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Hydrodynamic factors affecting flux
and fouling during ultrafiltration of skimmed milk

Alistair S. GRaNDISON*, Wirote YOoURAVONG, Michael J. [Ewis

Department of Food Science and Technology, The University of Reading,
Whiteknights, Reading RG6 6AP, UK

Abstract — The effects of independently varying both wall shear stig¥suid transmembrane pres-

sure TMP) on permeate flux and fouling during ultrafiltration of reconstituted skimmed milk in
total recycle mode have been investigated. Irreversible fouling resisRpdedreased aMP
increased. Increasing, at constanTMP led to an increase in both the initial flux, and subsequent flux
decline, and to a decreasdRjp At the highest,,, increasingrMP resulted in greater initial flux accom-
panied by increasing rates of flux decline and more irreversible fouling. Increasing and then decreas-
ing TMPin a controlled, stepwise manner at constgrauggested that flux is governed by both a
reversible, and an irreversible fouling layer which forms at higih&®; this also controlled the
transmission of protein. Critical operating conditions producing the least fouling were evaluated
during this procedure.

ultrafiltration / fouling / critical flux / wall shear stress

1. INTRODUCTION composition of the feed, membrane prop-
erties and hydrodynamic conditions. For
The major problem of pressure-drivenexample, with low protein feeds such as
membrane processing is fouling, whichcheese whey, flux declines steadily with
results in flux decline and changing retentiortime due to irreversible adsorption of pro-
characteristics [12]. Fouling limits mem- teins and deposition of salts on the mem-
brane performance, reduces the working lif¢yrane, whereas with milk under the same
of membranes and increases cleaning cosgperating conditions, the flux is initially
[4]. lower but remains constant, probably being
Flux behaviour during ultrafiltration is controlled by concentration polarisation [4,
determined by a number of factors includingl4]. Also the flux patterns observed during
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ultrafiltration of skimmed milk using tubu- sure transducers (Ellision Sensors, Model
lar or hollow fibre membranes have beerGS4001, Wrexham, UK) were used to mea-
shown to be quite different to spiral-woundsure the pressure at the inléf)(and outlet
systems [5, 17]. These observations prob#P,) of the membrane, and of the permeate
bly relate to differences in hydrodynamic(accuracy + 1kPa). The pressure transducers
conditions. were positioned as close to the inlet and out-
During ultrafiltration of skimmed milk, '€t of the membrane as physically possible.
permeate flux can be improved by increas! e permeate was collected and weighed
ing the cross-flow velocity or the trans- (&ccuracy +0.1 g) continuously to measure
membrane pressure of the feed [4]. Increasirits flow rate. The temperature of feed was
the cross-flow velocity and transmem-controlled by a heat exchanger. All of these
brane pressure with spiral wound memParameters were measured every 30 s and
branes leads to increased initial flux anconitored using a data logger system
changing flux pattern [5]. This suggests tha(Eltek,1000 Series, Chesterfield, UK). The

flux and fouling are controlled by hydrody- cross-flow velocity was changed using a
namic factors. variable speed, 4.4 kW centrifugal pump

(Puma, APV, Crawley, UK) with motor

However, limited information is avail- speed controller.

able regarding the effect of hydrodynamic
conditions on flux behaviour, fouling and
retention characteristics during ultrafiltra- 2.2, Membrane performance
tion of milk. Previous studies on permeate

erally aimed to predict flux under steady-yery small the permeate flu¥)(can be
state conditions [5] where the membranteypressed as:

may already be fouled, while little work has _ TMP
attempted to investigate how fouling devel- J= u (R) (1)
ops and the role of hydrodynamic factors ir Py
this development. This study aimed to detenNhereyp is permeate viscositf,MPis the
mine the influence ofMP andr,, on flux transmembrane pressure which can be cal-
behaviour, fouling and transmission char-culated by the following equation:
acteristics during ultrafiltration of reconsti- P +P,
tuted skimmed milk and to determine the T™MP = -F @)
role of these variables on the mechanisms ( 2
flux and fouling. In this way it was hoped to WhereP; andP, are inlet and outlet pres-
enable prediction of the operating condi-Sure respectively ar, is permeate pres-
tions producing the least fouling using aSure-
critical flux concept [3, 7, 20]. R; is the total hydraulic resistance, com-
prising the membrane resistané®, X and
the fouling resistanceRy):

Ri=R,*R. 3)

reflects the physical properties of the
A tubular membrane was used (PatersomembraneR_ for polymeric membranes
Candy International, Hants, UK). The mem-was found to increase with increasifiglP
branes were composed of PVDF, MWCCQand operating time due to membrane com-
200 000 gmol~1, with internal diameter paction [16]R,,for PVDF membrane in the
1.25 cm, active membrane length 57.6 cnrange offMP 0-3.5 bar and time 0—90 min
providing membrane area 226 €nPres- was determined experimentally during

2. MATERIALS AND METHODS

2.1. Membrane system and operation
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ultrafiltration of de-ionized water, thus obvi- The same batch of powdered milk was used
ating the effects of fouling and concentratiorin all experiments to ensure that changes in
polarisation. measured parameters did not result from

R;can be broken down to reversible foul-variation in milk composition.
ing resistanceR;) and irreversible fouling

resistance (B: 2.4. Analytical methods

= + R, (4)
R =Rat Ry Total solids and protein contera§milk

R, was estimated after the membrane wagamples were measured using a Dairylab2
fouled, by replacing the feed with water to(Multispec Ltd, York, UK).

eliminate reversible fouling resistance (see Protein content of the permeatamples
detail in experiment procedure). The watewas measured using the Bradford Assay Kit
flux of the fouled membrane was then deter{Sigma Diagnostics, London, UK).

mined to estimate the irreversible fouling  \/iscositiesof permeate and milk sam-

resistance by the following equation: ples were measured using an Ostwald

_ TMP U-tube (BS/U) capillary direct flow vis-
Ry = ~Rn ®)  cometer.

l'lp ‘]wf
where]  is water permeate flux of the _
fouled membraneR at the end of runwas ~ 2.5. Experimental procedures
calculated by using equations (3) and (4).

1, represents the shear forces on the sur- The effects of MPandr,, on flux, irre-

face of the membrane and can be calculateff'Sible fouling and protein transmission
by the following equation using experi- Vere studied. Experiments were carried out

mental values oP. andP.. [8]: in total recycle mode, at 50 °C. Fifteen kilo-
: 0 grams of reconstituted skim milk was used

_ dy (P - F) (6) in each run. Note that this is equivalent to a
w 4L volume reduction ratio of 1. All experi-
mental runs were carried out at least in

whered, is the hydraulic diameter and L is

the length of membrane. duplicate.

Protein transmissior) was caleulated o'y 20 L AEUELIC o nstant
according to the following equation: conditions off,, (19 and 227 Pa). In a further
T = i @ series of experiments the effect of varyi
re C, (19, 76, 152 and 227 Pa) at consfantP
whereC, andC, are the concentrations of (3.5 bar) was studied.
the protein in the permeate and the reten- For each set of processing conditions, the
tate respectively. feed tank was first filled with soft water at
50°C to warm up the system and evaluate
) ) ) the water flux. Then the water was replaced
2.3. Reconstituted skimmed milk with reconstituted skimmed milk. The per-
) ) ) meate valve was completely shut off before
Reconstituted skim milk (8.2% total the chosen operating conditions were set,
solids, 3.2% protein, pH 6.65-6.75) wasanq then gradually opened until the appro-
prepared by adding medium heat skim milkyrjate TMP was obtained. The permeate flux
powder to warm water in a jacketed vat withyas monitored and recorded every 30 s by
gentle agitation. It was thoroughly d|ssqlvedthe logging system. After 60 min the milk
and then heated to 3C before processing. \as replaced and flushed with soft water at
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50 °C, at cross-flow velocity 2 rerl for 102 m-Lat 3.5 bar). This result suggests
2 min while the permeate flux was com-that the flux was almost pressure—indepen-
pletely shut—off. The average water flux wasjent, controlled by reversible fouling resis-
evaluated aTMP 0.5 bar and 50C over a tance [4]. Total hydraulic resistance at each
period of 3 min to calculate;RA permeate TMP did not change with time but increased
sample was collected for 3 min up to thegreatly with increasingMP. The contribu-
specified time, for evaluation of proteintion to reversible fouling resistance of con-
transmission. centration polarisation probably did not
A further series of experiments was carthange with time because it would have
ried out in which the permeate flux wasbeen established in the first few seconds of
monitored during stepwise increasing andProcessing, the rejected solute starting to
decreasing oTMP at constant,, (227 Pa). form a polarisation layer instantaneously
EachTMP level was maintained for 20 min, [6, 18]. The irreversible fouling due to con-
except for at the highest levelBiPwhere ~ solidation may have increased with pro-
conditions were maintained for 40 min. Acessing time, especially at higiMP, but
sample of permeate was collected over th#e resulting resistance would be small com-
final 3 min at eaciMP stage, for evaluation Pared to the total hydraulic resistance. Both
of protein transmission. reversible and irreversible fouling increased
significantly with increasingMP (Fig. 29.
Irreversible fouling results from direct
3. RESULTS AND DISCUSSION adsorption of soluble milk proteins onto the
membrane surface, as well as deposition of
3.1. The influence offMP and 7, on milk proteins and salts during processing
flux decline, irreversible fouling [4, 19]. Itis possible that an increasd MP
and protein transmission encouraged the formation of irreversible
fouling due to an increase in the amount of
The experimental error in all investigatedprotein transported to the membrane sur-
parameters was determined by calculatinface by convection (permeate flux increase
standard deviation (SD), which indicatedabout 17%) [2]. It has been reported that the
very good reproducibility. The limits of per- deposit formed under high pressure is tight
centage errors were as followsg, (SD < and difficult to remove [10, 15]. The pro-
7%), TMP (< 5%),J (< 5%), R (< 12%) tein transmission at the end of run (60 min)

andT, (< 2%). of each condition is also presented in Fig-
ure laProtein transmission decreased sig-

3.1.1. The effect oTMP nificantly with increasedMP. This could be
atlowr, (19 Pa) due to an increase in both irreversible and

reversible fouling [1].

The fluxes at each value ®MP were
almost constant with time during 1 hour's  3.1.2. The effect of,,
processing (Fig. 1a). There was a small
increase in flux with increasingVIP over a Increasingr,, up to 227 Pa at constant
seven-fold range (from 17 + 0.5 kg%h™t  TMP (3.5 bar) led to a large increase in the
at 0.5 bar to 20 + 1 kqn2h~1at 3.5 bar). initial flux (0 min) and subsequent rate of
Under these conditions, the irreversible foulflux decline (Fig. 1b). The initial flux at,
ing resistance (at the end of run) was smaft27 Pa (154 + 2 kgi2h~1) being approx-
(1.77 £0.11x 102 m1at 0.5 bar to 2.82 + imately eight times greater than at 19 Pa
0.29x 102 mat 3.5 bar) compared to the (20 + 1 kgm2h~Y). The increase in initial
reversible fouling resistance (at the end oflux with increasing,, was possibly due to
run) (10.7x 102 m1at 0.5 bar to 74.8  an increase in the rate of particle (e.g. casein
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protein transmission
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micelles, whey proteins or insoluble mat-versible and reversible fouling decreased.
ter) removal, which could result from anOne explanation could be that the irre-
increase in back diffusion and sheawersible fouling layer at high, (and there-
enhanced diffusion [3]. In addition, the ratefore high flux) was less porous, or became
of flux decline increased with increasing more localised at the pore entrance, thus
which may be due to an increased rate afeducing effective pore size [10, 13]. The
particle deposition resulting from the shear force may remove the larger casein
increased initial flux, the rate of particle micelles, whereas smaller particles (e.g.
deposition being higher than the rate of parwhey proteins, small micelles) would remain
ticle removal. As, increased, the reversible on the surface of the membrane and be
fouling resistance was decreased greatlyesponsible for build up of fouling [11]
(from 74.9x 10?m%, att,, = 19 Pato 9.6 and/or filling in gaps in the porous cake
x 102 m~1, at 7, = 227 Pa) while irre- layer, reducing its porosity [14].

versible fouling decreased significantly from

2.82+0.2%10%m™(r, 19Pa)t01.70+ 313 The effect of TMP at high,,

0.13x 1021 (7, = 227 Pa) (Fig. 2b This (227 Pa)

result suggests thagj, has a role in removal

of particles away from the membrane sur- The influence off MP at the highest,,
face by erosion. Moreover, protein trans{227 Pa) is shown in Figure l@nlike at
mission decreased with increasgg(Fig. lower 7, (19 Pa) the flux at alfMP levels

1b) which was unexpected as both the irredeclined with time. Increasing tHeMP
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resulted in increases in both the initial fluxsibly due to more solute deposition on the
and the rate of flux decline, suggesting thamembrane surface by convective transport
the flux was in the pressure-dependenfpermeate flux) followed by consolidation at
region. However, the effect of increasinghigh TMP to form a stronger deposit which
TMP from 0.5 bar (initial flux = 93 + could not be removed by the force of ero-
2 kgm2hY) to 1.5 bar (initial flux = 134 + Sion. Furthermore, protein transmission also
3 kgm2h-1) was much greater than sub-decreased agMP (or flux) increased
sequent increases to 2.5 bar (initial flux =Fi9. 1a) which suggests that the fouling
144 +3 kgmr2hr?) and 3.5 bar (initial flux developed at high, was caused by smaller
= 154 + 2 kgm2h-1). This could be due to particles resulting in a less porous deposit.

a higher resistance due to reversible fouIgso'\r/vl\%?rzé::ggslggrrizseallgc:iv;vrsIck;)clyerrfr(i)l:l)JLI;tTe%
ing at the higher values MP (Fig. 23, y

in which the flux approached the limiting to the reduction.

flux. The rate of flux decline increased as The significant effects of bofAiMP and
TMP (or flux) increased. This result indi- ¢ on the ultrafiltration performance, includ-
cates that permeate flux plays an importarihg flux, fouling and protein transmission
role in particle deposition causing the fluxsuggest that under conditions where irre-
decline. IncreasingMP led to increased versible fouling is reduced (i.e. high wall
irreversible fouling (Fig. 2a). This was pos-shear stress), fouling could be minimised



Figure 3. Flux
behaviour and pro-
tein transmission
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decreasingMP, (a)
maximumTMP 0.38
bar, ) maximum
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and constant flux could be maintained byshown for eaciTMP level The difference
balancing the particle erosion rate (usindetween the initial flux and the flux at
shear force) and particle deposition (con20 min at the loweTMP levels (0.32 and
trolled by permeate flux) as also suggeste@.55 bar) was very small. AEMP was

by Gesan et al. [9].

3.2. Critical operating conditions

3.2.1. Flux behaviour
and fouling characteristics

increased to 1 bar the flux decreased from
116 initially to 107 kgm2h1after 20 min
and similar flux decline with time was
observed at the high@MP values. How-
ever, the flux did not increase greatly as
TMP increased from 2.5 to 3.59 bar indi-
cating that the flux was approaching the lim-
iting flux, which was about 120 kg—2h2,

The response of permeate flux duringThe flux decline with time may have been
stepwise increasing and decreasiigP at
constant, hight,, (227 Pa), was investigated increased particle deposition rates which
over two ranges of MP (0-0.38 bar and were higher than particle removal rates [9].
0.32-3.59 bar). For the high&€MP range
(Fig. 3b), the flux increased with each step With stepwise decreasesTiMP, it was
increase iMTMP. Initial flux and flux after
running for 20 min (40 min at 3.59 bar) areeach step was followed by an increase in

due to increasing permeate flux leading to

also notable that the reduction in flux with
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the permeate flux with time. This may havebrane used in this study had a bigger pore
been due to reduced particle deposition ratesize (200 000 gnoll) compared to those
resulting from decreased permeate flux, theormally used for ultrafiltration in the dairy
particle removal rates becoming higher thaimndustry (around 25 000mol). It is also
the particle deposition rates. This suggestgossible that under these conditions both
that the deposit, which had formedT@dP reversible and irreversible fouling was low.
increased, could be removed by the wall
shear force. Moreover, the flux during the 3.2.2. Critical flux concept
decreasingrMP steps was considerably
lower than that during the increasing steps at The critical flux concept for membrane
the samé& MP levels. Thus hysteresis wasfiltration has been proposed by Field et al.
observed. This suggests that an irreversiblg]. Critical flux can be considered to be the
deposit also formed, which could not beflux just below that at which deposition onto
removed by the wall shear force. the membrane to form a cake layer begins.
. . ) At this point a concentration polarisation
When a similar exercise was carried OU[ayer js present, but this does not become
at lowerTMP levels (0-0.38 bar) (Fig. 3a), sqjigified into a cake on the membrane sur-
th.e flux mcrea_sed or decreased with steprace and in principle is reversible. They
wise changes iliMP, as before, but subse- ;|aimed that operating membrane filtration
quently remained constant with time in ally; 5 hermeate flux lower than or equal to
cases. This indicates that a balance betwegg critical flux could reduce or eliminate
particle removal rate and particle deposijreyersible membrane fouling. Critical flux
tion rate existed under these conditions. Thg yetermined by hydrodynamic conditions,
fluxes during the decreasing steps were al§Qqre sjze and composition of the feed, and is
lower than during increasinBMP, but the  gometimes equal to limiting flux but in other
differences were less marked than over thg;ses operating membrane filtration at the
high TMP range. Therefore, only a very limiting flux causes more fouling. The crit-
small hysteresis was observed. This resujty) flux can be evaluated by investigating
suggests that less irreversible foulingryip at controlled permeate flux levels.
occurred at loweTMP. IncreasingTMP at a given flux indicates
Protein transmission was also investi{hat the balance of particle convection and
gated during the stepwise increasing anffmoval has shifted towards deposition, and
ence the critical flux has been exceeded

decreasing o MP. Under the conditions X
of high TMP and flux (Fig. 3b), transmit- _[3]. At fluxes equal to or lower than the crit-

ted protein decreased aMP and flux ical flux, the relationship betwe&iMP and
increased, but subsequently recovered pafl should be linear with no hysteresis [20].

tially as TMP decreased, suggesting that! WO forms of the critical flux have been
both reversible and irreversible fouling ProPosed [20]. The “strong” form of critical
affected the protein transmission. On thdlux exists if the flux of a suspension is iden-
other hand, protein transmission remaine{c@! t© the flux of clean water at the same
constantT, (%) = 0.82) over the lower range . MP. The “weak" form of critical flux exists
of TMP (Fig. 3a). Presumably changes inl the relationship between flux af#pis
irreversible or reversible fouling were not/Inéar, but the slope of the line differs from
sufficient to affect protein transmission inthat for clean water. The latter case only
the latter case. However, the protein trang¥/ould be relevant to the current study.
mission was considerably higher compared The value of the critical flux will also be
to levels usually found in the dairy indus-influenced byr,,. The ratio ofl/7,, has been
try [4] where protein transmission is aboutused to evaluate membrane filtration per-
0.1%. This was probably because the menfermance regarding fouling and selectivity.
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The ratio defines the balance of particleThe permeate flux played an important role
deposition rate (relating t& and particle in particle deposition rate, influencing both
removal rate (relating tg,) [9]. Operating reversible and irreversible fouling. Both

conditions are recommended in whiltly,  reversible and irreversible fouling affected
is lower than the critical value. This con-the transmission of protein. Low irreversible
cept is similar to critical flux concept but fouling and constant flux were obtained
also takes into account the effectrgf when flux was lower than the critical flux.

The results from stepwise increasing and 1€ critical f_ng_alltrW = 227 Pa was about
decreasing’ MP enable the evaluation of 0-100 kgm™=h~.
the critical operating conditions required to  Current studies aim to discover the effect
minimise both reversible and irreversibleof wall shear stress, concentration, the
fouling, using the critical flux concept. Chen physico-chemical properties of the milk as
et al. [3] observed a small hysteresis effectvell as the influence of membrane charac-
even at fluxes below the critical flux in sim- teristics on the critical flux. This should help
ilar experiments using colloidal silica sus-to ensure more efficient ultrafiltration of
pensions. Since only a small hysteresis wasilk.

observed in Figure 3a, and the relationship
between flux andMP was almost linear,

the flux obtained was probably lower than ACKNOWLEGEDGEMENTS

the weak form of the critical flux at all pres-

sures. However, the change in flux charac- The authors would like to thank the Royal
teristics occurring aTMP of 1 bar, as Thai Government for providing sponsorship for

observed in Figure 3b, suggest that at hig
1,, (227 Pa) the critical flux would be around
90-100 kgn2h-L This would result in a
ratio of Jf,, of approximately 0.4 ko2
h-L.Pal Gesan et al. [9] carried out micro- 0
filtration of skimmed milk using a 0.Aim

pore size tubular ceramic membrane at con-
stant volume reduction ratio of 2. Their datd?2]
produced a ratio a¥/t,, of approximately

0.6 kgm~2h~LPal(z, = 100 Pa, critical
flux = 58 kgm~2h-1) which is comparable

to the current study. Differences would begg)
expected due to the different pore size, mem-
brane material and feed composition.

(4]
4. CONCLUSION

The hydrodynamic factor§,MP, per- (5]
meate flux and,, played an important role
in flux pattern and fouling characteristics.
IncreasingTMP increased both reversible [6]
and irreversible fouling. Increasing, led
to increased permeate flux as well as reducﬁ]
ing the reversible and irreversible fouling
due to an increase in particle removal rate.

P{Ir Youravong.
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