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Nanofiltration of sweet
whey by spiral wound organic membranes:
Impact of hydrodynamics

Romain #ANTET? Jesus BDRIGUEZ, Anita GAREMP*

@ aboratoire de technologie alimentaire, ENSAR, 65 rue de Saint-Brieuc,
35042 Rennes Cedex, France
b| aboratoire de recherches de technologie laitiere, INRA, 65 rue de Saint-Brieuc,
35042 Rennes Cedex, France

Abstract — The influence of permeation flukand wall shear stresg, on performances of the
nanofiltration of concentrated sweet whey at volume reduction ratio 2, 18 °C and using organic
membranes was studied. It was concluded that sweet whey nandfiltration could be optimised through
the parametel/t,,, sincel andr,, act together in a competing mechanism of convection/erosion at the
membrane surface, that governs membrane fouling and selectivity. Hence, the overall fouling was
strongly dependent on the rafitr,, with a critical/t,, value of approximately 6.0. Whefr,, < 6.0,

the total membrane fouling was relatively low and almost independent on operating conditions. For
higher ratios ofl/t,, there was a spectacular increase in fouling and a very strong dependence
between the fouling index addr,,. Simultaneously, selectivity was altered under these conditions,
with higher retention of monovalent ions and lower retention of lactose. Finally, optimal hydrodynamic
conditions were defined in the range 3—6. Under these conditions, longer operating times, lower
chemical oxygen demand in permeate and higher demineralization could be expected at lower pro-
cessing costs.

nanofiltration / hydrodynamic / sweet whey / fouling

1. INTRODUCTION ineralization of acid and sweet whey. There
would be about 150 000—200 008 of NF
Nowadays, NF (membrane nominalmembranes installed for the dairy industry
molecular weight cut-off ranging betweenall over the world, either by substituting NF
0.2 and 1) is widely used in the dairy indusfor RO membranes or as totally new equip-
try for the concentration and selective demiment. NF membranes which are suitable for

* Correspondence and reprints. agarem@Iabtechno.roazhon.inra.fr.
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dairy applications generally exhibit a highproductivity) greatly depends on these
permeability for monovalent ions (betweenparameters], 7, and VRR and hence, at a
40-90%), and a low or very low perme-constant VRR, on the rati#/t,, which is
ability for multivalent ions (between 5-20%) characteristic of the membrane, the fluid,
and organic compounds (proteins, lactoseand independent of the characteristics of the
urea) [12, 17]. However, NF membraneinstallation.

operation is not always efficient, and there ¢, nsigering that only few studies have
are frequently problems with selectivity yaan related to the role fr, on NF mem-

(losses of lactose in the permeate), and Wit ane performance, our purpose was to
productivity (fouling, reduction of the dura- yetermine an optimu/z,, for the best NF

tion of functioning) [4]. separation features of sweet whey using

In most practical applications with pres-SPiral wound organic membranes. In order
sure-driven processes, fouling of the memt© Simulate the behaviour of one stage of
brane occurs during the process, and th@n industrial multistage NF plant, each
represents one of the major operating prot€XPeriment was carried out at constant vol-
lems resulting in the reduction of selectivityMe reduction ratio (VRR), temperature,
and productivity of the process. The gen~ andT,,
eral consensus is that a surface layer (als
called dynamic membrane) is formed on the
membrane surface during the operation, an 2. MATERIAL AND METHODS
once this surface layer is formed, it regu-
lates the permeability and the selectivity of
the membrane, regardless of. its i_ntrinsi( 2.1.1. Experimental equipment
properties [13]. In crossflow filtration of
whey using organic membranes, the mos o \E ynit was an U01-Lab installa-
important foyhng components are the Whe3’[ion (Filtration Engineering, New Hope,
proteins, which adsorb to the membrane anysinnesota USA) equipped with a Desal 5
insid_e the pores [16]. Whey minerals such a(DK 3840 C Osmonics, Minnetonka, Min-
calcium and phosphate cause severe founesota, USA) spiral wound NF membrane,

ing,hespecially in t?ﬁ_c?\se of acid Wh?" duwth a total area of 7.9 frand a molecular
to the presence of higher contents of insol,,, . ) 1
uble salts (i.e. colloidal calcium phosphate’ eight cut-off of 200 gnol™{10].

[5, 16]. Lactose, small nitrogenous compo-
nents, like peptides, urea, amino acids, an
whey lipids, have only a minor contribution
to fouling.

2.1. Nanofiltration

2.1.2. Cleaning procedure

Cleaning of the installation and the mem-
brane was performed before and after NF
Some studies have demonstrated that trexperiments as described by Jeantet [9]. The
hydrodynamic operating conditions of mem-cleaning procedure was repeated until the
brane crossflow processes are the moJesistance of the clean membrang)XRas
important parameters responsible for its adeecovered (+ 5%).
guate performance. In this way, at a con
stant VRR, the permeation fluf)(governs 2.1.3. Whey concentration
mass transport by convection towards th
membrane, whereas the wall shear stres Emmental cheese whey obtained from a
() governs the transport by erosion, hydrolocal dairy plant (Préval, Montauban,
dynamic diffusion of solutes from the mem-France) was concentrated to a VRR 2 at
brane towards the feed fluid. Therefore, per45 + 1 °C, flow velocity 1.1 ns~%, and TP
formance of the process (selectivity ancbetween 25-38 10° Pa. The concentrated
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whey was then cooled to 2—4 °C and sodiurtaple 1. Composition (kg% and mineral con-
azide (0.2 &kg™) was added in order to pre- tent (gkg~3) of the concentrated sweet whey
vent microbial growth. (VRR 2) used for nanofiltration experiments.

The composition (g1 of the concen- H

6.2+0.2
trated whey (VRR 2) used in the experi-
mental study is shown in Table I. The pHTotal solids 127.2+2.7
of all whey samples immediately after con-Protein 17.1+04
centration was 6.2 + 0.2, and did not changNPN 34+0.1
to any appreciable extent during the differ-Ash 8.1+0.1
ent NF experiments. Lactose 102.2+1.9
2.1.4. Nanofiltration experiments ca 0.67+0.04
Mg?2* 0.15+0.01
Experiments were performed at 18 + 1 °CN"j‘+ g'gi f 8'82
and VRR constant (VRR 2) by recycling or 195 £0.04

both the permeate and the retentate into tf
feed tank until a filtered volume (FV) of
20 L.m2 Twenty-five experiments were
performed ford/t,, ratios within the range
1.0 and 9.3, correspondingtandr, lying the standard method by desiccation at
between 10-30b1m2and 3.1-11.6 Pa, 102-105 °C for 7 h [7]. Total protein and

respectively. non-protein nitrogen (NPN) were deter-
The wall shear stresg,(, Pa) was calcu- mined by the Kjeldahl procedure [8].
lated as follows: Ash was determined by incineration of
- = APd 10 mL of sample at 550 °C for 4 h [1]. The
w4l mineral content (Cd, Mg?*, K*, Na") of

where AP = pressure drop across the memthe samples were quantified by atomic
brane (Pa) ranging between 0450° and absorptipn spectrometry on a Varian AA
0.65x 10° Pa during the experiments; 300 equipment (Sunnyvale, USA), accord-
| = length of the module (m), and d = hydrauing to the method described by Brule_et al.
lic diameter of the membrane (m), calcu{2]- Chloride content was determined

lated according to van Gauwbergen andlirectly on a Corning Model 926 equipment
Baeyens [19]. (Humeau, La Chapelle, France).

Lactose content of the samples was deter-
mined from mass balance (total solids — ash
i i — protein). The chemical oxygen demand
The hydraulic resistances of the clear‘(COD) of the permeate was determined by
membrane (R), the overall fouling (B,  ysing a LCK 014 DCO test (Dr. Lange, Diis-

the irreversible fouling (R) and the seldorf, Germany).
reversible fouling (R) were calculated

2.1.5. Assessment of fouling

according to Daufin et al. [3]. Solute retention (R) by the membrane
was calculated as follows:
C —
2.2. Physicochemical analyses R (%)= —— x100

n
The pH of samples was determined atvhere G = concentration of solute in the
20 °C on a Radiometer pH-meter. Totalretentate and = concentration of solute
solids content was determined according tin the nanofiltrate.
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2.3. Economic analysis ciency, respectively. The total operating
costsOC ($:m~9) is then:
NF processing cost, including operating Ep+ E.
(without cleaning) and capital costs, was OC:( P ) x e
estimated for each couplg, ¢,) on the basis 3600
of a NF plant functioning in recirculation \yhere e is the electricity cost

mode at constant VRR 2. This plant isg o5 $kwWh-1). On the other hand, capital
supposed to produce a permeate flow ratéostsCC ($m3) are estimated from the fol-
Vp (m3s7) with a total membrane area Alowing:

(m?), depending on the constant permeate

flux valueJ: . cC= PCxCF
Ae Ve t
J wherePCis the plant cost (3h), CF the
The hydraulic setup includes: capital factor (yrl) andt the total operat-

ing time (hyr-1). PCis a function of the
fixed costs (minimal configuration and
: : automation), the total membrane area A,
2322t§rr]§ssure TP (Pa) required to kdep and the membrane and equipment cost: this
" , lies between 1000 and 562 for A in

—-a reqlrcu_latlng pump on the retentatgp o range 30 to 100 frespectivelyCF
loop, delivering a flow rat&/, (m*s™)  ipcjudes depreciation, interest and mainte-
under the pressure dréy (Pa) required 1o pance, and is equal to 0.4Vr

— a positive feed pump delivering a flow
rate V- = 2 Vp (m3sY) under the NF oper-

keepr,, constant. i ) The greater the membrane fouling, the
_ The power B(W) required for this setup |ower the total operating time because of
is given by: . . longer periods of membrane cleaning. Arbi-
_ Ve TP + VAP trarily considering a 10% decrease of oper-

P & 3 ating time per increase of 1 of/R, twas

calculated on the basis of a theoretical oper-

with £ = 0.5 ancE = 0.5, the global effi- ating time of 8 000 yr .
ciencies of the feed pump and the recircu-
lating pump, respectively. The correspond-
ing energy consumption per permeate 3- RESULTS
volume E, (Imd) is:
£ =P
PT T Figure 1 shows the overall fouling
Ve (R/R,) at a FV of 20 km2as a function of
This energy input will induce a rise in tem-J/T,, €ach point corresponding to one of the
perature of the recirculating retentate, thag> €xperiments. The hydraulic resistances
should be cooled by a heat exchanger tgf the C'%a” membran%@e\ivere between
keep temperature constant. The cooling plar-1 % 103 and 9.8« 10"*m, and did not

energy consumption per permeate volumé&hange to any appreciable extent throughout
Ec (3m) can be estimated from: the experimental study. The reversible foul-

ing (R/R) accounted for 92-98% of the
E.=E, E overall fouling.
c & The evolution of R'R as a function of
with £ = 0.9 ancE . = 2, the pump engine J/rw.c_ould be divided into two parts around
efficiency and the cooling plant global effi- & critical J/t,, value of 6.0. The first part

3.1. Assessment of fouling
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Figure 1. Normalized 2 °
overall fouling hydraulic AR A SR
resistance (RR) as a s
function of theJ/z,, ratio, 1 .
for the nanofiltration pro-
cesses of concentrated | ‘ ‘ : : :
sweet whey. VRR 2; 0 1 2 3 4 5 6 7 8 9 10
18 °C; FV 20 Lm=2. H,

(J/t,,< 6.0), corresponded to an overall foul-monovalent ions was obtained for higher
ing of relatively little importance (RR,  J/t,, ratios. Rejection of Naand K"
between 0.7 and 1.5), which slightlyincreased from about 15%, and the rejec-
increased withl/t, (Fig. 1). tion of Ct from about 23%, betweelirt,

Conversely, for highel/z, ratios (> 6.0) 1.0 and 9.3. As a result of the differences
there was a very strong dependence betwedfund between the monovalent mineral
total fouling at the membrane and the raticfeJECtlon in the experimental study, the faSh
JIt,: the higher tha)/t,, the higher the content of the permeate samples obtained

. ) —2 i
R/R_. Indeed, there was a 2.7 fold increas /t aFv20Lm Wd?S higher \(/jvhen a I(k))wer
of Ry/R,, fromJ/t,, 6.0 tod/t, 9.3 (Fig. 1). T, fatio was used)(r,, 1.0 and 3.4, Tab. I).

3.2. Selectivity of the process 3.3. Economic analysis
iy Costs were minimized fal/t,, ratio in
The_J/rW conditions greatly altered the o range 3.0-6.0, at approximately-2i$
selectlwty qf the' membrane as shown bS(Fig. 3). Underd/t,, 3, capital costs were
large variations in permeate sample comycreased because of higher total membrane
position (Tab. ). Higher losses (2_0%) of area A (lowd value). Abovel/, 6, oper-
NPN in the permeate were obtained folztjng and capital costs were increased
lower J/t, ratios (/t,, 1.0). Likewise, the pecause of higher operating pressure (high

higher thel/t,, the higher the lactose loss in j value) and lower operating tim¢higher
the permeate. Losses of lactose were 0.¢embrane fouling), respectively.

and 1.2 ekgtfor J/t,, 1.0 and 9.3, respec-

tively, equivalent to 0.4 and 1.1% of the raw

concentrated whey. Consequently, the high- DISCUSSION
est permeate COD values were obtained in

the permeate at the highagt,, (Tab. Il). Fouling occurring during crossflow mem-

Divalent cations (Ci& and Mg*) were brane separation processes of dairy prod-
almost completely retained whatever theucts is a very complex phenomenon, espe-
operating conditions used (R = 97-99% andially in the case of whey, due to the large
R = 100% for C&" and Md*, respectively) diversity of dairy components participating
(Fig. 2). However, a higher rejection ofin fouling. Generally speaking, the reversible
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i a3

é g © H o part of fouling based on the co.ncentr'ation
2 N B o & polarization (CP) phenomenon is dominant
= L 2R during whey nanofiltration. In the; present
S © study, reversible fouling (which involves
% o CP phenomenon) aﬁcounhted fort 9|2—]$(3f5%I of
£ NS the overall fouling. Thus, the control of foul-
2 f o ing of sweet whey nanofiltration implied
a : ; ToRTo} the control of the CP phenomenon. This can
2 + S &Y B be understood as the result of the accumu-
g X ~ lation of the retained species and of the
° g depletiondof th? perm%a}tmg ctotmgﬁnents in
© <~ the boundary layer adjacent to the mem-
é I brane, which causes a concentration gradi-
g w! &R %S ent build up on the latter. Thus, in the pre-
a2 o sent study, from the analys_ls of nanoﬂltrat_e
5 "5' © composition.and comparing the experi-
ao p mental retentions of whey components, the
g; m N Hom ) CP layer was expected to consist mainly of
pogelll T B a4 ° = divalents salts, lactose and proteins. Con-
59 | = = sequences of the CP build up could be the
59 5 5"6 following. Firstly, the tioundar_y layer char-
=0 ©Q oo H < acteristics would result in an intrinsic mass
§§ & NS FI é transfer coefficient, related to the solute dif-
§§ © - 8 fusivity within the boundary layer, the
o2 o © boundary layer thickness and compaction.
%% 6w 4O g This coefficient would control the alteration
Eg 8 388 3 8 of flux and selectivity of the fouled NF
¥s | O © S membrane. Secondly, the over-concentra-
8 @ < Iz tion of negatively chgrged whey proteins in
g © o 5 © g the CP !ayer woulc_i increasingly trap sm_all
2 [P 6 0 mw o inorggmc counter ions arqund thg proteins
g g‘ © S and sumultaneoysly small inorganic co-ions
3= “ = would be electr_lcally repelled. Thirdly, the
S2 |3 ¢ ~ ° « "% over-concentration of lactose would enhance
o3 g oo o - S the leakage of lactose into the permeate by
gg S S 2 diffusion across the NF membrane. And
§g ‘:; finally, as soon as r:he calmkl)Jm phosppate
Eg pt . concentration at the membrane surface
% Elz | ~w g £ exceeds saturation, precipitation is liable to
m',?j 2| °°uw° z occur. This would then cause a far more
o8 ° 2 severe fouling as shown by Kelly et al. [11].
é% N = Some authors have even linked the increase
.§"5 G M < ?. ™ ; of the fouling index, due to the formgtiqn
23 |< | Y Yo~ 2 of a CP layer, to the increase of precipitation
&ﬁ - =3 of calcium phosphate at the membrane sur-
38 5 face [14].

j' o ; Methods to redu%e the kC)ZP phenodmento?
52 z o by a proper choice of membranes and instal-
cSEIS 3 :; 2 2 z Ieﬁior?[ZO], by product pretreatment [5-6]
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eral species during the
nanofiltration process of
concentrated whey
(VRR 2), at 18 °C and
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Figure 3.Nanofiltration & ¢ L, PR |
estimated processing 201 . *
costs (fm3) as a func-
tion of theJ/t, ratio. 1,8 ‘ - ‘ ‘ : . . ‘ .
VRR 2; 18 °C; FV 0 1 2 3 4 5 6 7 8 9 10
20 Lm=2 W

or by the control of the operating variablesowards the membrane surface and hence
[4, 13, 15] are largely described in the liter-the higher the concentration profile in the
ature. Results of the present study highCP layer. The competition of both parame-
lighted the crucial influence of the ratio ters, through thé/t, ratio, would thus con-
between the permeation flhand the wall trol the following characteristics of the CP
shear stresg, on the fouling index and on 1ayer: concentration profile, thickness, com-
the alteration of process selectivity duringP@ction and solute diffusivity, and hence,
the NF of sweet whey. From the knowledg he mass transfer coefficient within the
being gathered today in every area of me poundary layer.

brane liquid separation, it could be assumed So, the present results can be understood
that the two parametedsandr,, act together with regard to the competing mechanism of
in a competing mechanism of convec-convection/erosion. As expected from lit-
tion/erosion. The higher the shear rate, therature, the fouling index was essentially
larger the amount of matter scrapped off théinked to the formation of a CP layer and
fouling layer. The higher the permeate flux,this constantly increased wilfr,,. As long as
the larger the amount of matter brought]/Tw was under a critical value of around 6,
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the fouling index increased slowly which gradient of lactose concentration across
indicated that mass transport by erosionthe membrane and hence, the higher the CP,
diffusion was greater than mass transpotthe greater the amount of lactose transferred
by convection. A more compact, thinner CHn the permeate. Moreover, as assumed
layer was then expected to be formed, whicbefore, the presumed loose structure of CP
would be probably less able to capture smalaiyer under these conditions, would increase
solutes. Then, as soon as a crititg|, was the diffusivity of lactose within the bound-
reached (around 6.0)/R  increased dras- ary layer. So, high values #fr,, would have
tically. Some nanofiltration runs even haveserious repercussions on the polluting power
to be stopped for the highest valued/af,  of the nanofiltration process. Indeed, the
Under these hydrodynamic conditions, theCOD of the nanofiltrate is directly related to
mass transport by convection towardghe lactose transmission [18]. Losses of
the membrane was far more important thaonrganic solids from whey in terms of COD,
the mass transport by erosion/diffusion, andvere similar to those reported by Kelly and
hence a thicker and looser CP layer settlelelly [12] during the NF of acid whey.

fast. Because of its specific presumed struc- ¢ conclude with, the synthesis of these
ture, it was expected to be more liable ofesyits leads to optimal hydrodynamic oper-
capturing the small solutes. ating conditions at VRR 2 and 18 °C: for a
12
Hence, the selectivity of the NF mem-Permeate flux equal to 30#-m, the
optimal 7, stands in the range of

brane was greatly altered Byr,. With X
respect to monovalent ions,wrejectionG'o_lo'O Pa, corresponding to pressure drops

increased for highel/t, ratios. The inter- from 0.30x 10° to 0.50 1C° Pa per ele-

pretation of these results rests on th&€nt: Under these conditions, longer oper-
assumption that the small counter ions oftling times, I0\_Ner permeate COD and higher
negatively charged whey proteins (Nand demmer_allsatlon can be expected at lower
K*) were trapped electrically around theProcessing costs.

proteins, and over concentrated in the CP

layer. On the other hand, the small co-ions ACKNOWLEDGEMENT
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List of symbols

A Total membrane area én PC  Plant cost ($n~3h)
CC Capital costs ($179) Py Installation power (W)
CF  Capital factor (yrh) R Solute retention (%)
C,  Nanofiltrate solute concentration-kg) R;  Overall fouling hydraulic resistance (f
COD Chemical oxygen demand (kg 5 R; Irreversible fouling hydraulic resistancefin
CP  Concentration polarization . ., Clean membrane hydraulic resistance¥jm
dCr Eetdergtuehtg ggﬁgtgsg?fﬁérigm 218 - R; Reversible f(_)ulin_g hydraullic resistance fjn

Ely it (0,05 SWh 2 t Total operating time (hr—)
e ectricity cost (0. ) P  Transmembrane pressure (Pa)
Ec C°°|t'”g pllant e(gen':q%]y consumption per per-yRrR  Volume reduction ratio

meate volume (J. y e 1

. Ve Positive feed pump flow rate i)

Ep E;r;?[zg%\_(es)rgy consumption per permeate vol-vP Permeate flow rate (hsY)
EV  Filtered volume (™) Vg Recirculating pump flow rate )
J Permeation flux (fhs1m?) & Cooling plant global efficiency
I Module length (m) & Pump engine gff_luency
NPN Non-protein nitrogen (gg) & Feed pump efficiency
OC Total operating costs {89 &r Recirculating pump efficiency
AP Pressure drop across the membrane (Pa) Tw  Wall shear stress (Pa)




