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Abstract 

Pretreatment of whey by mlcrofiltratlon (MF) has emerged as a necessary step m producing high 
punty whey protein concentrates In the MF of pretreated whey using a Carbosep Ml4 membrane (pore 
dnuneter 0 14 pm), proteins and calcmm phosphate aggregates were responsible for foulmg, which m- 
creased accordmg to the “complete blockmg” filtratron law and accounted for a progresswe decrease of 
the active filtenng area. An operating mode with dynamrc counter pressure (recuculatlon of the permeate 
co-current to the retentate), as opposed to static counter pressure, allowed lower overall foulmg, a longer 
time of operation and better protem recovery because of more evenly distnbuted fouling along the mem- 
brane tube. At shorter times of operation, fouhng was greater under higher transmembrane pressure 
(TP) , so that the less fouled areas under lower TP were forced to filter larger volumes and consequently 
became fouled more rap&y This involved a movement of the effective filtermg area along the membrane 
tube, as evidenced by the systematrc evolution of fouling heterogeneity as measured by mfra-red 
spectroscopy 

Keywords mnu&ltratlon, whey; foulmg, mfrared and X-ray photoelectron spectroscopy, hydmdymumcs 

1. Introduction 

Ultrafiltration (UF) of whey for the produc- 
tion of whey protein concentrate ( WPC ) , which 
has high nutritional and functional properties 
[l-3], is the major process employed in mem- 
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brane processing of food. The WPC produced 
still contains small amounts of residual fat and 
phospholipids which alter its functionality 
[ 4,5]. UF’ performance during WPC produc- 
tion is altered by membrane fouling. Removal 
of the major components responsible for such 
a phenomenon, using pretreatment of the feed 
streams, has been suggested to overcome foul- 
ing. It was reported that ionic calcium partici- 
pated m the fouling layer [6,7], and conse- 
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quently its removal by sequestrates, ion 
exchange resins, dialysis and adjustment of pH 
followed by centrifugation [6-131 was one of 
the more successful suggestions for improving 
fluxes. 

Removal of residual fat from the whey is 
based on the tendency of phospholipoproteins 
to aggregate under ionic calcium binding, pH 
change and heat treatment [ 141. It was further 
developed into an industrial process that uses 
microfiltration (MF) to separate the aggre- 
gated mass from the whey, resulting in a clear 
filtrate that can be further concentrated via UF 
to produce high quality, fat free WPC [ 151. An 
analysis of the operating parameters of an in- 
dustrial MF plant was reported by G&an et al. 
[ 161: permeability and protein transmission 
were not satisfactory owing to membrane foul- 
ing. This fouling was blamed on poor control of 
the processing variables of the aggregation step 
(i.e. whey temperature, calcium addition, pH 
change, heating and holding time) and of the 
MF operating conditions (i.e. MF temperature 
and transient operational pathway to station- 
ary permeation flux). 

Two variables that are most important for 
effective MF performance are high flow veloc- 
ity and low transmembrane pressure (TP) 
[ 17,181. Operating at high flow velocity results 
in a high pressure drop along the filtering tube, 
which consequently produces different fluxes 
along the tube with time [ 191. A development 
patented by Alfa-Lava1 to overcome the high 
TP gradient along tubular modules consists in 
achieving a uniform TP difference throughout 
the whole length [ 20-221. 

The present work is aimed at acquiring more 
knowledge about the phenomena that govern 
membrane fouling during MF of pretreated 
whey. The influence of fouling evolution with 
time was studied, and special attention was paid 
to the role of TP heterogeneity along the mem- 
brane. Such studies led us to relate the hy- 
draulic properties of the membrane to the 

structure and composition of the fouling layers, 
as analysed by IR and X-ray photoelectron 
(XPS) spectroscopies. 

2. Experimental 

2 1 Mzcrofzltration 

The MF rig, as described in detail by Daufin 
et al. [23], was equipped with a single Ml4 
membrane tube (Tech-Sep, Miribel, France), 
which is a composite membrane made of 0.14 
,um mean pore diameter ZrO, filtering layer on 
a carbon support (6 mm inner diameter, 1.2 m 
long; 2.2 x lo-’ m2 membrane area). The rig 
enables MF to be performed in two different 
modes: static counter pressure mode (SCPM), 
in which permeate compartment pressure is 
maintained constant, and dynamic counter 
pressure mode (DCPM) , which consists of cir- 
culating the permeate co-current to the reten- 
tate in order to create a permeate pressure drop 
equal to the retentate pressure drop, thus pro- 
ducing no TP difference along the membrane’s 
hydraulic path. Owing to an imperfection of 
pressure drop regulation with DCPM, MF ex- 
periments were performed with a small TP gra- 
dient from the inlet of the filtering tube to its 
outlet, 7!P, - TP, = - 0.2 bar. However, the TP 
gradient was smaller than that with SCPM 
(+0.6 bar). 

MF was carried out with pretreated whey. 
Aggregation of residual fat in sweet whey from 
Emmental cheese was performed by a proce- 
dure adapted from that originally proposed by 
Fauquant et al. [ 141: whey at 2’ C, plus CaCl, 
up to a Ca concentration of 1.2 g-l-’ and 10 M 
NaOH to adjust the pH to 7.2, was heated to 
50°C in 30 min, with a holdmg time of 15 min. 
The aggregates were separated by MF. 

MF experiments, using a new membrane and 
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a fresh batch of pretreated whey in each oper- 
ation, were performed at 50 + 2 o C with a mean 
tangential flow rate (u) of 6.0 + 0.1 m-set-’ and 
a mean retentate pressure (P,) of 4.0 ? 0.1 bar, 
with an initial pressure drop along the tube of 
ca. 0.5 bar. The permeation flux (J) was raised 
to a set value of 64 + 2 l-hr-‘-m-2 at a rate of 
10 l-hr-‘-m-2-min-1, and the stationary vol- 
umetric concentration ratio ( VCR) was chosen 
to be 5 by running a feed and bleed system: re- 
tentate was extracted as soon as a VCR of 5 had 
been achieved at the appropriate flow rate as 
referred to the permeate extraction flow rate. 
The mean residence time of retained species in 
the retentate compartment was around 280 min. 
Operating duration ranged from 1 to 5 hr. 

After rinsing the membrane with water, the 
pure water permeability was assessed by meas- 
uring the TP at three levels of J: 20,40 and 60 
l-hr-1-m-2 (operating conditions: DCPM, 
u=4.0 m-set-‘, P,=l.O bar, T=50”C). The 
slope of a plot of J versus TP gave, according 
to Darcy’s law, the hydraulic resistance of the 
membrane: for a clean membrane R,, and with 
irreversible fouling R+ The total fouling R, was 
calculated from TP measured during MF, and 
reversible fouling Rd as described by Daufin et 
al. [7]. 

2.2 Transmission 

2.2 1 Analyses 
During MF, permeate and retentate samples 

were withdrawn for analyses of total nitrogen 
matter (NM), determined according to the 
Kjeldahl method and expressed as protein 
(NM x 6.38)) and of calcium by atomic absorp- 
tion (Varian SpectrAA 300, Springvale, Aus- 
tralia) as described by Brule et al. [ 241. Trans- 
mission (Tr= 100 x C,/C,) was assessed 
assuming that the permeate compartment was 
a perfectly stirred reactor [ 251, and the relative 
experimental error was evaluated to be ca. 20%. 
Additional analyses were performed on the feed 

TABLE 1 

Compoaltlon of the feed whey, pretreated whey, superna- 
tant and sediment of centrifuged pretreated whey (2000 g, 
15 mm, 30°C) (NM total mtrogen matter, cy cy-lactal- 
bumm, /3 j?-lactoglobuhn, Ca calcmm, P phosphorus; OD 
optical den&y) 

NM ar /3 Llplds Ca P OD 

(g-l-‘) 

Whey 940 096 369 044 038 042 064 
Pretreated whey 9 36 0 93 3 80 - 130 034 144 
Supernatant 854 088 374 - 0 74 0 18 0 05 

Infra-red spectroscopy 

Proteins 
(mass W) 

L1pKls Phosphates 
(mass %) (mass % ) 

Sediment 54 18 28 

streams, on the supematant and on the sedi- 
ment of centrifuged pretreated whey (2000 g; 
15 min; T=30”C) (Table 1): optical density 
(OD) at 600 nm (Beckman DU 62, Gagny, 
France); phosphorus, by mineralization and 
calorimetric determination following the AF- 
NOR norm No NF V 04-264 [26]; a-lactal- 
bumin and /I-lactoglobulin by reverse phase 
high performance liqmd chromatography ac- 
cording to a procedure adapted from Jaubert 
and Martin’s work [27]. For the separation, 
elution was achieved using a linear gradlent 
from 49 to 64% of solvent B for 15 min. Fat 
content was determined by the method of Folch 
et al. [28]; proteins, phosphates and lipids were 
determined by infra-red spectroscopy (see Sec- 
tion 2.3.2) on freeze-dried samples. 

2.2 2 Cakulatrons of “free”protein 
transmikon versus kme 

The transmission of “free” proteins (not 
linked to calcium phosphate aggregates [ 141) 
Trf, was calculated as follows: 

Tr 

f= 
Trexp - XTr, 

l-x 
(1) 
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where Trex,, is the transmission of total pro- 
teins, determined experimentally; 7’~~ is the 
transmission of proteins linked to aggregates, 
and assumed to be equal to the transmission of 
aggregated calcium. The concentration of ag- 
gregated calcium was determined from the ex- 
perimental total calcium concentrations and 
from the percentage of aggregated calcium. The 
latter was computed using an interative proce- 
dure on the VCR calculated from a mass 
balance: 

VCR= (~-TFc,)CF 
1-Tr,,CF 

(2) 

where Z’r,, = transmission of aggregated cal- 
cium ( % ) ; CF = concentration factor of aggre- 
gated calcium. In eqn. (1) , x is the ratio of linked 
protein concentration to total protein concen- 
tration; the linked protein concentration was 
1.5 times the concentration of aggregated cal- 
cium in the initial pretreated whey. The figure 
of 1.5 was assumed to be constant throughout 
the MF run. 

2.2.3 Models of selectu.Gty 
The analysis of solute and solvent transport 

through capillaries according to sieving and the 
Poiseuille flow model allows the calculation of 
the transmission corresponding to a given 
membrane pore size [ 291. 

The Poiseuille flow model is considered to 
correlate solvent flux and pore radius F as 

follows: 

(3) 

where p is the dynamic viscosity of the per- 
meate (the solution passing through the pore ) 
and I is the equivalent length of the pore. 

The model used for solute transport, taking 
into account the ratio of molecule radius (r,,J 
to pore size (as initially proposed by Ferry 
[ 301)) was suggested by Munch et al. [ 311, i.e.: 

rm 
-<l 
r 

Tr=l-[I-(I-+‘~] (4) 

rm ->l Tr=O 
r 

All types of fouling generate a reduction of 
the hydraulic permeability of the membrane, 
which can be attributed to a reduction of the 
average pore radius [ 32 ] determined by the fol- 
lowing relationship: 

/D \025 

“‘0 (5) 

where r. is the pore radius of the clean mem- 
brane; R, is the membrane hydraulic resis- 
tance and R is the fouling hydraulic resistance. 
From eqn. (5) the reduction of transmission can 
be evaluated. 

The Stokes hydrodynamic radius (rm) of 
proteins was calculated from Loret et al. [33] 
using the following equation: 

F,= 13.7198- 7.69471nM 
(6) 

+1.1928(1nM)2-0.00717(1ti)3 

where M is the molar mass. Table 2 gives the 
molecular radms calculated from the molar 
mass for the main four whey proteins, and their 
concentration in the feed whey needed for the 
calculation of protein mixture transmission. 

TABLE 2 

Stokes hydrodynamx radius (r,) of the four mam whey 
protems calculated from then molar mass M according to 
Loret et al [ 33 ] (eqn 6) and concentrations of these pro- 
teins m the feed whey 

M r, C 

(Da) (nm) k-l-‘) 

/3-Lactoglobuhn 36800 28 38 
cu-Lactalbumm 14200 18 10 
Immunoglobuhns 600000 7 7 06 
Bovme serum albumin 66300 3 5 03 
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2.3 Assessment of fouling 

2.3.1 Fouling models 
The decrease in permeability was modelled 

according to four filtration laws presented and 
analysed in relation to the performance of filter 
media by Grace [34]. The mathematical 
expressions of these models were established for 
filtration experiments performed at constant 
permeation flux. 

(i) Filtration in which membrane properties 
(surface, resistance) do not change in the 
course of time ( t ) . 
The “cake” filtration luw. This model assumes 
that particles larger than the pores of the me- 
dium are retained at the surface of the filter: 

TP=at+ b (7) 

(ii) Filtration in which membrane proper- 
ties change during the microfiltration run. 
(1)Particles of size around or larger than the 
pore size of the porous medium. 
The “complete blocking” filtration law. This 
model assumes that each particle which reaches 
the membrane participates in the blocking 
phenomenon by pore sealing. This leads to the 
assumption that particles are not superimposed: 

l/TP=ct+d 03) 

The “intermediate block& filtration law. It is 
assumed that particles settle on each other. The 
model evaluates the probability for a particle to 
block a pore: 

ln(TP) =et+f (9) 

(2) Particles smaller than the pores of the 
membrane. 
The “standard blocking” filtration law. This 
model assumes that pore volume decreases pro- 
portionally to filtered volume by gradual par- 
ticle retention and build-up on the pore walls 
with possible plugging of the pores: 

(l/TP)“=gt+h (10) 

2.3.2 Analyses of foulants 
After membrane rinsing at the conclusion of 

the MF trial, 3 cm long samples representing 
the inlet, middle and outlet parts were cut from 
the 1.20 m long tube. Fouling layers were ana- 
lysed by two techniques: XPS, which charac- 
terizes the surface of the filtering medium, and 
IR spectrometry; which characterizes the total 
membrane, surface and bulk. 

XPS spectroscopy. XPS measurements were 
made with an HA 100 hemisphere analyser 
(VSW, Manchester, UK) placed in an ultra- 
high vacuum bell ( 1O-g-1O-‘o Torr ). The sur- 
face under study was exposed to unmonochro- 
matixed X-rays from a twin Mg/Al source 
(1253.6 eV Mg-Ka! and/or 1486.6 eV Al-Ka). 

The photoelectrons produced are character- 
istic of the surface; the maximum depth of the 
analysis is 8-10 nm. Moreover, the appearance 
of electronif_ structures of carbon (Cls) and ni- 
trogen (Nh) was typical of organic fouling. 
From the area of the peaks that represent each 
structure profile, the atomic composition could 
be calculated. The weak cross-section for pho- 
toionization of P2p explained the difficulty of 
observing the variations in phosphorus con- 
centration. The calcium signal Ca2p3j2 ap- 
peared at a binding energy very close to that of 
Zr3p312. 

The granular form of the Carbosep mem- 
brane surfaces prevented direct quantification 
of the signal intensities of fouling overlayers 
from electronic emission angle variations. 
However, in normal incidence, the intensity 
variation of the zirconium signal (Zr 3d ) could 
be measured, and its disappearance indicated a 
thickness greater than 8-10 nm. A study with 
an atomic force microscope (AFM, Centre 
ESCA Universite Claude Bernard, Lyon, 
France) for partly and severely fouled mem- 
brane samples confirmed the difficulty in 
quantifying the fouling thickness (very granu- 
lar at the beginning and a flattened surface after 
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heavy fouling, modifying the membrane’s 

topography ) . 

IR spectrometry IR results were computed as 
mass% of fouled membrane on mean samples 
that were removed from the active filtering layer 
which coated the carbon support with a fine 
spatula, as described by LabU et al. [ 61. The 
samples comprised the membrane’s surface and 
the internal pore structure of the membrane. 
The results were referred to as “total fouling”. 
The membranes used in the present experi- 
ment are somewhat more complex than the pure 
tetragonal ZrOz found in Carbosep UF mem- 
branes [6]. In addition to ZrOz, they contain 
titanium oxides that render them a grey colour 
(greater slope of absorbance vs. wavenumber 
for blank). The ZrOz structure is monoclinic. 
A new evaluation of the computing program was 
performed by the standard addition technique, 
giving a new value: czroz /eP = 140. 

3. Results 

3.1 M~rofdtration wrth dynamic counter 
pressure 

3.1.1 Evolution of fouling versus time 
Normalixed overall fouling hydraulic resis- 

tances (R&Z,) versus time for the four tests 
performed with the same operating conditions 
and stopped at various operating times (60,130, 
250 and 320 min) are reported in Fig. 1. The R, 
of the membranes ranged from 1.0~ 1012 to 
1.3 x 1012 m-l. 

The shapes of the curves were quite similar 
and could be divided into two parts: the first 
corresponded to a slow increase in RJR, with 
time; during this period TP slowly increased in 
the range 0.3-0.6 bar, depending on the counter 
pressure mode and on membrane resistance. 
The second part showed a much quicker in- 
crease of RJR, while the stationary VCR was 
already achieved TP increased from around 1.0 
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Fig 1 Diagram of normahzed overall fouhng hydrauhc re- 
slstance (RJR,) vs tnne for four expernnente performed 
m static (-) and dynannc (-) counter pressure mode 
operatlon(u=6Om-set-‘,P,=40bar,T=50°C,J=641- 
hr-‘-m-2) 

bar to more than 3.0 bar in less than 100 min. 
Modelling of RJR, for the longest run accord- 
ing to eqns. (7)- (10) exhibited a short initial 
period of filtration (up to 100 min) during 
which all models fitted the experimental curves. 
After 100 min, both the “intermediate block- 
ing” and “cake” filtration laws no longer ap- 
plied; neither did the “standard blocking” fil- 
tration law after 190 min of filtration. The 
“complete blocking” filtration law was the only 
model that fitted the curves from the beginning 
to the end of the MF runs. 

The contribution of reversible and irreversi- 
ble fouling to the total fouling in the course of 
time is shown in Fig. 2. Durmg the shorter times 
of operation, reversible fouling Rfi contributed 
more than irreversible fouling Rfi to the evolu- 
tion of Rf (60% as compared with 40% ). After 
250 min of filtration RJR, still increased 
slowly, whereas reversible fouling increased 
rapidly and became the main contributor to to- 
tal fouhng: RJR,= 85% of RJR, at the end of 
the experiment (310 min). 
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Frg 2 Contnbutlon of reversible (I&) and rrreverslble (R,) 
foulmg hydra&c resistances to the development of the 
overall fouling hydraulic res&ance (IL& referred to mem- 
brane res&ance (R,) vs tune (u=6 0 m-set-‘, Pr=4 0 
bar, T=50”C!, J=64 1-hr-1-m--2, dynamic counter pres- 
sure mode operation, DCPM; statrc counter pressure mode, 
SCPM) 

3.1.2 Ana.lyses of foulants 
At the membrane surface (Fig. 3), the dis- 

appearance of the Zr signal indicated heavy 
fouling on the MF membrane (thickness > & 
10 nm). The calcium and phosphorus concen- 
trations varied more than proteins (N), indi- 
cating the contribution of calcium phosphate 
clusters to the whey fouling on the surface. This 
contribution increased as the fouling increased 
more quickly, since the ratio of protein to phos- 
phate [calculated from N and Ca mass, assum- 
ing a Ca, (PO,), type of phosphate] decreased 
from about 15 at shorter times down to 3-4 at 
the end of the MF run. The AFM study con- 
firmed that the fouling covered nearly all the 
surface (Fig. 4). The higher the fouling, the 
lower the roughness. The convolution between 
tip shape and pore shape influenced the appar- 
ent pore structures during the profile measure- 
ments, increasing the flattened appearance 
]351. 

In the total fouling, as seen by IR spectrom- 
etry (Fig. 3), the variation of proteins and 
phosphates in the course of time did not exactly 

Fig 3 Bar chart of component amounts and normahsed 
ureversrble foulmg hydrauhc resrstance (R&2,) vs time 
(u=6 Om-see-‘, Pr=4 Obar; T=50”C, J=641-hr-1-m-2, 
dynamic counter pressure mode operation, DCPM, static 
counter pressure mode SCPM) 

correspond to the slow increase of irreversible 
fouling obtained from RJ& values, particu- 
larly during the last hour of MF, showing their 
contribution to a great increase of reversible 
fouling. The mixed material, proteins plus 
phosphates, exhibited a limited variation of the 
overall composition expressed as the ratio Prot/ 
PO1, its mean value being in the region of 50 
before 250 min as compared to 30 at the end of 
MF. In all samples, the phosphates were iden- 
tified as calcium phosphates (Fig. 5, sample 6). 
Their structure (Fig. 5) changed in the course 
of time, as expected for such slowly crystallix- 
ing phases. A broad maximum at 1075 cm-‘, 
linked to an amorphous calcium phosphate 
[ 361, progressively shifted to 1040 cm-‘, show- 
ing an apatite phase at the beginning of the 
crystallization process. This phenomenon was 
less marked at 320 min, when the withdrawal 
of retentate for ensuringa stationary VCR value 
of 5 increased the feed flow rate. In the feed and 
in the retentate, after a few hours’ ageing, the 
aggregates underwent crystallixation as apa- 
tite, whereas the aqueous phase precipitated as 
an amorphous calcium phosphate-proteins 
mixed material. Consequently the intermedi- 
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ate crystalhnity of the apatite observed in the 
fouling originated from aggregates built up dur- 
ing whey pretreatment and from the remaining 
ionic calcium and phosphates in the pretreated 
whey. 

3.1.3 Heterogeneity 
The distribution of both phosphates and 

proteins along the tube was far from regular 
(Fig. 6). The progressive transfer of fouling 
from the outlet to the inlet of the tube preceded 
a more pronounced increase of fouling from 250 
min. After 320 min, phosphates and proteins 
reached the same level throughout the tube, 
with a constant Prot/P04 ratio of 30. 

G G&an et al/J Membrane SCL 80 (1993) 131-145 

3.1.4 MF selectivity 
The OD of the permeate at the end of the 

longer experiment was 0.02, which indicated 
efficient clarification [ 371, compared with the 
initial whey OD of 0.64 (Table 1) . 

Even though clarification was efficient, 
transmission of aggregates, as calculated from 
calcium concentrations, was estimated at 5% 
throughout the experiment. The transmission 
of calcium, which took into account ionic and 
precipitated calcium originating from calcium 
phosphate aggregation (produced during whey 
pretreatment), decreased during the first 200 
min from 40% down to a plateau at 20% (Fig. 
7). 

Fliz 4 Atomic force microscope image of the surface of an Ml4 membrane fouled mth pretreated whey (a) after 60 mm of 
foul bng m dynamx counter pressure mode operation (DCPM), (b) after 320 mm of fouhng m DCPM 
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During the slow increase of fouling (up to 130 
min), the protein transmission decreased from 
70 to ca. 60% (Fig. 7). After about 210 min of 
filtration, when more rapid increase of revers- 
ible fouling occurred, transmission of proteins 
to the permeate compartment decreased 
sharply down to 30% (Fig. 7). 

3.2 Comparison between static @CPM) and 
dynamic (DCPM) counter pressure mode 

Despite the difference between SCPM and 
DCPM, the curves of the overall hydraulic re- 
sistance (R&J vs. time were quite similar 
(Fig. 1) . Nevertheless, crossflow microfiltra- 
tion performed using DCPM resulted in slower 
irreversible (RJR,) and reversible (RJR, ) 
fouling compared with SCPM (Fig. 2). As a 
consequence, operating time before severe foul- 

ing occurred was longer. For instance, the time 
to reach an RJR, value of 7.5 was 50% longer 
than that in SCPM (Fig. 1) . 

At the end of the filtration in either mode, Zr 
became totally masked (Fig. 3) owing to a foul- 
ing layer thicker than 6-10 nm. The homoge- 
neity along the tube and the nature of the sur- 
face irreversible layer were similar in both 
modes of operation, and the number of atoms 
measured was higher in SCPM compared to 
DCPM. Given that the thickness of the irre- 
versible fouling layer revealed by the XPS 
analyses was constant for the different experi- 
ments, and that TP was lower at the end of the 
experiment performed in DCPM (compared 
with SCPM), it is likely that the irreversible 
fouling layer was less compressed. 

No difference was detected in the total foul- 
ing: the same mean values for proteins and 
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Fig 5 Absorbauce vs. wavenumber for comparable amounts 
of fouled Ml4 membrane (155 f. 10 B) taken m the middle 
of the tube (u=6 0 m-see-1, P,=4 0 bar, T=50”C, J=64 
l-hr-1-m-2) Curve 1,60 mm MF at dynanuc counter pres- 
sure (amorphous profile), curve 2, 130 mm, curve 3,250 
mm, curve 4,320 mm Curve 5,290 mm MF at statrc counter 
pressure Curve 6, sample 3 heated at 600” C (recrystalhzed 
apatite profile) 

phosphates, the same Prot/PO, ratio (Fig. 3) 
and similar calcium phosphate structures 
(nearly amorphous) (Fig. 5) were observed. 
Nevertheless, the fouling distribution along the 
tube at the end of the MF run was quite differ- 
ent (Fig. 6): no variation was observed with 
DCPM, whereas with SCPM a regular decrease 
of fouling existed from the inlet to the outlet 
and was greater for phosphates than for pro- 
teins. Protein transmission was 5% lower with 
SCPM, a trend that was shown to be amplified 
at higher permeation fluxes [38]. As a conse- 
quence of lower fouling with DCPM, the recov- 
ery of protein when h/R, reached 7.5 was 67%, 
compared to 58% with SCPM. 

mln SCPM 

1/ 
DCPM 

Frg. 6 Bar chart of protem amounts (expressed as mass % 
of fouled membrane sample) at the mlet, middle and outlet 
of the membrane tube vs tune for experunents performed 
m dynanuc (DCPM) and static (SCPM) counter pressure 
mode operation (u=6 0 m-set-‘, P,=4 0 bar, T=50”C, 
J=64 l-br-1-m-2) 

‘C 

z 
G 

40- 

XI- + + + 
Calolum 
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Fig 7 Dragram of protein and calcmm transnussron (Z’r) 
into the permeate compartment vs tune (u = 6 0 m-set-‘, 
P,=4 0 bar, T=50”C, 5~64 l-hr-1-m-2, dynamlccounter 
pressure mode operatron) 

4. Discussion 

4.1 MF performance; TP heterogeneity 

Besides the good efficiency of clarification, it 
is noteworthy that protein transmission was 
insufficient: around 30% at the end of the MF 
experiments. The figures were of the same or- 



G Ghan et al/J Membrane Scr 80 (1993) 131-145 141 

der of magnitude as those found for an indus- 
trial plant [ 161. 

Even though protein transmission was not 
improved much with DCPM, the enhancement 
of operating time could be explained by a lower 
overall fouling, which could be related to a more 
even TP distribution from the inlet to the out- 
let of the membrane tube. A striking difference 
between SCPM and DCPM was the distribu- 
tion of fouling along the tube. With both modes 
of operation, a TP gradient (TP,- TP,) ap- 
peared, which was higher in SCPM 
(TP,-TP,= +0.6 bar) than in DCPM (neg- 
ative TP gradient; TP, - TP, = - 0.2 bar). As a 
result, fouling was more evenly distributed with 
DCPM as compared to SCPM. At shorter times 
of operation using DCPM, fouling was higher 
in regions subject to a higher pressure differ- 
ence. As a consequence, the less fouled areas 
under lower transmembrane pressure were 
forced to filter bigger volumes. Therefore they 
fouled more rapidly, so the fouling layer was 
evenly distributed by the end of the MF run. 
These results considered a movement of the ef- 
fective filtering area on a macroscopic scale, 
which should be confirmed in a further study 
performed at SCPM under a higher pressure 
gradient. 

It should be noted that Riesmeier et al. [ 171 
observed such a heterogeneity of local filtering 
conditions and fouling with crossflow MF of 
microbial cells. The authors called for more at- 
tention to be focussed on the module construc- 
tion in order to lower the pressure drop in the 
retentate side. From our work it appears that 
DCPM is an adequate system for overcoming 
this obstacle. 

4.2 Contrdmtwn of aggregates andproterns to 
foultng 

The “complete blocking” filtration law was 
the only model that fitted the experimental data 
throughout the experiment. It exhibited the in- 

fluence of reduction of filtering area by parti- 
cles, which revealed the role of aggregates. They 
accumulated at the membrane surface andpen- 
etrated into pores, particularly during the last 
hour, when the reduction of filtering area led to 
a major increase of J per remaining active sur- 
face area (the experiments were performed at 
constant J). The aggregates formed during the 
pretreatment given to the whey were the prin- 
cipal source of calcium phosphates, which had 
a tendency to crystallize as apatite. Neverthe- 
less, the remaining ionic calcium and phos- 
phate might precipitate during the MF opera- 
tion owing to the operating conditions: the same 
temperature as that of pretreatment (50°C); 
the pH of the feed (6.5) and of the retentate 
(6.4) after 190 min; the mean residence time in 
the feed tank and retentate compartment (280 
min). Hickey and Hill [39] observed that UF 
pore blocking can occur more severely if apatite 
is permitted to form in the whey during a run 
rather than before it. This kind of inorganic 
foulant is known to cause a severe decline of 
membrane permeability in UF of raw whey 
]7,401. 

Nevertheless, according to spectroscopic 
analyses, proteins linked to aggregates and in a 
“free” state were the major foulant. “Free” pro- 
teins were dominant, since the ratio Prot/PO., 
exceeded 30 (Fig. 3)) which is much higher than 
in the aggregates, where the ratio was around 2 
(proteins 54%, phosphates 28%, lipids 18% as 
determined by IR spectrometry). Their con- 
tent was particularly high at the surface and in 
the bulk of the membrane relative to results 
found in the ultrafiltration of clarified whey, 
despite the lower specific membrane area of MF 
membranes (2 m2-g-’ for M14) compared with 
UF (48 m2-ge1 for M5) [6,7]. 

“Free” proteins and aggregates participated 
m a reversible cake build-up and in the irrever- 
sible fouling. During microfiltering, the reduc- 
tion of filtering area induced an enhanced 
transfer of proteins and aggregates towards the 



142 G Ghan et al /J Membrane Scl 80 (1993) 131-145 

remaining filtering area. Then proteins were 
captured by a more concentrated and com- 
pressed cake under a higher TP and by the ir- 
reversibly fouled membrane. Such phenomena 
resulted in a decrease of protein concentration 
in the permeate compartment when Rd 
increased. 

4.3 Selectivity 

In the course of the MF operation, retention 
of proteins linked to calcium phosphate aggre- 
gates could not entirely explain the low total 
protein transmission. Therefore “free” protein 
transport through the filtering layer was al- 
tered by increased fouling. 

According to Ferry’s law [ 301 the clean Ml4 
membrane with a mean pore diameter of 0.14 
p and a hydraulic resistance of R, should 
readily transmit the main “free” whey proteins 
(Table 3). The calculated transmission of total 
proteins (linked and “free” proteins) was es- 
timated to be 90%. 

At shorter filtration times, the increase of 
hydraulic resistance due to irreversible fouling 
(R,+ R,) led to a reduction of the membrane 
pore radius (down to 0.043 p after 4 hr ) , which 

TABLE 3 

Protem transmlsslon determmed expenmentally (Tr-) 
and calculated from Powemlle’s (eqn (5) ) and Ferry’s (eqn 
(4)) laws (Tr -) at various MF times takmg into ac- 
count Merent values of foulmg hydrauhc realstance R 

R Time 

(mm) 

Pore radius 

(nm) 
TrUI&I Tr,, 
@IO) (%) 

& 0 70 90 
R,+Rlt 60 54 81 

130 50 77 
250 48 64 
320 46 64 

R,+Rf 60 45 60 66 
130 42 76 60 
250 42 73 40 
320 30 72 30 

did not contribute significantly to the devel- 
opment of protein transmission: pores were still 
large enough to enable passage of protein 
through the membrane. The same conclusion 
was reached with the reduction of pore radius 
due to the irreversible fouling (R,+ R,) for 
longer operating times. 

The overall fouling hydraulic resistance 
(R, + R,) was insufficient to account for a total 
protein transmission of 30%, even with its 
higher level at the end of the MF run (Table 
3). 

Consequently, the large discrepancy be- 
tween experimental and modelled Z’r values in- 
clines one to reconsider the relevance of the as- 
sumptions made with respect to membrane 
fouling models: fouling is assumed to cause re- 
duction of pore size when using Ferry’s and Po- 
iseuille’s laws (eqn . (5)) [ 32 ] ) , while pores be- 
coming blocked and sealed are supposed to 
account for the development of fouling in the 
MF experiments. Moreover, the heterogeneity 
of the system, which involves the development 
of fouling from the inlet to the outlet of the 
membrane, at the surface and in the bulk of the 
membrane as well as changes in pore size dis- 
tribution with time [29,41], emphasizes the 
complexity of the fouling phenomena that have 
to be taken into account. The phenomenon of 
protein retention by MF membranes with pore 
sizes bigger than the proteins was reported [ 42- 
44]. It was explained for whey protein by the 
interaction of charged molecules with charges 
on the membrane [42] and for bovine serum 
albumin solution by the effect of shear on the 
protein molecules being sufficient to expose 
hydrophobic groups, which have a higher ten- 
dency to adsorb onto membranes and to induce 
aggregation of the more denatured form of pro- 
tein [ 451. 

According to the above, we suggest that more 
attention should be paid to the distribution of 
protein transmission along the membrane in 
the course of time, to the contribution of each 
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imhvidual protein to the fouling and to protein 
retention during MF. For instance, the role of 
charge effects and protein-protein, protein- 
particle, protein-membrane interactions, as 
well as membrane characteristics and pore mi- 
crostructure, should be further investigated. 

6. Conclusions 

In pretreated whey MF, calcium phosphate 
aggregates and proteins were responsible for 
heterogeneous fouling that increased in the 
course of time according to a “complete block- 
ing” filtration law accounting for a progressive 
decrease in the active filtering area, which 
moved along the membrane from the higher to 
the lower transmembrane pressure areas. 

The dynamic counter pressure mode of op- 
eration provides a nearly constant transmem- 
brane pressure gradient along the filtering 
module. Consequently, it is a precious scien- 
tific tool for investigating fouling phenomena. 
Moreover, it is an efficient means for improv- 
ing the performance of MF systems, giving 
longer operating time and higher protein 
recovery. 

The development of protein transmission in 
the course of time is not completely under- 
stood, and knowledge concerning the influence 
of microscopic heterogeneity (distribution of 
pore size, etc.) and of membrane-solute inter- 
actions need to be improved. 
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List of symbols 

a,b,c,d,e,f,g,h constants of eqns. (7)- (10) 
C 
CF 

protein concentration (g-l-‘) 
concentration factor of aggre- 
gated calcium 
permeate concentration (g-l- ’ ) 

retentate concentration (g-l- ’ ) 

permeation flux (m3-m-2-sec-1 
or l-hr-1-m-2) 
equivalent length of the mem- 
brane pore (m) 
molar mass (g-mol-’ or Da) 
optical density 
mean retentate pressure (Pa or 
bar) 
pore radius (m or nm) 
molecular radius (m or nm) 
pore radius of the clean mem- 
brane (m or nm) 
fouling hydraulic resistance 

(m-l) 
overall fouling hydraulic resis- 
tance (m-l) 
irreversible fouling hydraulic re- 
sistance (m - ’ ) 
membrane hydraulic resistance 
(m-l) 
reversible fouling hydraulic resis- 
tance (m-l) 
time (set or min) 
transmembrane pressure (Pa or 

bar) 
transmembrane pressure at the 
inlet and at the outlet of the fil- 
tering tube (Pa or bar) 
transmission ( % ) 

transmission of aggregated cal- 
cium (%) 
protein transmission determined 
experimentally ( % ) 
transmission of “free” proteins 
not linked to calcium phosphate 
aggregates (%) 

CP 
c* 
J 

1 

M 
OD 

P, 

r 

r, 
r0 

R 

Rf 

R,f 

R, 

Rti 

t 
TP 

TP,, TP, 

Tr 

Trc, 

Trexp 

Trf 



transmission of proteins linked 
to calcium phosphate aggregates 
(%) 
protein transmission calculated 
from Poiseuille’s (eqn. (4) ) and 
Ferry’s (eqn. (5)) laws (%) 
mean tangential flow rate (m 
set-‘) 
volumetric concentration ratio 
ratio of linked protein concentra- 
tion to total protein 
concentration 
molecular extinction coefficient 
for zirconium oxide ZrOz and 
protein p 
dynamic viscosity of the per- 
meate (Pa-see) 
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