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Critical stability conditions in skimmed milk crossflow
microfiltration: impact on operating modes

Genevieve Gsan-Guiziou*, Georges AUFIN, Evelyne ByavaL

Laboratoire de recherches de technologie laitiére, INRA,
65 rue de Saint-Brieuc, 35042 Rennes Cedex, France

Abstract — There exists a critical ratio (convection towards the membrane/erosion) in crossflow micro-
filtration, MF, below which there is no marked fouling by colloidal particles and above which per-
formance are altered: sharp increase of fouling, reduced operating time, large decrease in perme-
ability and solute transmission. This paper outlines the impact of the critical ratio on skimmed milk
MF processing (separation of casein micelles from the soluble proteins) and gives objective ele-
ments (taking into account the critical ratio) for the selection of start-up procedures and stationary modes
of operation: controlled transmembrane pressure or permeation flux; “static” or “dynamic” counter-
pressure, the latter achieved by circulating the permeate co-current to the retentate to maintain an equal
transmembrane pressure profile along the filtering path. Results showed that the controlled trans-
membrane pressure mode of operation was appropriate for conducting skimmed milk filtration, since

it prevented from sharp increase of the hydraulic resistance of fouling and maintained nearly constant
performances (permeability, selectivity) over the course of the time. In order to determine the more
appropriate counter pressure mode and to predict skimmed milk performances, a four step method was
proposed : i) assessment of the critical ratio; ii) selection of the critical flux at the required wall
shear stress; iii) determination of the corresponding critical transmembrane pressure in “dynamic”
counter-pressure; iv) calculation of the MF performance in “static” mode taking into account the
gradient of transmembrane pressure induced by the retentate pressure drop.

hydrodynamics / crossflow microfiltration / operating mode / critical permeation flux / milk

1. INTRODUCTION diameter. During skimmed milk MF the
fouling, mainly due to a deposit of casein
Separation and concentration of caseirmicelles at the membrane surface, is depen-
micelles from soluble proteins of skimmeddent on a critical permeation flux, Jcrit, to
milk can be achieved by crossflow micro-wall shear stress, ratio [2, 5]. Under this
filtration, MF, using a 0.1um mean pore critical ratio the performance (permeability
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and selectivity) are satisfactory: long MF 2. MATERIALS AND METHODS
time with slow increase of fouling and high Ui

soluble protein transmission. The perme ~ 2-1- Fluids
ation flux, J governs convective mass trans Skimmed milk, heat treated at 63 for

portto the m_embrane ang rul_es the rans- g s, was provided by Compagnie Laitiére
port by erosion, hydrodynamic diffusion O Eyropéenne (Montauban-de-Bretagne,
“lateral migration” of molecules and parti- France). It was heated to 3G for 30 min
cles back from the membrane towards thhefore MF experiments and 0.2Lg?
fluid bulk [1, 3, 7]. The critical ratio can be sodium azide was added to it to prevent any
determined in different ways: (i) with “para- micro-organism development. The clean-
metric” experiments consisting of gradualing solutions and water used as well as the
increase of J at constar)j[6] (the highest Cleaning procedures were previously
value for which the transmembrane presdescribed [3].

sure AP is stable is the critical flux, defined

as the flux under which there is no deposi  2.2. Membranes and microfiltration rig

tion [4]) or of gradual decreasef at con-

stant J oAP [2] (the critical ratio is char- ~ The membranes were multichannel tubu-
acterised by a sharp increase in the overelar ceramic Kerasep membranes with a
hydraulic resistance, R and decrease in pr©Q-1 Hm mean pore diameter (7 channels,
tein transmission); (ii) with several experi-&lumina membrane on an alumina support,
ments performed with constant J apgbver Orelis, Miribel, France). Two membranes

. ) - of different lengths were used: 0.400 or
the course of the time [5]: the limit betweenol856 m long, inner diameter 4.33 + 0.05 or

steady and “unsteady” (sharp increase inthy 35, o 05 163 m and membrane area 0.037
overall hydraulic resistance) runs definecy, g 081 ra respectively. The hydraulic resis-
the critical ratio. The knOWIGdge of the crit- tances of the 2 cleaned membranes were sim-
ical ratio enables the operator to determinjlar: Rm = 1.4 + 0.2x 101 mL. Previous
optimal stable filtration operating condi- experiments have shown that the perfor-
tions for high productivity, low processing mance during skimmed milk MF were inde-
costs and minimum cleaning requirementspendent of the length of the membrane
(0.400 or 0.856 m) [3].

However the choice of the modes of  The MF rig [2] could operate at various
operation (controlledP or J, “static” or concentrations of the feed stream using a
“dynamic™ counter-pressure) and the operfeed-and-bleed mode, at controlled either
ating parametersdP or J,1,) is generally J orAP. It was also equipped with the cir-
done without reference to the critical paramculation of the permeate co-current to the
eter. The aim of this paper is to show theetentate which allowed the experiments
impact of the critical ratio on MF processingWith simultaneous high,, and lowAP to
and how to take it into account so as to giv®® Performed.
objective elements for the selection of the
most appropriate start-up procedure and sti  2.3. Operating procedures
tionary mode of operation.

Every experiment was divided into
_— two phases: a “concentration” phase, simi-
1 The “dynamic” counter-pressure is achievedar and reproducible (variation of R < 10%)
by circulating the permeate co-current to thefor all the experiments and a “stepwise”
retentate to maintain an equal transmembranghase or “time” phase. The skimmed milk
pressure profile along the filtering path [8].  \was filtered at 50 °C.
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— The “concentration” phase, alreadywherep is the dynamic viscosity (taken as
described [2], was conducted at a volum®.55x 10-3 Pas (water) and 0.68 103
reduction ratio, VRR = 2.0, value choserPas (milk MF permeate) at 50 °C), R is the
according to industrial use. It was conductedverall hydraulic resistance which is bro-
with deg150 Pa), retentate preslsurg, Pken down to:

(4.0x10° Pa) and constant J (91htm~ _ .

or AP (0.1x 10° Pa). In both modes of oper- R =Rm + Rif + Rrf (2)
ation (constant J akP) aAP of 0.1x 1(° Rif, hydraulic resistance due to irre-
Pa corresponded to a mean value of permgersible fouling (adsorption, internal pore

ation flux of 91 Lh~tm2during the “con- plocking, etc.) on the membrane surface or
centration” phase. Once VRR reached th@y the membrane matrix.

value of 2.0, VRR was maintained as con- : . .
stant by running MF in a feed-and-bleed Rrf, hydraulic resistance due to reversible
mode of operation. After this phase of abouphg/nomena _(bclondcentr_fi[ltlon polarization
45 min, the evolution of irreversible ads;orp-an or reversible deposi).

tion could be considered as negligible. Rm and Rif were calculated from differ-

— The “stepwise” phase consisted of grad€"t AP values corresponding to pure
ual increases aiP (0.0 — 1.0< 10P Pa) at water permeation fluxes (between 0 and

1 .
constantr,,, with 15 min duration at each 500 Lh~m) before and after the milk MF

step £, = 100 Pa, Pr = 4 10° Pa). Points "€SPectively.
shown in the charts are the average values of
J at the steady state during the step. 2.4.2. Wall shear stress,,

— The “time” phase consisted of experi- ¢ which represents the forces applied
ment performed in the course of the tim&yy the fluid flowing tangentially to the mem-
(t,, = 100 Pa, Pr =2 10°Pa) at ellther CON- prane on an element of membrane area, was
stant J (ranging from 38 to 76 or  experimentally determined according to:

AP (ranging from 0.0% 1P to 0.47x 1P Pa). d AP

Three start-up procedures performed at Ty = - )
constanf\P were tested. The reference was 4L
performed without exceeding the set-upvhere L, the length of the tubular mem-
value of 0.1x 10° Pa, the other 2 exceededbrane. The pressure drop along the filtering
the set-up value with a maximub® of 0.3 path,AP,, that should be used is that due to
and 0.5x 1P Pa for about 200 s. the flow through the filter tube. Bernouilli's

Some filtration experiments were per_equation was then used to calculate the lon-

formed in duplicate with a good repro_gitudinal pressure drop along the membrane

ducibility (< 5% for permeation flux and tube once the pressure losses due to recir-
protein transmission). culation of flow before and after the filter

was removed from the measured value of
pressure drop. For the experiments, d was

2.4. Calculations taken equal to the initial diameter of the
_ _ clean membrane. Due to the small variation
2.4.1. Hydraulic resistances of d over the course of the time during these

of membrane and fouling layers = experiments4d < 3%),t,, was considered

_ as constant and is given with a 7% error.
According to Darcy’s law, .
The efficient wall shear stress,  was

_ AP (1) defined as:

HR Tweft = Tw ™ Tweo 4)
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with T, the critical erosion shear stresscasein micelles, micro-organisms and sol-
under which, at J = 0-b~m2 there is no uble proteins at the membrane surfdde,

transport of particles away from the depositJ andrt,, have been shown to play a major
T,codepends on the membrane and the solyart in MF performance critical zone: when

tion to be filtered. the balance between the convective forces
(J) and crossflowt(,) is tipped even slightly
2.4.3. Selectivity Iy, > (o)), the deposit becomes

more and more consolidated and irreversible
Transmission, Tr was calculated as fol-due to its compression under hifyR (that

lows: leads to increases in R and soluble protein
Tr= Cp retention) [2]. Le Berre and Daufin [5]
Cr (5)  showed that during skimmed milk MF the

ith C trati fh i igher VRR the lower Jcrit. The insertion
with +-p, concentration ot the component ¢ \/gR (effect of protein concentration) in

the outlet .Of the membrane pores and C'ihe critical ratio was proposed (J. VRR }
concentration of the component in the retenl—aut this result remains to be confirmed not

tate. Cp was caIcuIatgd from the concentradnly with 2 VRR values as done previously
tion of two samples withdrawn at the outle

of the permeate compartment andt + At 5] but by using a large range of VRR.

respectively. The calculation of_Cp _(taf The performance of skimmed milk MF
1/2At) was then performed considering th&yere characterised using “stepwise” exper-
permeate compartment to be a perfectlyments [4] and “time” experiments, all of
stirred compartment. them performed with “dynamic” counter-
pressure mode of operation. Whatever the
methodology, the critical zone [2] and the
performances (permeability, selectivity)
vere similar (Fig. 1). Figure 1 shows the

samples withdrawn during MF were anal-Performance obtained, for one “stepwise”
ysed fora-lactalbumin ¢-LA) and p-lac-  €XPerimentJ = iAP), one constant J *time
toglobulin B-LG) contents (error = 2%) by €xPeriment, and 4 constalf “time” exper-
reverse phase high pressure liquid chrolments. The evolution o_f the performance
matography [2]. The turbidity (Turbidime- VErSUsAP showed 3 main steps: whaR
ter, Hach, Namur, Belgium) of the permeate® 0-15% 10° Pa, J = fAP) was linear and the
(error = 5%) characterised the transmissioR"0tein transmissions were high and rela-
of the casein micelles through the mem!ively stable (Tg  , = 1.00 - 0.90; Ty, o
brane. Density (error = 0.2%) was deter= 0-90 —0.80); the evolution of [T, ver-
mined using a density meter (DMA 48, APSUSAP (not shown) was analogous g Tg
PAAR, Austria), and the dynamic viscos-evolution (Fig. 1b). OveAP =APlim
ity of fluids (error = 1%) using a microvis- = 0.2 10° Pa, J stabilised at a limiting per-
cosimeter (D8, Haake, Karsruhe, Germany)yneation flux, Jlim of about 76-br*m,
and protein transmissions decreased sharply
(Try.La from 0.90 to 0.67; -l[-StLG from 0.80
3. RESULTS AND DISCUSSION to 0.55). In the transition zone between
0.15x 10° Pa and\Plim an increase in the
3.1. Performance of skimmed milk MF  thickness of the casein micelles deposit
occurs [2] and therefore delimited Jcrit,
As previously described [5], the perfor-defined as the flux under which there is no
mance of the skimmed milk MF is mainly deposition. Jcrit was in the range 65 to
ruled by a deposit composed of retained6 Lh-m2(Fig. 1a). A more precise value

2.5. Analyses

Skimmed milk, permeate and retentat



Microfiltration stability and operating modes 133

APlirr

'APc\ritA o

0.0 0.2 0.4 0.6 0.8 1.0 12 1.4

Figure 1. Comparison of AP (bar)
performances obtained
with “stepwise” and “time”
experiments.

a: Evolution of the perme-
ation flux, J versus the
transmembrane pressure,
AP,

b: Evolution of the trans-
mission of3-lactoglobulin,
Trg. g versus the trans-
membrane pressurAp.
[0: AP = constantA: J = ]
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& J=fQP). ~ ‘
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of Jerit (72 + 2 Lhrm could be deter-  3.2. Impact of the critical ratio on the
mined using “parametric” experimemt® = selection of the operating mode
f(t,) at constant J akP = f (J) at constant
TW [2] When operating at Constan\k 3.2.1. Constan.t\] andP modes
(t, = 100 Pa in this work), Jcritdoes of operation
become the appropriate criterion which must
not be exceeded during the process in order Under the critical ratio (ot erit =
to maintain high separation performance. 0.95 Lh-tm2Pa?; 1, ,= 18 Pa) similar

In order to characterise skimmed milkPerformances were observed whatever the
MF, one 2 h “stepwise” experiment appeare@Perating modes (J &P constant) in “time”
to be less time consuming than “time” exper€Xxperiments performed with “dynamic
iments: 3 or 4 two hour “time” experiments Mode: atl cogstantw = 100 Pa and
were actually needed to get to the samd = 38 Lhm-m™=or AP = 0.07x 10° Pa the
information. The former methodology Normalised hydraulic resistance, R/Rm, was
deserves consequently to be preferentialljtable and equal to 7.5, 1y, = 0.95 and
used for the characterisation of a system. 'p.Lc = 0-83 for 4 h.
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Over the critical ratio MF performance (Fig. 1b) indicating irreversible compres-
depended on the mode of operation: sion of the deposit formed at the membrane

— at constant J a sharp increase in R/Rr%urface.

(Fig. 2a) and decrease in soluble protein Thys operating at constaki® prevented
transmission (Fig. 2b) were observed in congrgm sharp decrease in MF performance

trast with constamhP mode of operation.  (hermeability, selectivity) over the course

— at constarP overAPcrit & 0.18x 10P Pa, of an experiment. Moreover, it is not worth
value required to get to Jcrit (Fig. 1a)),Wworking with higherAP, since it would
the performance were constant over théesult in increased protein retention and
course of the time: J was equal to Jlim, tha¢leaning difficulties. The operating opti-
is to say the highest permeation flux thafmum ofAP was found to baPcrit, needed
could be achieved under these operatintp get to Jcrit, which is close to Jlim
conditions, and the permeate turbidity(Fig. 1a). Witht, = 100 Pa andP around
(which characterised the casein micelle®.18x 10° Pa MF performance reached a
retention) (35 NTU) and soluble proteinmaximum in permeability for solvent
transmission were constant over the cours@l = 76 Lh~I.m=2) and soluble proteins
of the time. IncreasingP led to stationary (Tr,, 5 = 0.95; Tg 5 = 0.83). The deter-

J = Jlim and lower permeate turbidity butmination of Jcrit (and thu&Pcrit) and vari-
higher irreversible and protein transmissiongtions of protein transmission of the system

80
a
60
O
A
540 -
20 |
o Figure 2. Comparison of
0 ' performances obtained at

0 2000 4000 6000 8000 10000 12000 14000  constant permeation flux,
J, or constant transmem-
brane pressuréP.

a: Evolution of the nor-

Filtration time (s)

1.00

malised overall hydraulic
:‘““\l resistance, R/Rm versus
~—~0.80 SE TRt —8—9 the filtration time.
= — AP =constant=0.2
‘é 0.60 10° Pa;— :J = constant
‘g =76 Lh™tm=2
§ b: Evolution of the trans-
£ 040 mission of3-lactoglobulin,
S Trg, g versus the filtration
‘5-0.20 - b time.
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0.2x 10°Pa;—A— : J =
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2000 4000 6000 8000 10000 12000 14000  Operating conditions,, =
Filtration time (s) 100 Pa, see text.
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using “stepwise” experiment were thusmance very close to each other. Further

essential for the determination of optimalexperiments with longer exceedings of the

performances. AP set-up value need therefore to be per-
One can notice that in an industrial usdormed to confirm these trends and assess

operating at constant flux may be approprilhe robustr_1e'_ss of the MF operation under
ate due to easiness to control especiall§évere variations @& control.
whenAPcrit is very low (a few thousands
of Pa) as it is the case in skimmed milk MF. 3.2.3. “Static” and “dynamic” counter-
Jerit must therefore not be exceeded in order pressure modes of operation
to avoid sharp increase of fouling and short
filtration duration. According to the selected meaAR sig-
nificant or no significant differences in per-
3.2.2. Start-up procedure formances (always stable over the course
of the filtration) could be observed between
With the 3 different start-up proceduresthe 2 counter-pressure modes of operation.

performed using “dynamic” counter-pres- At constant\P = 0.19x 10° Pa, close to

sure and constadiP modes of operation apcyit, the “dynamic” counter-pressure led
the higher the exceeding &P (referred to 4 petter performance than the “static” mode:
APcrit = 0.18< 10° Pa), the higher the foul- higher 3 and higher protein transmissions

ing (R/Rm = 7.0 for no exceeding and 7.8Tap_ 1. At a higheAP = 0.47x 10P Pa, far
for a maximumAP of 0.5x 10° Pa after 1 h  oyeraperit, “static” and “dynamic” modes

of filtration) and the lower the protein trans-|o to similar J (J = Jlim = 76:-b-m?

mission (T, = 0.99 and Ty, 5 = 0.85 ¢ |ower protein transmissions were

for no exceeding and Tr o = 0.92 and  qpiained in “dynamic” mode (Tab. 1).
T(r)E-LG = 0.83 for a maximunAP of 0.5x
1

Pa). ExceedingPcrit (= 0.18< 10° Pa) The results ob.tained in “static” que
accompanied by transient J values aboveould have begn interpreted and predicted
Jerit resulted in the formation of an irre-from the evolution of the performance (per-
versible deposit at the membrane surfacdn€ability, selectivity) versuaP obtained
The higher the exceeding the, the higher dynamic” mode (Fig. 3). From the reten-
the compression of the deposit and the lowd@t€ pressure drop along the membrane in

the filtration performance. The exceedingh€ retentate SidA‘_PL for a giverm,, (AP, =
for 200 s was however short and perfor9-38x 10° Pa atr,, = 100 Pa for the 0.400 m

Table I. Comparison between experimental (Exp) and calculated (Calc) values of permeation flux (J),
transmission of}-lactoglobulin (T[;_LG) anda-lactalbumin (Tg_ ), in “static” and “dynamic”
counter-pressure modes of operation.

AP =0.19x 10° Pa AP = 0.47x 10° Pa
J Tr Tr J Tr Tr
L2 B-LG o-LA L L2 B-LG a-LA
“dynamic” Exp 76 0.82 0.94 76 0.66 0.77
“static” Exp 55 0.74 0.85 76 0.70 0.85
“static” Calc 53 0.77 0.90 76 0.67 0.80
“static” (Exp — Calc) / Exp (%) 4 4 6 0 4 6

Experimental conditions: see text.
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long membrane) one can determikfe in  tein transmission. At a highé&P = 0.47x
any area of the membrane from Figure 310° Pa the membrane operated totally at a
By integrating the evolution of performanceconstant J = Jlim both in “static” and
(J (Fig. 3a) and protein transmissions‘dynamic” modes, but better protein trans-
(Fig. 3b)) along the filtering path (calcula- missions in “static” than in “dynamic” mode
tion of the area under the experimentalere predicted due to the non-linearity of
curves obtained in “dynamic” mode protein transmission versi® (Fig. 3b).
(Fig. 3)), the expected average performance

in “static” mode could be calculated from According to these results obtained with
data obtained in “dynamic” mode. The cal-T,, as high as 100 Pa the “dynamic” counter-
culated and experimental values obtaine@ressure mode must be used aPsslightly

in “static” mode were in fairly good agree-smaller thamAPcrit for maximum protein
ment (< 6%) (Tab. I, Fig. 3). At constanttransmission. In “static” mode, the large
AP = 0.19x 10° Pa performance obtained pressure drop along the filtering pahi®, =

in “static” mode were worse than perfor-0.38x 10° Pa to be compared fxPcrit =
mance obtained in “dynamic”: in “static” 0.18x 10° Pa did not make it possible to
mode the membrane operated partially atvork in optimal conditions for every area
low AP corresponding to J < Jlim and par-of the filtering path. Selecting a meAR
tially at highAP corresponding to lower pro- significantly lower thad\Pcrit (for example
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down to half the\P, ) in “static” mode will ~ the membrane geometry and fluid rheology
yield lower performance (lower J and(VRR, diafiltration rate, etc.) which both
protein recovery) due to a reverse permeaffect the retentate pressure drop along the
ation at the outlet part of the membrandiltering path. The analysis will be com-
(AP < 0). pleted by taking into account the investment

Nonetheless, provided a decrease of 159"d processing costs.
in protein transmission (compared to the
maximum protein transmission obtained in
“dynamic” mode) is acceptable from an
industrial point of view, the “static” counter- ] ]
pressure mode of operation ah@ higher For a system mainly ruled by a deposit
than 0.2x 10° Pa might be preferred (high Of retained “species”, the determination of

permeation flux (J = Jlim), lower energeticthe critical ratio (I, c¢)..; can be done eas-
costs). ily using “parametric” studies. The deter-

mination of this ratio and of the global per-
formance of the system (permeability and
selectivity) versus permeation flux J, trans-

4. CONCLUSION

These conclusions have to be drawn fo
any AP, used since MF performance

gle)[():er:i?ds on the relative valuesi®, and mer_nbrane pressufe> and wall shear stress,
N T, (in “dynamic mode”) enable the optimal

Taking into account these results fourstable operating conditions and best modes

steps are required for the selection of adepf operation to be determined. The constant

quate operating conditions and counter-preaP mode is well appropriate (compared to

sure mode of operation: constant J mode) for conducting filtration
(i) The critical ratio J,, must be deter- runs since it prevents from sharp decrease of

mined using several “parametric” experi-performance, which occurs when Jcrit is

mentsAP = f(t,) at different constant J. t!pped even slightly over the course of the
(i) Knowing the retentate circulation time. The appropriate value &P corre-

pump capacity and acceptable energetic corsponding to the value of Jerit, close to Jlim,

sumption, the required, can be selected, _must be used and not exceeded even dur-

and consequently Jcrit determined. ing the_ start-up procedures. The better under-
standing of the performances of a system

(iii) The determination of the perfor- yersysAP enables the appropriate counter-
mance (permeability, selectivity) vers8  rassure mode of operation either “static”
using “stepwise” experiments at this con-oy “gynamic” to be predicted. The basic
stantt,, allows the adequa®Pcrit which  hrinciples one can use to determine the more
must not be exceeded to be evaluated. appropriate counter-pressure mode with

(iv) From theAPcrit value and\P,  regard to the operation performance to be
induced by the requireq), the average per- achieved are given in that paper. The anal-
formance (permeability, selectivity) can beysis of the limits and advantages of both
calculated in “static” mode with a rather modes of operation are to be completed tak-
good precision owing to stable performancéng into account the investment and pro-
over the course of the time. The mode otessing costs.
counter-pressure (“static” or “dynamic”)
could therefore be selected for optimal pro-
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List of Symbols
Cp permeate concentrationl(gh)
Cr retentate concentration-(g?)
d inner diameter of the membrane (m)
J permeation flux (rs1 or L-h1m2)
Jerit critical permeation flux under which there is no depositiosfror L-h-tm2
L length of the membrane tube (m)
Pr retentate pressure (Pa or bar
R overall hydraulic resistance tig)u
Rif irreversible fouling hydraulic resistance
Rm cleaned membrane hydraulic resistance’)m
Rrf reversible fouling hydraulic resistancen
T temperature (°C)
Tr transmission (<)
VRR volume reduction ratio (-)
a-LA a-lactalbumin
B-LG B-lactoglobulin
AP transmembrane pressure (Pa or bar)
APcrit critical transmembrane pressure, required to get to Jcrit (Pa or bar)
AP pressure drop along the membrane (Pa or bar)
H, dynamic viscosity of the retentate (Pa
T, shear stress at the membrane wall (Pa)
Tyco critical shear stress at the membrane wall at J #H-m2 (Pa)
Tyeff efficient shear stress at the membrane wgll; =1, -7, (Pa)




