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ABSTRACT

The aims of the present work were to study thetiogiship between the fluxes, permeate quality, fmding
mechanism. A polysulfone membrane with 100 KDath® nf of surface area was used. Permeate fluxes were
measured for different pressures (0.5, 1.0, 1.5, 219 bar) at the same temperature of 8 P@e fluxes measured
for each pressure ranged from 22, 24, 27 and 38kg? at 0.5, 1.0, 1.5 and 2.0 bar, respectively. Sampfehe
feed and permeate were analyzed for pH, color,idiit§y sugar, bitterness, and proteins. The foulingchanisms
observed were cake filtration, partial pore bloakjrand complete pore blocking.
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INTRODUCTION stabilization, and sterile filtration in one single
continuous operation and can be used in all stages
Beer is the second most consumed beverage in thébeverage processing (Czekaj et al., 2000).
world after tea, and it continues to be a populaFhe crossflow microfiltration technology has yet
drink (Fillaudeau and Carrere, 2002). Theto become accepted by the industry because of the
conventional beer clarification process employs &w flux caused by the fouling. The main reasons
filter press or pressure vessel filters, which arare the excessive fouling on the membrane surface
commonly pre-coated with porous particles ofwith resulting low membrane fluxes, filtrate
diatomaceous earth as filter aids (Gan, 2001)olloidal stability problems, and stripping of
Environmental pressure on the wuse ofssential components (color and flavor) from the
diatomaceous earth has forced the industry tbeer (Taylor et al., 2001).
investigate new and alternative technologies. On&he polymeric membrane technique could be used
such technology, crossflow filtration, has beerfor the microfiltration of raw beer, as proposed b
studied in detail (Taylor et al., 2001). In the beeBurrell and Reed (1994), Reed (1998), Gan
and wine industries, microfiltration, such as(2001), Fillaudeau and Carrere (2002), Franca
diatomaceous earth filtration, could be a promising\eta et al. (2005), who considered it capable of
alternative to the traditional clarification prosgs producing  microfitered  beer  free  of
because it eliminates the residues generated dy ttiicroorganisms and  without retention  of
kind of treatment and the need for filter aidscomponents of a quality drink.
Microfiltration can also combine the clarification,
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The aim of the present work was to study thenteractions of the accumulated material with the
relationship between the fluxes, permeate qualitynembrane. In this case, a fouling mechanism, such
and fouling mechanism during beer clarification. as adsorption on the membrane pore walls and
pore plugging by the solute penetration occurs
rather than the build-up of a particle cake layer a
MATHEMATICAL MODEL OF FOULING the interface.
MECHANISM The various modes of pore blocking are a function
of the solid/solute size and shape in relatiorhto t
An important limitation in the performance of membrane pore size distribution: complete pore
membrane processes is that the permeate flux lidocking (the pore entrance is sealed); pore
adversely affected by the transient build-up of @ridging (partial obstruction of the entrance) and
layer of rejected species at the membrane upstredamernal pore blinding (material not rejected bg th
interface. The general effect of these phenomenppre entrance is adsorbed or trapped on the pore
known as concentration polarization, is a rapidvall or in the membrane support (Barros et al.,
permeate flux decay during the early period o2003).
filtration, followed by a long and gradual flux For process engineers designing systems it may be
decline towards a steady, or nearly-steady-stateseful to classify the fouling as in-depth pore
limit value. However, a more important aspect ofouling, pore plugging and cake formation. The
concentration polarization phenomena, which hamodes are illustrated in Figure 1.
to be considered, is related to the physicochemical
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Figure 1 - Mechanism for membrane fouling: (a) complete pblecking; (b) partial pore
blocking; (c) cake filtration; (d) internal poredgking.

To account for the foulant removal mechanisnpyoided.z In this work,J” was considered the
from the membrane surface, a mathematical modghit value (J,)of the permeate flux attained in

able t_o describe the. per.mea.tte flux OIec"m?he steady state conditions, in according to the
[‘”) in cross-flow microfiltration has been reference (Giorgio et al, 1998 and n are

dt . . .
Phenomenologlcal coefficient and general index,

presented by Field et al. (1995) and Field et alspectively. both depending on. the foulin
(1996). The model is based on classical constaht PeCHVel. : P 9 9
mechanism (Todisco et al, 1996).

pressure dead-end filtration equations (Hermia :
1982) that have been unified in the foIIowing'A‘Ithc.)ug.]h the model expregsed by Eq. (1). IS not
general differential equation: predictive one, on the basis of the experimental

data it permits pointing out the fouling mechanism
involved during the filtration process, according t
the estimated value fan, as follows (Field et al.,
1995): Complete pore blocking (n=2), Partial Pore

. Blocking (n=1), Cake Formation n=0) and
where J° can be considered a critical flux which |yternal Pore Blockingfi=1.5: J,=0).

should not be exceeded if fouling is to be fm =

lim

_EJ"_Z = k(J _J*) Eq(l)
dt

Braz. Arch. Biol. Technol. v.54 n.6: pp. 1335-138@yv/Dec 2011



Beer Clarification with Polysulfone Membrane anddt 1337

Complete Pore Blocking (n=2) pore. In this case, membrane resistance increases
When particles are larger than pore size, thes a consequence of pore size reduction.
membrane portion of the filtration area reached byAdditionally, if internal pore blocking occurs,
the particles is blocked as a consequence of fauling becomes independent of crossflow velocity
complete pore obstruction by means of sealingnd no limiting value for the flux may be attained,
(blocking). The resulting equation in this case is: that is,J, = 0 (Todisco et al., 1996).

lim

_ Ky t
J=Jd, +(J0 _Jlim)e Ea.(2) % =%+(K;/2) A% ¢ Eq.(5)
305 7 30

where Jis the permeate flux,J, is the initial
permeate fluxt =0) where (K./2)A% =k, and A is the

The complete pore blocking reduces thenembrane area.
membrane surface. Depending on the cross-flow
velocity, permeate flux may be increased by
increasing the applied transmembrane pressuf@ ATERIALSAND METHODS
(Todisco et al., 1996).

Pilot plant and membrane
Partial Pore Blocking (n=1) Experiments were carried out on a microfiltration
As in the previous sectipnsolid particles or unit (Fig. 2), which allowed to use a PVC module
macromolecules that at any time reach an opgmM1) containing a polysulfone hollow fiber
pore might seal it. Nevertheless, a dynamignembrane, with a molecular weight cut-off of 100
situation of blocking/unblocking can occur. Also,KDa and 0.12 rmof surface area. This module was
particles may bridge a pore by obstructing theonnected by tri-clamp connections, allowing easy
entrance without completely blocking it (Todiscodismounting. The unit also contained a 5-L-

et al., 1996). The equation is capacity feed tank (T1), a pump (P1), a flowmeter
(F1), two pressure gauges (PG1l, PG2), one

ot= 1 Ea.(3) thermometer (T2), and gauges V1 to V6. The
3. {In Jo=Jin  J } operating conditions were adjusted by the control

" J, J-3J,, of valves (V3 and V4) and of the pump motor

rotation (P1) simultaneously. The beer temperature
was maintained by water circulation in the tank
jacket (C1). Gaseous nitrogen (C2) was injected

Cake Formation (n=0) into the feed tank (T1) to maintain the atmosphere
Particles or macromolecules that do not enter thgge of .

pores, form a cake on the membrane surface. The
overall resistance consists of the cake resistance. . .
and the membrane resistance, which is assumed dcroflltranon_procedure .
' In” each experiment, rough beer obtained from a

remain, unchanged (Todisco et al., 1996). Th%revious stage of clarification was used. The

resulting equation is microfiltration unit was operated as a re-
circulating 3.5-L batch. Feed stream was pumped
Gt :% Ir[‘] % _Jlim\J_J””(l_l\J Ea.(4) Eq.(4) from a temperature controller tank (8 °C) through
Jiml \ Lo I=dnm J 3 the membrane. The flow rate was 650 L. h
- Transmembrane pressures (TMP) were 0.5, 1.0,
whereG =k, .
ko 1.5, and 2.0 bar. The permeate was collected in a
_ beaker that was placed on an electronic balance
Internal Pore Blocking (N=15; J,, =0) (B1) (£0.01 g) (Gehaka, S&o Paulo, Brazil), and
Particles enter the pores and are either depasitedconcentrate returned to the feed tank. The
adsorbed, thus reducing the pore volume. Thmicrofiltration was made in duplicate and mean
irregularity of the pore passages causes the@lues have been given in this work.
particles to become tightly fixed by blinding teeth

whereo =Kk;.
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Figure 2 - Schematic pilot plant.

The permeate mass control and the concentrati@xtract, and chill haze were measured according to
factor (CF), are defined by the Eq.(6). When thédOAC methodology (1980). Color was measured
CF reached the value of 1.4, the experiment wdsy the absorbance at 430 nm. Turbidity was

interrupted. determined with a HACH DR/2010 portable data
logging spectrophotometer. The analyses were
VY Eq.(6) made in triplicate and mean results have been
CF‘V -V shown in this work according to the membrane
e rejection coefficient (R), which was defined by:
where \f and \p are the total feed volume and Eq.(8
i (%) =100 - S a.(8)
permeate volume, respectively. Permeate flux wa8(* f

calculated according to Eq. (7), and the curve of J

versus t was obtained for each run. where G is the concentration of solute in the feed

stream and g is the concentration of solute in the
m, Eq.(7) ) : .
=P permeate. This parameter is based on studies of
At how solute molecules are rejected by membranes.

A solute will pass through a membrane if it is
where np is the permeate mass, A is the effectivesmall enough to pass through a pore, if it does not
membrane area, and t is the time. To obtain thgignificantly interact with the membrane, and if it
flux (J) as a volume ratio, J was divided by thedoes not interact with other (larger) solutes
beer density. (Coulson et al., 1996).

Physical and chemical analyses

Clarified and feed beer were analyzed for pH (@QRESULTS AND DISCUSSION

25 °C), color, turbidity, alcohol content, bittesse

protein, sugar reducer, real extract, primitiveFlux comparison

extract, apparent extract, and chill haze. The pFillaudeau and Carréere (2002) found that the
was measured by a Didimed DM20 pHmeterspecific attention should be paid to the comparison
Reducing sugar was estimated by the DNS among the experimental results due to a large and
Berkeley method, modified by Zanin and deinevitable variability of beer properties. Figure 3
Moraes (1987). Protein was estimated by thshows the polysulfone hollow fiber membrane
Bradford method (1976). Alcohol content, performance in beer filtration under different
bitterness, apparent extract, primitive extracal re pressures. It showed the typical behavior of a
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tangential microfiltration process curve. After apermeate flux increased with the pressure increase,
sharp initial flux decline due to membraneand with constant temperature. The pressure
compaction and concentration polarization, thincrease caused an increase in the permeate flux,
flux stabilized at about 150 min. The fluxes8.76% for the pressure of 1.0 bar, 22.6% for 1.50
obtained at each pressure were 22, 24, 27 and bar, and of 36.2% for 2.0 bar, in relation to
kg H' 0.5, 1.0, 1.5 and 2.0 bar, respectively. Thpressure of 0.50 bar.

50 + 0.5bar
45 m 1.0bar
[ |
1.5bar
& 40
£ [ ® 2.0bar
B
230’ 10t e, %0, ..,
> [ ] L]
= ‘anm .
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e et et ., * . .
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Figure 3 - Polysulfone hollow fiber membrane performance bieer filtration at different
pressures.
Gan (2001), using ceramic membranes witland Carrére (2002) reported that the flux of

nominal pore diameter of 0jm at 2.0+ 0.7 °C, ceramic membranes with nominal pore size of 0.1-
0.8 bar and a backflushing program, had reporte@.8 um was 15-35 L im? at 1 °C and 1-2 bar of
flux around 20 kg h m? but when he used transmembrane pressure.

reversed membrane under the same conditions, he

reported a flux around 50 kg'hm? Eagles and Analysiscomparison

Wakeman (2002), using a O.&n cellulose nitrate The percentile rejection coefficients of all the

membrane at 20 °C with crossflow velocity of zphysical and chemical analysis parameters
m/s, and transmembrane pressure of 19 beinvestigated are shown in Table 1.
obtained a steady flux of 250 L*m™. Fillaudeau
Table 1 - Percentile rejection of physical and chemicallgses.

R (%)
Parameters 0.5 bar 1.0 bar 1.5 bar 2.0 bar
Sugar 155 24.1 27.3 21.3
Alcohol 1.49 0.680 -1.87 -1.15
Bitterness 44.9 45.0 40.7 48.9
Protein 84.7 82.3 72.9 79.5
Primitive extract 8.00 10.1 10.9 11.3
Real extract 57.7 28.1 32.0 30.0
Apparent extract 31.9 44.1 50.8 48.3
Chill haze 97.5 95.2 92.6 94.8
Color 34.2 29.1 40.5 39.0
Turbidity 97.3 100 96.7 90.5
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An irregular percentile of rejection of all phydica responsible for the beer haze make achieving
and chemical parameters analyzed, excemarification with the membrane process difficult,
primitive extract, which increased with pressurebut the reduction of chill haze in beer clarificati
rise, coul be observed. Gan et al. (2001) attrdbutewith a polysulfone membrane was good in all the
this to fouling, which caused a gradual reductioriests, and the most significant result were obthine
in the effective pore size, further flux declineda at 0.50 bar.

a membrane selectivity change. In the alcohdKuiper et al. (2002), using ceramic membranes at
content, a low percentile rejection coefficient for5 °C, reported a percentile of rejection for chill
the pressures of 0.50 and 1.0 bar was noticeflaze equal to 97.2% for a membrane of 8-

while for the pressures of 1.5 and 2.0 bar, thgj.qje pores and 95.9% for a membrane of {Irb-
percentile rejection coefficient had a negative,cle pores.

value as the alchohol content was higher, but the
values of percentile of rejection were too Sma”Study of fouling mechanism

V\:chen_ they Wereﬁgqmparedht_or:hellothe(; perg:efntik,eo identify the mechanism of fouling during beer
of rejection coetficients, which aflowed to inter ultra-filtration, the model parametekand n

that the alcohol content stayed practically CortSta%stimation was carried out according to the

during the tests. . . R
The pH of all samples was 4.50 and it WaLsnonllnear regression optimization procedure used

constant in all tests. The transmission of alcohdh the program MATLAE. For each setl X t
and pH were little affected during the filtrali®®  of experimental data, a series of four optimization
the investigated beers were constituted by very,ns were performed sequentially by assigning (

small molecules, according to Gan et al. (2001)- 0, 1, 1.5, 2) and the corresponding steady state
The transmission of protein was affected in all the already observed experimentally. The

tests. It was caused by the reduction in thé’aIue iim _
effective pore size and because these molecul¥glues of sum of the squares of the residuals
were bigger than the membrane “cut-off’ pore(SSDD) between the numerical predictions and the
size. Bitterness, real extract, and apparent extra@xperimental data was the criterion used to choose
transmission were affected too. According tdhe optimum value oh and establish the fouling
Fillaudeau and Carrére (2001), the chemicamechanism, which as shown in Table 2.

diversity and large size range of the particles

Table 2 - Values of the sum of the squares and coeffisiehthe residual criterion.

P =0.5bar P=1.0bar P=1.5bar P =2.0bar
ko 3.59x10* 9.92x10" 5.17x10" 6.07x10"
SSDD 149.77 90.80 115.23 91.82
k1 6.60x10° 2.18x10° 1.31x10° 1.62x10°
SSDD 179.36 78.32 111.96 86.49
k1.5 3.40x10° 4.80x10° 3.10x10° 2.60x10°
SSDD 389.19 695.09 336.10 276.14
ko 1.93x10" 6.39x10" 3.34x10" 3.60x10"
SSDD 232.08 86.35 118.44 85.64

In agreement with Table 2, the foulingcurves during the appraised time. For the pressures
mechanisms that supplied the smallest SSDbBf 1.0 and 1.5 bar, the predicted behavior was

values were pressure of 0.50 bar with n = 0, gpartial pore blockage as shown in Figs. 4 (b) and

cake filtration; pressure of 1.0 bar with n = 1, or(c). When increasing the pressure for 2.0 bar,

partial pore blocking; pressure of 1.5 bar with n snternal pore blockage was observed, as the
1 or partial pore blocking, and pressure of 2.0 bgparticles entered and were deposited or adsorbed
with n = 2, or complete pore blocking. Thereforeon the membrane pores, thus reducing the pore
for the smallest pressure, the experimentalolume.

behavior was not well represented by any of the
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Figure 4 - Fouling mechanism at different pressures for pdfgae fiber membrane: (a) 0.50 bar,
(b) 1.0 bar, (c) 1.5 bar, (d) 2.0 bar.
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