and permeate were
determined, and the process compared to the run at
% O

(1ii) Since cooling of the juice during its concentration
by RO has a large bearing on the manufacturing cost
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of the concentrate - especially on an industrial
scale - it was decided to acoess the effect of
concentrating tae Juice at tae lowest temperabure
that could be achieved when fresh tap water was
used to cool the feed. The temperature achieved
by this means, with RC 2onditions as before, was
&0 Cu The hipher cooling: Lemperature would be

expected to subotantially increcase the permeate

flux, without sipnifliceint] creasing the sarar
and zecid retentions of Lhe concentrate (see Chuopter

A

Three, section I, p.66.. A hipher permeate flux

1Ld also he highly desirvablc from an economical
f "‘.L: Q ; VT_ -
3 RbEULAE
TABLE XXX¥m -+ Charactoristics i ¢ w apple julce studicd
g Juice S G ToT Concen-  Diduted
on T eeint 4 ¢ —— .
Boesi e s trate concen=—
Lo i_\;-l-’ul...' 2

Hasw 28 and. Clilcaud= Lrate

abion

10.5 105 oo 40
) . ,

0.04" {0, Y™ 03 <8

by titration with 0.1 Il dNaC.l, expressed as malic

oid

Lt

TABLLE IXL: :crncate ilow and rcjection characteristics ol

single strength apple juice; P = (7 atm

T =25 C P =9 C

sugars acids sugars acids

PF (mé/min) 550 185

- CE (%)

-] ..‘l l‘l

M 0,90

M 0.9

C =~tracc- C =trace-

I
(RO IR ¥
L]
o
> TR
.
oA I b R

r
W
.
A
n
\J‘i
.




TABLE ix.: (cont)
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sugars

by

.10

CP (%) 0.04

[op}

<

S 0.03 S 0,10
Fog I oy . 7 < 24
& o s b o M O6 - o O & M 95 I 2
_I: ::‘ r\‘r (;._I\ ] 2;(-' Jbr.,_a C (_:(- LI L | [ a8
- . r C :
S 98 - 20 c = S 97 ~ 2%
A1l resuifs are the average of two determinations

TABLE XJ,

nd rejcetion characteristics

*

ol diluted apple juicc corcentrate: P = 77 aip
= 25 = 0
sugars acids upanrs (
550 185
0 I,-J - /] i -l )
g | €yiy M Q.94
Bl - 3 . P T a“ -
p’. ( } [ = % :’., LT BN ol L o4
- C =Zrace= . 5 C~tracc=-
KJ - (J : T" - };' = ¢
' trace ¢ Trace
- . | ot . % 1 004
Cr (%) G tracc G trace o
i - - c - | o, el C o=
3 trace o trace
1 N
=L WS L e i ~
) Noo £ 4 " 96 *
R ?‘:’ C 100% ) &% 9 005':’ 2';’0
¢ ¢ - ‘.ﬂ C -
J e

All results are the
TABLE XLI : Surars

average of

two determinations

and acids of permeate and concentrate

obtained from concentrating single strength

apple juice

gle

"«
°Brix pH sugars * acids
Concentrate 34..5 51 ' 16.5
" M 3.4
G 77 & =
S 12.7 ¢ 233
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TABLE XI.I : (cont)

izle

gl 5 P P Lusars * o
Pwtiaco=
=t " 3 . . M Vo 1
Permeate e 9.0 Geb B E- o
A W V43 S
1 AL '
it 1O - -y
' T G
Rejection /. G 100% L
£ 5
: et
® - Ly

* Average ol two icterminations

AT XV TT 0 Mears and  acit. of vwermegte and conc': )

e bt i, e st i .ot — S PO ——

{;J'_(.;
°Brix pli ¥supars *aclids
T
v - o 5 M 5.2
Concentrulc ple 5l & Catl v A
13.8 ¢ Q.06
L -
r )
R o S LP . .r';'\"
Termeutec 5 2: G G.18 s
S ©.15 C-trace-
1
96 - 2% r
L . b D M 81 < 2%
Rejection & G 96 - 2% b a%

C ~ 100%

14

o
®=

*Average of two determinations ¢

TABLE Xidli: OCocncentration of single strength apple juice

P = 99 atm

time 9@ TBeiat PR Plux
(min) (m&/min) (£/m2/hr)

0 10.5 260 7.5
30 1.2 250 16.9
0 n 205 13.8
90 18 190 12.8



TARLE X1.7U:

(cont)

118

— s gy

bLme ; Mlux
(min) (md/min) (L/m /h
1240 a5 1S 16 .4
“ 2, G

150 oA &0 Yett
1975 54, GO oGO

TADL ¢ XLIV:

Concentration

of diluted apple juice

coneentrate; P = 99 alw
bime * Brax 55 LIRES .
(min) (md/min) {£&/m" /hr)
U 1e 225 15
20 4.9 : 4.8
GO ’ 186 74 2.5
19 7. 158 C.7
120 280 100 B 7
G5 . &b Sialy
150 4,U
Toh Gihe ) 20
T : 2R

TABLL X1

uEfeet of coolin

LAl

concentraticn

TCTET

'
y ternmersatu

_[___ AL -

e | 3

Juica

time
(min)

T=7C
fnd-to-

DitAx

end flux

(#/m® /hr)

Bpdst

200

nua=bo=-
end glux‘
(&/m" /hr)

120
150
170

17.5
17..1
15.7
14,8
15.9
12.5
11.7

(5 (VR TR N
Ut~ A0 W
L] L ]

T b %4l




(1/mhr)

X

T
H

PT.U

10

3 -] :
FIG. 21: Permesate flux (l/m}hr) vs concentraticn ( Brix)
at F = 93 atm, T = 7 C.
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4, DISCUSSION

The results in lable KL cont i the results found
prev 1wly with model solutions of supars and acidg. The

three rain supars vere almost totally retuicd while the
extent of loss of malic acid (96%), althouylh higher than that
found using model solutions (92%), was not outside
cxperimental error (= &.).

There was no cignificant dilferences in the rejection
chazacten +es oi the single strengii and diluted concontrate
under the coame cxpoerimental conditions (Llablies [XL and Xi ).

Comporison of the 74.5 °Brix counceantrate with the
correspoading rermecaie (Table XII ) shuws that, with
respect U ”u;afg and acids, the quality of the concentlrate
is not sipgniiicontly dilferent to single strength Juice.
Lugars were nearly totally retained (99 - 100%) while malic
acid wous particlly lost (R = 96%). There was not detectable

logs of citbtrie neid.

On comparing th'e 28 °Brix co atpals with the

permeate (Tihle XLIX ), it is seen Lhat the sugars zre
Wil vobaraed (98-99%), while the malic ecid has started to

legak out to & lervee extent (R = 81¥). Citric, on the

nend, seemsc Lo Lo totally retained (Tables 4Ll . and XLIXI ),

but ac¢ this acic ¢xists in the Jjuice in very small amounts,

ifs retention or loss does not significantly affect the overal!

quality of the juice.

There was not any significant differences betnben the
8ingle strength and the diluted apple Juice concenxrate when
g&?centrated at the high presaure. ‘Results from mables LLIR
mn.}v and Fig.21 show that the mat&ntaueous P '
dr'tﬁm two Jjuices followed a linear decrease with co
_(°Bri19s ‘a lower flux was obtained at the hisbﬂgf_f{ -
'eﬁpéeted Irom concentration polarisatlon effect (ﬂpﬁ@ter Three.

-section I).
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noimproved merflormance of the #0 module was obtained at the
isher cooling temverature (20 ) uzine fresh rummines water,
shown bW results from Table ALV and FPig. 22. On comparing
hne end-to-emi Tiux (defined as the tetal nermeate accumulated
avery the lencih of Uhe an“&ehtrntjon, e lilres, divided by
the product of the time resuired for tie concentration, in
hours, and Lhe mesbrane area, in square meters) versus the

~\

“Brix of the feed, it is seen (I"'ig.22} lhat the curves at
20 C and 7 € r n narzllel to one anolher as expecled, and
that there wag a o:-<nilicant increase (40%) in nermeate flux
srrousgiont the concentration process when the hisher cooling

temperature woo used,

The wiae of tragh rmanning water instead of chilled wa-
ter to cool the fecd would mea an iperease in efficiency of
Lae 0 module {i.0. Tucrease in flux; ay well as a reduction

in coolings cogts. width would resal in a4 supstastial ecohl-

my of the procem 2 an industrial ccale, provicded that liove
were no Jdoirimentar orcanoleptic changes in the juice 2t Lne

higher temperatvire.

Be  COMGILLITON

There was vo girnificant difference hetween th
gtrenpth and the diluted juice concentrate when co ¢ Lrated
at 7 C ny the RO module in ugse, 'he aople juice can be con-
centratec at 99 atm to 3% "Brix (7 C) without any sisn..icant

loss in sugars and oranic acids,

A 40% increase in end-to-end flux was achieved wion
fresh running water was used to cool the feed (20 C). Tnic
would result in substantial savings in cooling costs from a
commercial ooint of view, provided that there were no detrimen-
tal organoleptic changes in the juice at the higher tempera-
ture,
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1 IETHODUCTIT ON

The expecrimental concentration of wpple juice using
the TM5-14 RO moduiie under astudy was chowa in the nrevious

chapter to be fensible up to a conceni :iion of 35 DBrix.

Since apyle juice can be concentrated wp we 727 Brix using
traditional evaporation metrods, RO appeais as a preconcentrs’ tun
siep prior o vanoraltion Lo increase toe cutoul of concentra
irom tne evaporator.

The object of this chapler iz 4c consider vhe industri-l
application of RO, based on the earlicr c.o rimensal dotu. in
particular, the incorporation of RO iul imaereial plant taat
current v uses eviporation to concentrat wle juice will be
congiicred, and the proposed system subjioclad to an economic

eviaiunlion.

s CHP T BVAPCRATI ON STHTEM

The basis ol the evaluation re.ies on data from an actunl
commercial plant. The Apple and Pear Board juice [aclory located
at Hastings, New Zenland, currently concentrates apple juice for
export using locally grown apples, mostly of the Granny Smith

variety.

The apples are received at the Tactory in large wooden
crates which hold approximately 1000 kg of apples each. After
washing, the apples are crushed in a hammer mill and fed to
Bucher-Guyer high pressure horizontal presses where the juice is
extracted.s. Following extraction the juice is pasteurised at
85°C for 30 seconds using an APV plate heat exchanger. The
pasteurised juice is then treated with enzymes (Ultrazym 100
Special which contains pectinases and an amylase) and held in
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large stainless steel tanks forx 16 hours, when all the clovs
particles in the juice form a sediment on the bottom of the tunk.
The supernatant juice is then passed through a diatomaceous earth
filter to produce a clear juice which is fed, via a valance tank,
to the first effect of an APV plate evaporator. The vapour from
the first effect is passed into an aroma recovery unit, to yield
apple essence of approximately 200 times concentration. The
juice leaves the first effect at 23° Brix, the second effect at

35° nrix, and the third effect at 72° urix (Gyde, 1977).

The Apple and Pear Board juice factory processes on
average 61,000 litres of juice per & hour day. The season l:i-Ls
120 duywe  In 1976, the factory proceried ©0,000 tonnes of fruite.
Seagonal throughput is expected to ~oorain almoat constant until
1979, but by 1985 it is projected thal throushiput will double to

almont 40,000 tonnes yor year (Gyde, ibid),

Je FROPOSED REVERSE O03MOSTS SYSfhM

For a commereial plant, it iz ugual to Jdeaign an RO sy tom

on a "once=throurh" principle i.e. the foed passes through ! Lerh
pregaure pump and tiwe modulens only once, the concentrate leavir:
downgtroum from the modules and flowing ko tro onernbrate tan-,

Tn the work renorted in earlier chuaptern, o lapese membrance ace ahly
was not used, necessitating a batchwise operation with recircu. tiion

of the retentate until the degsired concestiration wan reachod.

In commercial plants, pressure drop becomes an imporirnt

design parameter. Harris et al. (1976) have discussed this in

detail, Briefly, allowance needs to be made in any design [or
the drop in pressure and the inerease in concentration of the juice
along the flow pathe If the flow ratc is very high, the praoiure
drop will also be high, permitting the vse of only a few modu .3

in series, {1 is important that a particular combination of lesign
parameters dccs not result in an "infeasible" case, O.g. when the
pressure drop nece-ssary to drive the juice through the modile would
be exccssive; or the available pressure ie too low to achiev
satisfactory flux in the right direction.
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Two types of flow configurations are outlined by Harris
et 2., {(ivid). One is known as a "straight-through flow", where
the rumber of modules in parallel remains constant throughout
the axial flow path of the juice, resulting in a steady decline
in juice velocity as water is removed. The other type of flow
confipguration is known as a "tapered-17 u cross-section" where
the numbher of parallel modules decrenses from scetion to section
for stase to zta=a), "he flow croes—cection is thus reduced in
S%eps to reafore the retentate velocity to that at the inlet to

the first modules. As a consequence, the linear veloeiiy of the
’

=
=
e
=

oasonably uniform in spite of the vrogressive decrease in

ume due to hyperfiltration.

At the same inlet velocity, a tapered-flow path gives a
higher average feed volocity than the corresponding straight=throuh
{low case. Therefore, inlet volociticn which are infoasible hecay
of a high pressure drop in a straight~tnrous: arvpangement would be

even les. leasible in the corresponding tapered cuses.

On the othor hand, at lower inlet velocitien, where a
Low Reynolds number is likely to be limiting, use of a tapered-f!ow
cross—gection ar-nngement improves r'easibility beecause a highor
average food velocity is being maintaincd.

For food applications, Abcor almost always uses TV S=00
modules, These are bigger versions of the T™ S-14 module uscod in
this study, containing 20 instead oi' 14 RO membranes and support
tubes per module, The membrane surface area in the TM 5-2
module is 1,25 m'1 compared to 0.89 m” in the ™ 5«14, The tubex in
botn modules are identical in size, and area, but have different
headers which results in the modules having different flow
arrangemente.  With series headers the TM 5-0 gives 2 tubes
in parallel and 10 tubes in series per module, compared to the
TM5=-14 where series headers give 1 tube in parallel and 14 tubes
in series per mcdule, This results in different pressure drops for
a given flow rate in the two types of modules (see Figure 23 for

pressure drop data as supplied by Abeor).
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The advantage of the TM 5-70 module i its abkility to be
connected in sets by using a header to bridge between two modules.
The module set i3 connected by tubular headers which perform the
function of narrowing the flow path and thus restoring the
retentnte veloclty to near its original value, resulting in a
"tapered-flow cross-section" type of {low contfiguration as

discutined nhove.

Ao SIZE OF RO PLANT REQUIRED

The APV evaporator at the Apple uand Pear Board factory in
Hastings presently cencentrates C8,000 1litren of juice from
11°8 10 72°B in 8 howrs. By 1995 it will be rc uired to
concentrate twice this quantity of juice per day. This could be
done simply by oporcating Lhe evaporstor fapr 16, instead of 8 hours
rer day. Howevor, 0o enable an coconomie evaluation of RO Lo Lo
done, the above unurle will not Lo condidered furilicr in thio
gtudy. Tnatend, an RO plant will Lo seleeted to proroncentrate
the juice to surh an coxtent that the exdistin ot ot will be
able to, in con unction with the RO plant, concentrate 1%6,000

yis v e O e s R S
litrea of jui som 117K Lo Y2} in 6 hours,

To simnlily the caleulstions detailed below, 1t has
been assumed th-t degrees Brix is equivalent to percent totsl
soluble solide, The hasie matlerial balance for the existing

evaporator ia s followss

63,000 1 juice at 11°B per 8 10,400 1 concentrate at 723
hours per 8 houra

= 8,500 1/h 5 57,600 1 water evaporated per

= 142 1/min juice at 11°B £ hours

il

7,200 1/h
120 1/min water evaporated

If' the judce iz vreconcentrated by N0 to various levela, the water
required to be removed by the evaporator, as well as other relevant
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flow rates, togoiiy v with the menbranc ares regquired and the
number of moduleéz cur Ue calewlated und ars sunmoviced in

Table XLVi.

AT this ctoge, o deeision muct ©2 ode as to the tempera-
ture at which the systom will operate. A ooarch of the published

Literature hazs failed to reveal any reports of detrimentol

effects o~ Juice o ity likely to ariuc from processing the
Juice at 20 O rathey than 7 O, Tn fact, ecarly :a the juige

processing senson (o roh),. Lhe ambient air temporature at the
Ffactory can excead 'O 0 on occasions, causing il juice to
approach iils tempoerature. ilowever, no adverse effects have been
noted on juice qualiiy. Consequently, the plant will »perats at

a juica temperature of 20 C. This resultbts in an increase in flux
of approz.ivitely 40% compared o that at 7 C, and a considerall

saving in tae nunter of modules required.

The nexl dociaig i 10 concerns 4o level to wiaiclh
thie Jjhice is Lo be concentirated by RO. Az results ln e previous
chapter (ndicated, the [lux rate declines quile rapidly az the
contunioation of the feed inereases, resuliing in a large increase

in the mumber of moudules reguired wnen high concruicatiorns of

Juice are desirod. fhe magnitude » such an increcse 1y shown
in Fipurc 24 whoeps straight ~ine resulis from plotting the

Jog of the finnl Jusrce concentralion against the rumber of meduliqc.

As well as the additional modulcs which sre required at
higher final juice concentrations, the time required for the
existing evaporator to concentrate the juice leaving the RO ayoicn
to 72°B must also be considered. Reference to Table XLVI indicates
that if the juice is concentrated by RO to 20°B, the evaporator
would require 7.50 hours to concentrate this juice to 72°B. This
time, together with a safety margin of 0.50 hours, means that the
existing evaporator could handle the projected 1985 throughput by
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operating & hours per day, provided tlat .. [i.ce was preconcentrated
RAD . 5 . e g
by RO Lo 207°B. This will require an RO plant consisting of 296

modules o operate for 8 hours per daye

Se DESICN OF MODULE CONFIGURATION

The Tirat step in the design of a nuitahle module

confirurntion is to egleculate the accephs le presmi: drop aerpdn
the systomn. It is assumed that the irnlet pressurse will be 100 whm.

SO T v ] s :_‘.}‘n—f .'\'i“"'.

(1500 psi)e T osmotic pressure of apple juier ot 2

(470 psi), accerling to Morgan et al. (1365 ) At TR T N o TN )
aeceptabic nrescure drop to ensure it fthera I8 55 i
driving floree sacrosa the membranc i fue fh O modules would he

30 atm (450 psi). wiving a minimum eiving Uaves ot A1.% atm (620 pui)e

The apple juice feed rate will hbe 170,000 1 syer & kours or

P a6 1 M namber of modules requirod L 296, iinsed on

I

information suprlied by Abeor (Nyun, 1977) it was decided to divire

the modules ovar & enbineta, each coatainime GO modules. These 5
cabinets would be ged up to operate in pruen ' el Phe proidem then

Lbecomes one of selecting the modi). con mieabion within aeh enbinet

20 ng to pet an averare flow rate sufficiently low to pive an
acceptable pressure drop. Phe (o wdure to be tollowed in such

calceulntiona is shown below.

284 1/min Feedrate to fotal RO plant
6.8 1/min Feedrate to each ecabhinet

.16 1/min 11 modules in parcllel;| 3.87 1/min flow

foad to first module | 3 modules in =eries out of lagt module

42,6 1/min Flowrate from ubov: group of modulus

4.7% 1/min Q9 modules in prrallels 3.44 1l/min flow
feod to first module % modules in series out of last module

30,9 1/win Final concentrite flow out of cabinet :

25,9 1/min Total permeate ilow out of cabinet

11 (‘TNTG‘* -8 ) -+ L",(4' 04 }
*—ﬂ—gz—;l S —~12;2—4£

Average module flowrate = 5
20

—ry

2 1/min

H



From Figure 23, the pressure drop in a T 5-20 module at
this flow rate = 6.67 atmos (100 psi).
Therefore total pressure drop = 6.67 X 6

40 atmos (600 psi)e

It

il

Thig exceeds the acceptable pressure drop calculated
earlier of 30 atmoa, and therefore the above configpuration must
be reject=d, on the prounds that the average module flow rate

resultoel o an excessively high pressure drop.

An alternative confipuration can be derived still

utilising © eabinets i parallel each covitaining 60 modules, but

this time, in an attemnt to0 reduce the vprssaure drop, only 5 modules

will be connected in series,

437 1/min 1% modules in parsllel;l *.07 1/min flow out

fecd to first module 7 modules in gerics off last module

40.0 1/min Flowrate Trom alove proup of modules

4.00 1/min 10 modules i pﬁferUJ;] %14 1/win Tlow

feed to first module |2 modules in nerics i out of lazt module

31.4 1/min Pinal concentrale 1'low out o' eabinet

25.4 1/min Total permeat: ' low cub of cabinet

i "]I‘ - {; ¥ '} - 7. 1‘
Averago module flowrate = 15 {lL“%fgiuJ i 1L(ﬂngggi—li)

= 3,65 1/min

From Tigure 23, the pressure drop in a ™ 5-20 modulo at
this flow rate - 5 atmos (75 pai).
Therefore total pressure drop KX 5

25 atmos (375 psi)

l

i

.

This figure is inside the allowable pressure drop set earlier of
30 atmos, and therefore the above module configuration is feusiblos
The actual flow path through the above module design is shown
Figure 75, where the feed is introduced to 13 modules in paral ol,
3 modules in series (&, b, ¢), then intc a header and back into 10
modules in par:llel, 2 modules in series (a, b), and then out into
a header to exit as final concentrate of 20°B.

133.
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6. COSTING OF FEASIBLE MODULE CONFIGURATION

. The above module configuration was presented to Abecor Inc.,
Massachussetts, U,S.A., with the request that they verify the
feazibility of such a configuration and supply the installed cost

of such a plant at the Hastings Apple and Pear Roard factory.

The configuration was approved by Abcor [Tutunjian, 1978) who
aupplied the information on which the following cost calculations
are based. (NOTE - all costs are in $NZ, assuming that $US = 3NZ).

(a) +the power requirements of such a plant consist of one
large pump with one booster pump to feed all five
eabinein: another pump is needed for spraying and
cleaning purposes, The noemal operatirg horsepowsr
for an RO plant with a capacity of 08,000 1 of juice
per doy is 30 HP, assuming an efficiency factor of not
less thuan 7%% (Ryen, 1977)s Thus the power consumption
of this RO plant is taken as 60 IIP based on & direct

capaclty ratio.

(b) the voiimated capital cont for this plant is $600,000
C.I.F7. dew Zerland. Thio does not ineclude tanks for

proceriing for which $10,000 has.been allowed.

Inatallation costs are gencrally 15% of the ‘nitial
capital costs, and fabricatior usually takoes shout
-5 months.

(¢) a complete replacement of membranes is envisaged every'
two seascns (Ryan, ibid). Mombrane replacement is
budgeted at $140 per ™ 5-20 module. It is estimated to
take an average of 60 minutes to reline each module,
making a total of 300 hours to reline all the modules.
In addition a machine costing $2,000 is needed o
verform the relining.

(&) the cleaning time 18 4 hours a day, while the total
cont for chemicals is $40 a day. 7



{: “inenance costs for membrane concentration is commonly
5% of capital cost (Thijssen and Van Oyen, 1977)

(f) one man is able %o operate the complete RO plant.

2
(g) the area of such a plant would occupy 80-100 m-,

aueh room currently being available in the existing
ctory.
Table XLVII sumwvarises the costing of the propused RO
plant.

TAFLE XLVII: Cost estimates for the reverse osmosis concentrat®ion

r

of 136,000 1 of apnle juice | com 11 Brix to 20 T x

— -t s

de el Hours
RO PLANT
sonecentration factor = .8 5 4
Membrane type = AS=197
Membrane aro: = B0 o
Number of merules = 96
Wa ko pemoved/hr = 7.659 K
Opernting hours . 7.0 hrs a day, plus 4 hrs for

cleaning

Cperating days/year 120 days

CAPITAL cosH = J610,000
Installaticn coot (15%) 90, 000
TOTAL = $700,000

System includes clean-in-pluce facilities, countirols,

all pumps, tanks, etc.

ANNUAL OPERATING COSTS =
Depreciation of plant at 107 $ 70,000
22,000
7,200
Power at 5.0 cents/Xwhr, 60 HP = 3,200
Cleaning chemicals and water = 4,800

35,000

Membrane replacement

i

Labour, one man at $5 per hour

1l

Maintenance (5% of capital cost)

TOTAL

i}

$142,260




OPERATING COST/100¢ xG WATER REMOVED

142, 200 =
T.850 X 7.5 X 120 ~ 1000 521

FIXED COCT AS PERCENTAGE OF TOTAT

00 000
L0, 000 i 83%

342, 000

CONCINTRATION COST/1000 KG WATER REMOVED

542,000 o i’
7650 X 7.5 X 120 * 1000 = ¥z2e

T COCT OF BGITVALENT EVAPORATOR

As discussed earlier, for the purr ..~z of economic

evaluation., the cost of an RO plant capablie of concentrating,

in conjunciion with the existing APV plate evapor:ior,
146,000 litres of apple juice {rom 11%rix to 7o%rix in

L houre, is to be compared with the cost of purchsasing and
oporsbing another APV plate evaporator identical to the
existing ones Therefore, the New Zealand agents Tfor APV

(3eli, Bryant (N.Z.) Lid.) were requested to supply the relevant

const details and these are summarised belows.
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TABLE XLVITIT: Cost estimates for the evaporating concentration

of 68,000

1 of apple ‘uice lrom 1iOBri; to 72°Brix

in 8 hours

Evaporator =
Performance =

ope APV szeries III triple effect plate
evaporitor complete with thermocomprecsor
spray condenser and prcheater

T'eed 9,090 ke/hr apple julce at 1% 7.8,
—— - Y il
Product 1,752 kg/hr concentrate at 700
TeSs

Evaporation 7,702 kg/hr water

Orerating honrs = 7«5 hours per day with 1.5 heuprs cleosg ar
T 0 222,000
notallation cost (157) %% 000
i1er! 77,000
TOTAL: = $282,300
ANNUAL, OPERATING COSTS
Depreciution of plant =t 10% = $28,23%0
?
Labour, one man at f' v “u=v(’) = 5,400
(=
Operating mlpplina"-) ) = 2,400
Power, including cooling costs(4J,55 HP = 242
A
Steam generation coat(’) = 27,600
Maintenance (2% of capital cost) = 5,646
TOTAL: = §71,500
OPERATING CO /1000 KG WATER REMOVED
71,500 10 "
7708 X 7.5 X 120 » 1000 $10
FIXED_CQST AS PERCENTAGE OF TOTAL
282, 3500 = 80

CONCEATRATION COST/1000 KG WATER REMOVED

222,800

X 1000 = 251

7,702 X 7.5 X 120
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Bagig or copl ehleulaticng:

(1)  Bvaporotor cori and deteils supplied by lell Bryant (N.%.);
Ltde (Kelly., 1707:).

(2) Trne existines beiler at Hastinge i. cucvenbly operated at
full eaponeily. Therelore, *nere is ne albornative but to install
a now boiler wi Rupdiar nphed tye The puswent stean demand
was baged on The 10 Dlowing reéguirements:

Steal at 150 pal
Fvaporalor 14909 kel
Probeater a2 162 kg/ho
Tk 2091 kefie  steam
pgprts  Neily CUSVEY
Given a therw 1 ©l'iic uoy of oﬁ%, n lighi oil=fired boiler with &

capacity of sl lescd . 600 kg/hr stean at 150 pei g is needed.
Mason Anderson Ltd. (i078) pave the cout of & 2900 }*:g/hr oll=fired

boiler as $27,000 (i 'ul?ua}. The Tuel cosl for lishtl oil is

3220 per day, sircu oute $0107 per i.
i b o N . 3
L) Une wan o w Lo operate ihc evaperalor. Cleaning lime
ig esvimated at 1.0 oours and the cost of cleaning materials at

B0 por diye

("I ) Coaling water ig drawn from a bore so the only cost is the
power required to draw the amount needed. A 10 HP pump is allowed
for in the calculations. The evaporator draws 45 P and power cosiy

5.0 cents/Kwhr.

(5) Source: Thijssen and Van Oyen (1977).

8. DISCUSSIQN

Bonben et al. (1973) carried out a comparison of evaporation,
freeze concentration and RO, and reported that RO became competitiv:
with bo‘h freeze concentration and evaporation at small capacities.
For nearly year=round operation (7,500 huurs/year), RO was- cheaper
at capacities below about 400 kg of water removal per hours They
also found that at 2,000 operating hours a year, RO became cheaper
for cr wucities smaller than 200 kg of water removal per hours



Thijeasen sl Yan Oyen (1'."."'.-",- aar el oul gan oeconomic
evaluation of concenbtention by ovaporstion and RO. The
approximate costs of comeeniration weee o0 en {or dewatering
capancities in the ranye of 1 to 50,000 ko * hour end 1,800

= ¥ . r A - % ”
and 6,300 productive hours per year (see ligures J6 and e B
For cuyrc: dies similar to the evaporator and RO proposed in
this study, their rcetwibs and results found in Tables XLVII
and XLVIII are summariced below.

TABLE ALI1X: Summary of econcentration cosotsn (ﬂ'ﬁ/l:onno waber

removed ! of W0 and plate evaporator at a
gapacity of 7,700 ke/hy removed

dperationals hours/year a6o Tesa) 6300
REVERSE A 1020
OIMOETE f2 "1y 0
PLATE A i

BVAPORATOR B T n

A 2047 Lfw b, 10-20% 7.5.
T 1 ¥ Y i.l a gl iy . " - = _
J:b( ) 13,5 1/n"Fr, 10=% P Teise, Jobour costs not included

ii,l Y|

vy
- ‘\_3—_-

Ihijecen anu Van Oyen (1%977)

From Table XilX, it can be seen that bollh RC and evaoration
is very expensive for short seazonal operation, due to the high
capital investment ($700,000 for RO and $282,%00 for the evaporator).
For 900 operational hours per year, the concentration cost ($/4onne
water removed). For [0 is more than twice as expensive than
evaporation ($122 compared to $51), thus making RO very unattractive
for short term operation. Results from Thijssen and Van Oyen
(ibid.) also indicate a concentration cost for RC of more than double

that of plate evaporation, even at 1800 hours operation & year.



141.

e T ! :
i i L gl & At : T
3 {~ b f <l £ - | i
| { S 4
TS Foboptoy — I
foccy b | — —
£
i
|
=3
g
i : i
| i {
il -y
s | | F H
3 Lol ' |
1 G TR | g
Water femoval o @ity {'I',.-' 4
i T:‘.'}.?-‘;': Dewatering cosly in dollars ner tenne wator

removal withoul aroma eeltention ur recovery.
For plate evaporslion aml veverase osmouis

ut 1800 productive howes por yonrs

L L ol
- P i
1]
) 3 ; g
i 2 | 4
i ) —y=
W .
r—— i B3
t 41 'i-'li
| it
_- Y [ |
. i e e :
o § 71k |
| MR |
s \ -1::_._ | |
1L | o 1
n e

. 15 E A
Water removal cupocity (1/H)
FIG.27: Dewatering costs in dollars per tonne water
romoval without aroms retention or recovery.
For plate evaporation and reverse osmoais at
6,300 productive hours per year.
Labour costs and costs due to possible product losses
are rot included. The figures along the curves indicate
the ecoromic optimum number of effects.
Be multi-effect plate type evaporators with vapour
ompression for fruit juices 10-T70%.
2]
E. <verse osmosis flux 1%.5 1/m“/hr, 10-30% for
fruit Juices.

Adapted from Thijssen and Van Oyen (1977).



Their restlifs and those feund in this study susgest thot
dout:ling the operation: ! hours per year from 200 to 1,800

bl Il

will reduce the conceniration cosia o loth jroecccas by o
factor of uboit seven. On the other L i T X incerate if
operaticnal bours per year from 900 to &, 00 will reduce RO
concentration cogts 2?4 times while for it .vaporator,
concentration cogts uare ornly reduced 10 times. 441 6,300 hours

per year bolh concentration costs are equal. Thue, it seems

that Liv cest of RO in competitive with iooiw evuporation only
. = 5 . ] . -
whet 1 vear round (6,900 hours a4 year,. This confirms an

earlicr ropord (Thijoacn, 197C) which acrved at o similar
concliesion, even although it used wuch mori: ~prroiimate costing
figurcs Llhan were used in the laler stiudy (Thijssﬁn and Van Oyern,

ibid. ).

The posulds Pound in this study indicate Lhat the
annual oworating coests for kKO ($142,200) is substantially higher

than the egui-zalent [or plate evaporation ($T1,500), pointin

the fasd thel e use of the RO piant al this high capaciiy is net
ag econ wicar a5 e use of & plale evaporator. Thus it seems
that the wse of 3¢ zu & preconcentration technique irn annle juice
procesaing will never be realised unless capiial cosis ure reduced
considerably and operating hours are increazed cignificantly. On
the basis of this study, it would not be financially prudent for
the Applc and Pear Board in Hastings to consider RO for the
preconcentration of apple juice when the capacity of their present

evaporator is no longer adequates



143,

VAR CALCULATION O A

PROM Wagsi: XATL

14

£.5) nd/min

AR g |)l t S I ) ﬁl’f - - & x (JO m Jfl
! ’ £ - . - ) . | S e Wy
i =le <4 A ma nr

= (21,450 = 150) g/hr

o i (24,450 = 150)
#]
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