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Résumé & Abstract

RÉSUMÉ
La filtration membranaire est facile à combiner avec d’autres technologies pour traiter les
eaux usées industrielles, en produisant de l'eau réutilisable et en récupérant des composants
organiques/inorganiques. Le déclin du flux à cause de la polarisation de concentration et du
colmatage de la membrane est une limitation importante dans l'application des technologies
membranaires pour traiter les eaux usées. Afin de contrôler le déclin du flux, la filtration
membranaire à fort cisaillement a été utilisée pour traiter les eaux usées de nettoyage et
laitières dans ce travail. Les comportements du flux, les mécanismes de colmatage, le rôle des
polluants et les stratégies de contrôle du colmatage dans le traitement des eaux usées par la
filtration membranaire avec un cisaillement amélioré ont été étudiés pour fournir de
précieuses informations pour les applications industrielles.
Le déclin du flux dans le traitement des eaux usées détergentes par nanofiltration (NF)
peut être restreint lorsque la couche de polarisation de concentration tensioactive est éliminée
par un taux de cisaillement élevé sur la membrane. L’augmentation du pH a eu un effet positif
en augmentant la répulsion électrostatique entre les molécules de surfactant et de la membrane.
Le colmatage de la membrane peut être éliminé par un rinçage à l'eau, et la perméabilité
membranaire récupérée complètement sans nettoyage chimique.
Le colmatage des membranes dans le traitement des eaux usées laitières est plus
compliqué. Avec un taux de cisaillement et une pression élevés, un léger déclin du flux dû à
l'adsorption des polluants (le lactose, les ions multivalents de sel et leurs agrégats) est observé.
Pendant cette phase, le colmatage par adsorption en surface, le rétrécissement et le colmatage
des pores, régis par l’interaction de polluants-membrane, sont les mécanismes principaux de
réduction du flux. En l'absence de nettoyage chimique, ce colmatage par adsorption peut
induire la formation d’un gâteau par des agrégats de protéines et du calcium, ce qui entraîne
un fort déclin du flux. Un prétraitement par ultrafiltration (UF) peut réduire le colmatage des
membranes de NF à un taux de cisaillement faible à cause de l'élimination des caséines et des
protéines de lactosérum, alors qu'il a un effet négatif sur la NF lorsque que le taux de
cisaillement est élevé.
Nous avons proposé les conditions opératoires suivantes : conditions hydrodynamiques
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extrêmes et celles d’un flux de seuil (threshold flux). La condition extrême
signifie l’application d’un taux de cisaillement élevé et d’une pression de 40 bar, tandis que le
fonctionnement au flux de seuil consiste à limiter le flux pour réduire le colmatage (le point
au-dessus duquel le flux cesse d'augmenter linéairement avec la pression transmembranaire).
Le premier mode donne un flux très élevé et une bonne qualité du perméat, mais le deuxième
est intéressant pour des tests de longue durée grâce à un faible déclin du flux.
Il peut être conclu qu’en utilisant la filtration dynamique, le déclin du flux peut être
parfaitement contrôlé par l’application d’un fort taux de cisaillement sur la membrane.
L’opération en conditions extrême avec un nettoyage chimique approprié et l’opération du
flux de seuil avec un colmatage faible, sont deux choix possibles pour la filtration dynamique
à fort cisaillement. La comparaison et l'applicabilité de ces deux opérations doivent encore
être étudiées.
Mots-Clés: Récupération des eaux usées; Déclin du flux; colmatage de la membrane;
Nanofiltration; Cisaillement élevé
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ABSTRACT
Membrane filtration is easy to combine with other technologies to treat industrial
wastewater, for the production of reusable water and the reutilization of organic/inorganic
components. But flux decline due to concentration polarization and membrane fouling is an
important limitation in applying membrane technologies to recycle wastewater. In order to
reduce flux decline, shear-enhanced membrane filtration was used to treat detergent and dairy
wastewaters in this work. Flux behaviors, fouling mechanisms, foulant roles and control
strategies in recycling wastewater by shear-enhanced membrane filtration were investigated to
provide useful information for industrial applications.
The flux decline in the treatment of detergent wastewater by nanofiltration (NF) could be
controlled as the surfactant concentration polarization layer was reduced by high shear rate on
the membrane. Increasing feed pH had a positive effect by enhancing electrostatic repulsion
between surfactant molecules and membrane. The membrane fouling layer could be broken
up by water rinse, and thus membrane permeability could be fully recovered without any
chemical cleaning.
Membrane fouling in the treatment of dairy wastewater was more complicated. When
operating at high shear rate and pressure, after a stable flux period, a slow flux decline caused
by surface adsorption of foulants (lactose, multivalent salt ions and their aggregates) occurred.
In this adsorption fouling stage, pore narrowing and blocking governed by foulant–membrane
interaction were the main fouling mechanisms. In absence of chemical cleaning, this
adsorption fouling could induce cake fouling formation by proteins-calcium aggregates,
resulting in severe flux decline. Ultrafiltration (UF) pretreatment could reduce NF membrane
fouling at low shear rate due to the elimination of caseins and whey proteins, while it had a
negative effect on NF of UF permeate at high shear rates.
Two new membrane operations, i.e. at extreme hydrodynamic conditions and threshold
flux conditions, were proposed. Extreme hydrodynamic conditions consists in high shear rate
and high applied pressure (up to 40 bar), while threshold flux operation implies limiting the
flux to reduce fouling (the point above which flux ceases to increase linearly with
transmembrane pressure). The former had high process efficiency and good permeate quality,
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but the latter is advantageous in long-term runs due to low flux decline.
It can be concluded that, using shear-enhanced membrane filtration, flux decline can be
well controlled by its high shear rate on the membrane. Extreme hydrodynamic operation with
suitable chemical cleaning and threshold flux operation with low fouling rate, are two
possible choices for dynamic shear-enhanced membrane process. The comparison and
applicability of these two operations need to be further studied.
Key words: Wastewater reclamation; flux decline; membrane fouling; nanofiltration; high
shear
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General Introduction

General Introduction
Water and energy shortage have motivated the development and application of various
technologies to permit growth beyond the traditional limitation of natural resource, and the
increasing environmental pollution makes this requirement more urgent. Methods that
generate reusable water and clean energy in a nonpolluting and nonresource-exhausting
manner are desirable. Utilizing wastes and abundant, low value resources as inputs for these
processes are also beneficial in the long term.
Industrial wastewaters are characterized by large volume and high pollution, together
with the presence of valuable components. Recycling industrial wastewater by an efficient
and economical method has always been our goal. Membrane technologies, especially
nanofiltration (NF) and reverse osmosis (RO), facilitate this pursuit because they can produce
reusable water and recover valuable solutes in one step, and they are easy to combine with
other technologies to improve solutes utilization, as illustrated in Fig. 1. With membrane
technologies, on-line treatment of CIP (clean-in place) wastewater is possible, and wastewater
effluent is greatly reduced; the permeate water can be reused and the concentrated solutes
may be recycled as product materials, or as substrate for bioenergy production.

Fig. 1 Schematic illustration of recycling industrial wastewater by membrane filtration

The advantages of membrane technologies in wastewater treatment are weakened by
concentration polarization and subsequent membrane fouling as they cause flux decline and
permeate quality deterioration. Dynamic shear-enhanced membrane modules, permitting to
solve these problems, were used to treat industrial wastewaters in this work. The objective of
this study is to optimize the dynamic shear-enhanced membrane process, analyze the fouling
behavior and flux decline in this process, and find some solutions to control flux decline when
-1-
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recycling industrial wastewater by membrane filtration. The main part of this dissertation
contains six chapters as follows.
The first chapter is dedicated to an introduction to industrial wastewater treatment, with
special attention to wastewater recycling. Then recycling industrial wastewater by
shear-enhanced membrane filtration is proposed, where its advantages and problems are also
presented in order to meet the research objectives.
In the second chapter, we describe the dynamic shear-enhanced membrane modules and
equipment, membranes, model and real wastewater. The experimental, analytical, and data
processing methods are also presented in this part.
The third chapter reports detergent wastewater treatment, focusing on the flux decline
caused by surfactant molecules. The fourth chapter presents the effect of process parameters
(i.e. transmembrane pressure, shear rate and pH) on dairy wastewater treatment by
shear-enhanced membrane filtration. The fifth chapter concerns the fouling behavior and flux
decline control in dairy wastewater treatment by membrane filtration. The sixth chapter
presents a new concept for shear-enhanced membrane filtration, “threshold flux”, which is
proposed based on all the studies in Ph.D. period and used to control flux decline in long-term
operation.
The above work has been published as seven papers (first author) in international
journals:
Chapter III
1. Jianquan Luo, Luhui Ding, Yinhua Wan, Michel Y. Jaffrin. Flux decline control in
nanofiltration of detergent wastewater by a shear-enhanced filtration system. Chem. Eng.
J., 181-182 (2012) 397-402.

Chapter IV
2. Jianquan Luo, Luhui Ding, Yinhua Wan, Patrick Paullier, Michel Y. Jaffrin. Application
of NF-RDM (Nanofiltration Rotating Disk Membrane) module under extreme hydraulic
conditions for the treatment of dairy wastewater, Chem. Eng. J., 163 (2010) 307-316
3. Jianquan Luo, Luhui Ding. Influence of pH on treatment of dairy wastewater by
nanofiltration using shear-enhanced filtration system, Desalination, 278 (2011) 150-156.
-2-
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Chapter V
4. Jianquan Luo, Luhui Ding, Yinhua Wan, Patrick Paullier, Michel Y. Jaffrin. Fouling
behavior of dairy wastewater treatment by nanofiltration under shear-enhanced extreme
hydraulic conditions. Sep. Purif. Technol., 88 (2012) 79-86.
5. Jianquan Luo, Luhui Ding, Benkun Qi, Michel Y. Jaffrin, Yinhua Wan. A two-stage
ultrafiltration and nanofiltration process for recycling dairy wastewater, Bioresour.
Technol., 102 (2011) 7437-7442.
6. Jianquan Luo, Weifeng Cao, Luhui Ding, Zhenzhou Zhu, Yinhua Wan, Michel Y. Jaffrin.
Treatment of dairy effluent by shear-enhanced membrane filtration: the role of foulants,
Sep. Purif. Technol., 96 (2012) 194-203.

Chapter VI
7. Jianquan Luo, Luhui Ding, Yinhua Wan, Michel Y. Jaffrin. Threshold flux for
shear-enhanced nanofiltration: experimental observation in dairy wastewater treatment, J.
Membr. Sci., 409-410 (2012) 276-284.
According to the above seven publications, a general conclusion is prepared and the future
work is also proposed in the end of this thesis.
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Résumé du Chapitre I
La pénurie d'eau et sa pollution rendent le recyclage des eaux usées très nécessaire. Cette
section présente les caractéristiques des eaux usées dans l'industrie et ensuite cite six
méthodes physiques, chimiques et biologiques pour le traitement des eaux usées, qui sont la
coagulation/floculation,

l'oxydation

avancée,

bioréacteur,

les

piles

à

combustible

microbiennes, les zones humides artificielles et la filtration membranaire. Le recyclage des
eaux usées, qui comprend la réutilisation de l'eau, la récupération des composants et la
production d'énergie, par des technologies différentes sont résumées, puis la filtration
membranaire dynamique avec un fort cisaillement est proposée pour être combinée avec
d'autres technologies pour améliorer l'efficacité de recyclage. La dernière partie décrit la
motivation, l'objectif et le contenu de ce travail.

Abstract of Chapter I
Water scarcity, water pollution and energy shortage make wastewater recycling necessary.
This section presents the characteristics of water and wastewater in industry and then
introduces six physical, chemical and biological methods for wastewater treatment, i.e.
coagulation/flocculation, advanced oxidation, bioreactor, microbial fuel cells, constructed
wetlands and membrane filtration. Wastewater recycling, i.e. water reuse, component
recovery and energy generation, by various technologies is reviewed, and then dynamic
shear-enhanced membrane filtration is introduced and proposed to be combined with other
technologies for improving recycle efficiency. The last part describes research motivation,
objective and content of this work.

-5-
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I.1 Water scarcity and water pollution
Water scarcity can be induced by physical and economic factors, and it is mostly
prevalent in sub-Saharan Africa, as shown in Fig. I.1. According to the annual report 2010 of
International Water Management Institute (IWMI), more than 1.2 billion people live in areas
of physical water scarcity, and about 1.6 billion people live in economically water scarce
basins.

Figure I.1 Projected global water scarcity. Picture taken from “The United Nations World Water
Development Report 3, 2009”[1].

Water pollution is a more important problem, which not only aggravates the water
scarcity, but also endangers human life and natural environment. Water pollution is the
contamination of water bodies (e.g. lakes, rivers, oceans and groundwater), caused by sewage,
nutrients, chemical waste, radioactive waste and oil pollution, etc. Despite improvements in
some regions, water pollution is on the rise globally. And unless substantial progress is made
in law and enforcement, pollution is expected to increase as a result of economic development
driven by urbanization, industries and intensive agriculture systems.
Water pollution causes many problems, and the most prevalent one is eutrophication, a
result of high-nutrient loads (mainly phosphorus and nitrogen), which substantially impairs
beneficial uses of water. Major nutrient sources include fertilizer runoff, domestic sewage
(also a source of microbial pollution), industrial effluents and atmospheric inputs from fossil
fuel burning and bush fires. Excessive nutrient inputs can also cause harmful algal blooms.
The toxins generated by the excessive algal blooms are concentrated by filter-feeding bivalves,
-6-
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fish and other marine organisms and can cause fish and shellfish poisoning. In people they
can cause acute poisoning, skin irritation and gastrointestinal illnesses. Another problem is the
accumulation of heavy metals in the tissues of humans and other organisms from polluted
water. For example, mercury and lead from industrial activities, commercial and artisanal
mining and landfill leachates threaten human and ecosystem health in some areas. Moreover,
problems with heavy metals go beyond the drinking water supply, also affecting food quality
(as with the preferential accumulation of cadmium in rice grain when effluent from zinc
mines is used for irrigation). An emerging water quality concern is the impact of personal care
products and pharmaceuticals, such as birth control pills, painkillers and antibiotics, on
aquatic ecosystems. Little is known about their long-term human or ecosystem impacts,
although some are believed to mimic natural hormones in humans and other species.

I.2 Water and wastewater in industry
Water is used by industry in multiple ways: for cleaning, heating and cooling; for
producing steam; for transporting dissolved substances or particulates; as a raw material; as a
solvent; and as a constituent part of products. The volume of water used by industry is low,
less than 10% of total water withdrawals [1], but there are large differences in efficiency of
use. Industry creates more pressure on water resources from the impacts of wastewater
discharges and their pollution potential than by the quantity used in production. Different
industries require different water quality (the high-technology industry requires water of a
higher quality than drinking water) and quantities (see table I.1). Increasing cost of water
supply and strict environmental effluent standards are forcing industries to aim at greater
water efficiency and water reuse.
Table I.1 Water use per ton of product produced, selected industries. Reproduced from “The United
Nations World Water Development Report 3, 2009”[1].
Product

Water use (cubic meters per ton)

Paper
Sugar
Steel
Petrol
Soap
Beer

80-2000
3-400
2-350
0.1-40
1-35
8-25

-7-
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I.2.1 Detergent industry
The detergent industry, manufacturing liquid dishwasher detergents, shower gel, shampoo
and liquid soap, generates a large amount of wastewater containing surfactants, which mostly
results from cleaning-in-place (CIP) and disinfecting procedures after every change of product.
Cleaning is performed by a two-step (hot tap water, followed by deionized water) CIP system.
CIP wastewater contains a large number of surfactant which is hazardous and toxic for the
surrounding environment and must be treated before releasing to receiving media. Table I.2
shows some components in detergent CIP wastewater.
Table I.2 The general components in detergent CIP wastewater
Name
Sodium dodecylether
sulfate (SLES)
Linear alkyl benzene
sulfonate (LABS)
Nonylphenol
ethoxylate (NPE)
Sodium dodecyl

Type
Anionic surfactant
Anionic surfactant
Nonionic surfactant

Chemical formula
R-O-(CH2CH2O)n-SO3Na
R=C12-14 (n=2)
R-C6H4SO3H
R=C10-13
C9H19C6H4(OC2H4)nOH
(n=9-10)

Molecular weight

CIP wastewater (gL-1)

(gmol-1)

[2]

384

≈2

322

≈ 10

645

≈2

Anionic surfactant

C12H25-OSO3Na

288

-

Tartrazine

Azo dye

C16H9N4Na3O9S2

534

≈ 0.023

Sodium chlride

Salt

NaCl

58

≈ 0.617

Bronopol

Biocide

C3H6BrNO4

200

-

Limonene

Flavoring

C10H16

136

-

sulfate (SDS)

Detergents have poisonous effects in all types of aquatic life when their concentrations
exceed certain values. All detergents destroy the external mucus layers that protect the fish
from bacteria and parasites and they can cause severe damage to the gills. Most fish will die
when detergent concentrations approach 15 parts per million. Detergent concentrations as low
as 5 ppm will kill fish eggs. Surfactant detergents are implicated in decreasing the breeding
ability of aquatic organisms. Detergents also add another problem for aquatic life by lowering
the surface tension of the water. Organic chemicals such as pesticides and phenols are then
much more easily absorbed by the fish. A detergent concentration of only 2 ppm can cause
fish to absorb double the amount of chemicals they would normally absorb, although that
concentration itself is not high enough to affect fish directly [3]. Moreover, surfactant
accumulation in the soil due to irrigation of detergent wastewater can create water-repellent
soils, thereby affecting their flow patterns and productivity [4], and Jovanić et al. [5] found
-8-
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that detergents largely decreased the photosynthetic activity and chlorophyll content in intact
bean leaves.
I.2.2 Dairy industry
Among the food industries, the dairy industry is the most polluting in volume, as it
generates from 0.2 to 10 L of effluent per liter of processed milk. The process waters
produced in the starting, equilibrating, stopping and rinsing any of the processing units,
generate a large volume of effluents (flushing water, first rinse water, etc.), contributing
significantly to the total wastewater production. For example, according to the data from
National Bureau of Statistics of China, China has more than 2 billion tons of liquid milk
production in 2011, supposing that 10 L wastewater is generated for 1 L liquid milk
production, there are 20 billion tons of dairy wastewater to be treated and discharged yearly.
Table.I.3 Physicochemical characteristics and component of different dairy wastewater [6,7]
Type

COD
(mgL-1)

pH

Conductivity
(μScm-1)

Day

Suspended

Total

weight

solid

nitrogen

(gL-1)

(mgL-1)

(mgL-1)

HPO42-

Ca2+

(mgL-1)

(mgL-1)

Skim milk

3470

7.1

350

2.3

590

95.6

44

42.6

Skim milk

380

7.1

1550

0.4

31

25

4

7.6

Skim milk

59100

6.6

4640

54.3

796

1360

440

238

Skim milk

3800

7.2

680

3.5

71

126

25

43

Skim milk

9500

7.1

1400

8.6

140

770

152

139

Whey

8200

5.8

2110

9.8

490

116

17

278

Whey

4410

6.7

860

4.6

80

94

313

124

Whey

38500

7

2190

31

10

1890

209

383

8-11

-

-

50-60

-

35-40

5.5-9.5

-

-

-

-

530-950

3.35

-

-

12500

-

-

12-120

5.0-9.5

-

-

90-450

-

-

-

Creamery
Cheese
Mixed dairy
Fluid milk

20006000
10007500
63100
9502400

3501000
5002500

Dairy wastewater is characterized by high biological oxygen demand (BOD) and
chemical oxygen demand (COD) contents, high levels of dissolved or suspended solids
including fats, oils and grease, nutrients such as ammonia or minerals and phosphates, and
therefore require proper attention before disposal. However, since the dairy industry produces
different products, such as milk, butter, yoghurt, ice-cream, various types of desserts and
cheese, the characteristics of these effluents also vary greatly, depending on the type of
-9-
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system and the methods of operation used. Table I.3 shows the physicochemical
characteristics and components of different dairy wastewaters.
Table I.4 Average composition of cow milk: concentration and size distribution [8]
Composition

Concentration in whole milk (%)

Size range and average
(at weight average)

Water
Fat globules
Casein (in micelles)

87.1
4.0
2.6

Serum proteins
α-Lactalbumin
Β-Lactoglobulin
BSA
Proteose-pepton
Immunoglobulins
Lactoferrin
Transferrin
Others

0.7
0.12
0.32
0.04
0.08
0.08
0.01
0.01
0.04

3-6 nm
14 kDa
18 kDa
66 kDa
4-40 kDa
150-900 kDa
86 kDa
76 kDa

Lactose
Mineral substances
Organic acid
Others

4.6
0.7
0.17
0.15

0.35 kDa

0.1-15 μm, average 3.4 μm
20-300 nm, average 200 nm

Moreover, wastewaters from the dairy industry are usually generated in an intermittent
way, so the flow rates of these effluents change significantly. High seasonal variations also
occur frequently and correlate with the volume of milk received for processing, which is
typically high in summer and low in winter months. The use of acid and alkaline cleaners and
sanitizers in the dairy industry additionally affects wastewater characteristics and typically
results in a highly variable pH [7].
Anyway, dairy wastewater is essentially composed of diluted milk, which is responsible
for a 1–3% loss in milk components. According to the average composition of milk in Table
I.4, it can be found that dairy wastewater contains easily degradable carbohydrates, mainly
lactose, as well as less biodegradable proteins and lipids. In cheese-processing wastewater,
97.7% of total COD was accounted for by lactose, lactate, protein and fat. Therefore, these
effluents will result in both water eutrophication and nutrients loss when they are discarded
without suitable treatment.
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I.3 Industrial wastewater treatment
I.3.1 Coagulation/Flocculation
Finely dispersed solids (colloids) suspended in wastewaters are stabilized by negative
electric charges on their surfaces, causing them to repel each other. Since this prevents these
charged particles from colliding to form larger masses, called flocs, they do not settle. To
facilitate the removal of colloidal particles from suspension, chemical coagulation and
flocculation are required. Coagulation is the process of destabilization of colloidal particles
and can be achieved by two mechanisms: one in which an increase in ionic concentration
causes reduction in the zeta potential and adsorption of counter-ions to neutralize the particle
charge; and other by sweep flocculation. Once suspended particles are flocculated into larger
particles, they can usually be removed from the liquid by sedimentation, provided that a
sufficient density difference exists between the suspended matter and the liquid. Such
particles can also be removed or separated by media filtration, straining or floatation.
The most common approach of coagulation/flocculation is to add chemical or biological
coagulants/flocculants. Kushwaha et al. [9] employed inorganic coagulants such as poly
aluminum chloride (PAC), ferrous sulphate and potash alum to treat model dairy wastewater,
obtaining 69.2, 66.5 and 63.8% COD removal efficiency in 30 min, respectively, and the
sludge generated by the coagulants could be used to fuel substrate. Beltrán-Heredia et al. [10]
utilized moringa oleifera seed extract as coagulant to remove surfactants from aqueous
effluents, and its removal efficiency (65% for SLES removal) is rather high and much more
relevant than those obtained with traditional coagulants, such as alum. In order to decrease the
cost of coagulant, some solid waste from plants and animals can be used to treat wastewater
by coagulation/flocculation. Selmer-Olsen et al. [11] reported a dairy wastewater treatment
with chitosan produced from shrimp-shell waste, and this method could save up to 50% of
pH-adjusting chemicals requires for acidification and neutralization, and the sludge could be
used as animal food additive.
Another approach is electrocoagulation, a combined coagulation and flotation process,
which simultaneously removes heavy metals, suspended solids, emulsified organics and many
other contaminants from water using electricity instead of expensive chemical reagents. Ionic
polymeric iron species generated from electrodes by the passage of electric current can
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neutralize the surface charge of particles, and make the colloids aggregate and coagulate. Gas
produced by electrolysis forms tiny bubbles, and the aggregations are carried by the air
bubbles to the surface for removal. Sengil and Ozacar [12] found that using iron electrode,
electrocoagulation could remove COD and oil-grease by 98 and 99%, respectively from dairy
wastewater. Using aluminium electrodes [13], COD was reduced by up to 61% while removal
of phosphorus, nitrogen contents and turbidity were 89, 81 and 100%, respectively. Like
chemical coagulation, electrocoagulation can not remove lactose from dairy wastewater, but it
uses fewer reagents.
Caseins in dairy wastewater will precipitate and deposit at its isoelectric point (pH ≈4.6),
and thus adjusting pH to be acid by biological catabolism can be called as biocoagulation.
Dyrset et al. [14] employed immobilized lactic acid bacteria to convert lactose to be lactic
acid, which lowered the pH and precipitated milk proteins. Seesuriyachan et al. [15] reported
that this micro-aerobic sequencing batch reactor (SBR) process had the efficiencies of organic
reduction with 73.6 ±5.9, 90.1±1.3, and 85.7± 0.6% of COD, proteins, and sugars,
respectively, without adding external coagulant and flocculant. This method has poor
phosphorus removal but good lactose elimination compared with other coagulation methods.
Generally, coagulation/flocculation is a simple and rapid method to reduce organic
content form industrial wastewater, but this method can only be used as pretreatment because
generally its effluent quality can not satisfy the emission standards.
I.3.2 Advanced oxidation process
Advanced oxidation processes (AOPs) with the capability of exploiting the high reactivity
of hydroxyl radicals in driving oxidation have emerged a promising technology for the
treatment of wastewaters containing refractory organic compounds [16]. Contaminants are
oxidized by four different reagents: ozone, hydrogen peroxide, oxygen, and air. These
procedures may also be combined with UV irradiation and specific catalysts, which results in
the development of hydroxyl radicals. A well known example of AOP is the use of Fenton’s
reagent, which contains hydrogen peroxide and iron (II) ions, whose source is commonly iron
sulphate. Incineration, wet air oxidation, catalytic oxidation, supercritical water oxidation and
electrochemical oxidation are the five typical direct oxidation technologies. By using different
oxidation approaches, the contaminant materials are converted to a large extent into stable
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inorganic compounds such as water, carbon dioxide and salts, i.e. they undergo
mineralization.
Lin et al. [17] reported that using Fenton oxidation under optimum operating conditions,
the two anionic surfactants, alkylbenzene sulfonate and linear alkylbenzene sulfonate could be
removed by more than 95%. Canizares et al. [18] compared the treatment efficiencies of
conductive-diamond electrooxidation (CDEO), ozonation and Fenton oxidation, found that
only CDEO allowed achieving the complete mineralization of the waste and with high
efficiencies. Both ozonation at alkaline pH and Fenton oxidation leaded to the generation of
high concentration of intermediates (mainly carboxylic acids) that could not be further
oxidized by hydroxyl radicals.
The AOP methods are particularly useful for cleaning biologically toxic or non-degradable
materials such as aromatics, pesticides, petroleum constituents, and volatile organic
compounds in waste water. However, the cost of oxidation reagents still remains an important
drawback of these processes [19].
I.3.3 Bioreactor
The treatment of industrial wastewaters can be carried out by either aerobic or anaerobic
bioreactor processes. To carry out an aerobic process, air must be continuously supplied to
convert part of the organic matter into carbon dioxide and the rest into sludge, which is a
waste product requiring large investments for disposal. In the case of the anaerobic process,
most of the COD is converted, in absence of oxygen, into biogas containing methane (CH4),
which can be used as fuel, and in advantage only very little COD is converted into sludge.
The aerobic bioreactor has higher reaction speed and is suitable to treat diluted wastewater
(BOD< 500 mgL-1), while the anaerobic bioreactor is then recommended for the treatment of
high concentrated wastewater. Anaerobic digestion by bacteria is a complex process
containing four steps: hydrolysis, acidogenesis, acetogenesis and methanogenesis, as shown
in Fig. I.2, where organic matters can be biodegraded into biogas and wastewater is purified.
Anaerobic bioreactor has been widely used to treat dairy wastewater, and up-flow
anaerobic sludge blanket (UASB) reactors are the most common configurations employed [7].
In fact, the UASB reactors are very suitable for treating food industry wastewaters, since they
can treat large volumes of wastewaters in a relatively short period of time. Gavala et al. [20]
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found that the advantages of using a UASB reactor versus a conventional digester became
questionable at the high COD (> 42 gL-1). Ramasamy et al. [21] presented that when treating
dairy wastewater by UASB, a longer hydraulic residence time (HRT) was not preferable, and
COD reduction at 3 h HRT is better than at 12 h HRT. Nadais et al. [22] indicated that
intermittent operation was more suitable to dairy wastewater with high COD. The lipid in
dairy effluent may have a detrimental effect on the bioreactor performance, and Leal et al. [23]
found when lipid concentration increased from 0.6 to 1 gL-1, COD removal decreased from
90% to 82%. However, Passeggi et al. [24] demonstrated the feasibility of treating dairy
industrial effluent without prior fat separation in UASB, even when the content of lipidic
material might be higher than 40% of COD, and COD removal efficiencies around 90% were
achieved in stable operating conditions.

Figure I.2 Schematic diagram of the anaerobic digestion process

Currently available conventional bioreactor wastewater treatment techniques are mostly
incapable of complete elimination of surfactants. These compounds are only poorly
biodegradable under such conditions. For a bioreactor treatment, the surfactant concentration
in the medium cannot exceed 1g L-1 due to its toxicity toward microorganisms and foaming in
aerated bioreactors [25]. This surfactant concentration does not allow high biomass
concentration in the reactor. Therefore, there has not been much research on bioreactor
treatment of detergent wastewater. Dhouib et al. [26] reported a powerful Citrobater braakii
strain can degrade anionic surfactant, which was decreased from 0.3 to 0.044 gL-1 at 43.3 h
HRT.
Bioreactor treatment of industrial wastewater is relatively efficient and economical,
which has been applied successfully at industrial scale. However, the phosphorus and nitrogen
removal by this method should be further improved, and the treated effluent is not reusable in
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industry. Moreover, bioreactor cannot be applied to treat wastewaters containing biologically
toxic or non-degradable materials. These drawbacks can be overcome by coupling bioreactor
with other treatment methods, such as oxidation and membrane filtration.
I.3.4 Microbial fuel cells
Microbial fuel cells (MFCs) have emerged as a promising technology to recover energy
from wastewater. The MFCs is a combined system with anaerobic and aerobic characteristics.
They are designed for anaerobic treatment by bacteria in the solution near the anode, with the
cathode exposed to oxygen (or an alternative chemical electron acceptor). As seen in Fig. I.3,
electrons released by bacterial oxidation of the organic matter are transferred through the
external circuit to the cathode where they combine with oxygen to form water. Consequently,
a combination of anaerobic–aerobic processes can be constructed using a double-chamber
MFC, in which the effluent of the anode chamber could be used directly as the influent of the
cathode chamber so as to be further treated under aerobic conditions to improve the
wastewater treatment efficiency.

Figure I.3 Schematic diagram of a typical two-chamber microbial fuel cell and the mechanism of
conversion of complex organic fuels to electricity. Pictures taken from [29,30]

Velasquez-Orta et al. [27] reported that after enrichment, MFCs achieved 80% COD
removal for bakery, brewery, paper and dairy wastewaters, however, MFCs fed with paper
wastewater produced the highest current density (125 ± 2 mA m-2) at least five times higher
than dairy (25 ± 1 mA m-2), brewery and bakery wastewaters (10 ± 1 mA m-2). It was
observed that anodic biofilm communities differed according to the type wastewater, and
electrochemical analyses indicated that only anodic communities found in MFCs using paper
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wastewater were electrochemically active and produced a redox shuttle. Kiely et al. [28]
found also that a dairy manure wastewater-fed MFCs produced little power and gas.
Therefore, the recent MFCs technology is only suitable to treat certain special wastewaters
and needs further development.
I.3.5 Constructed wetlands
Constructed wetland is an artificial wetland, marsh or swamp created as a new or restored
habitat for native and migratory wildlife, for anthropogenic discharge such as wastewater,
stormwater runoff, or sewage treatment [31]. Constructed wetland is designed to be a biofilter,
cand the large surface area of constructed wetlands provides an environment for the
physical/physic-chemical retention and biological reduction of organic matter and nutrients.
There are two basic types of wetlands – free water surface wetlands (FWS) and subsurface
flow (SF) wetlands [32]. Fig. I.4 shows their respective cross sections. Each type has its
advantages and disadvantages and they must be properly evaluated in the context of the
collection system, the possible methods of discharge, and the permit requirements. Although
the technology is apparently simple, understanding the proper role of each type of wetlands is
a non-trivial process requiring experienced designers to properly evaluate the most
appropriate system.
Newman et al. [33] found that using FWS to treat dairy milkhouse wastewater, the
overall percentage of mass retention was 94, 85, 68, 60 and 53% for total suspended solids
(TSS), five-day BOD, total phosphorus, nitrate–nitrite and total Kjeldahl-nitrogen,
respectively, and the treatment performance became lower at winter season. Dunne et al. [34]
also reported that phosphorus retention by the wetland varied with season (5–84%) with least
amounts being retained during winter. The nitrogen and phosphorus removals are the focus of
the constructed wetlands treatment of dairy wastewater. Mankin and Ikenberry [35] found
during three-week batch periods without vegetation, overall mass removal averaged 54, 58,
90, 72 and 38% COD, TSS, total nitrogen, NH4 and total phosphorous, which indicated that
biological removal of nitrogen was a minor mechanism in constructed wetlands, and this
confirmed the conclusion of Newman et al. [33]. Morgan and Martin [36] declared that NH4
removal decreased at higher wastewater strength, and raising pH to above 8 by addition of
lime would increase phosphate removal. Lee et al. [37] found that ammonia and phosphorous
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reductions were improved by coupling steel slag filter with constructed wetlands.

a

b

Figure I.4 Two basic types of constructed wetlands (a) free surface-flow Constructed Wetlands; (b)
subsurface-flow Constructed Wetlands. Pictures taken from

http://www.natsys-inc.com/resources/about-constructed-wetlands/
In recent years, the use of constructed wetlands for the treatment of dairy wastewater has
been gaining popularity, due to their relatively low capital costs and maintenance
requirements. However, this method is not generally applicable for all the cases, and a
definitive design does not exist, so wetlands may have to be altered after construction and the
success of any given design is not guaranteed [38]. Moreover, this method appears to be
limited by the organic loading rate [32], and needs an additional pretreatment.
I.3.6 Membrane filtration
Membrane is a selective barrier that separates two different phases. Some components are
allowed to pass through the membrane into a permeate stream, whereas others are retained by
it and accumulate in the retentate stream. In water and wastewater treatment, membranes can
be used for the separation of contaminants from polluted sources thus purifying original
waters. Membrane processes work due to a gradient of pressure, chemical potential, electrical
potential or temperature across the membrane. Table I.5 summarizes the most-used membrane
processes classified from driving force. Their separation mechanisms mainly contain size,
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electrostatic and affinity effects.
Table I.5 Membrane processes classification as a function of the driving force [39]
Driving force
Pressure (ΔP)

Concentration (ΔC)

Temperature (ΔT)

Electricity (ΔE)

Microfiltration
Ultrafiltration
Nanofiltration
Reverse osmosis

Gas separation
Dialysis
Pervaporation
Liquid membranes
Forward osmosis

Thermo-osmosis
Membrane distillation

Electrodialysis
Electro-osmosis

In wastewater treatment, pressure-driven membrane processes are preferred for
purification and decontamination processes. When pressure is applied in the feed side of a
membrane, due to the pressure gradient (transmembrane pressure, TMP) between the sides of
the membrane (feed and permeate), part of the feed stream passes through the membrane,
being the permeate. According to solute, solution and membrane properties, some of the
products present in the feed stream are (partially or totally) retained by the membrane while
others permeate. Four different pressure-driven membrane processes can be classified as:
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO). This
classification is fulfilled according to the range of solutes or particles that are typically
rejected by the membranes, as shown in Fig. I.5.

Figure I.5 Classification of pressure-driven membrane processes and their retention characters.

Because MF can only retain suspended solids and bacteria, the COD in permeate is still
too high and cannot satisfy the emission standard for single MF treatment of wastewater.
Therefore, MF is usually used as pretreatment or post treatment step, being coupled with other
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wastewater treatment methods. For example, MF can be employed in membrane bioreactor
(MBR) process [40], in membrane-based MF/electrodialysis hybrid process [41], and in a
combination treatment of sedimentation, MF and RO [42].
UF is a separation process that allows the retention of macromolecules, soluble polymers,
particles and biological species such as bacteria and viruses from waters and wastewaters.
Occasionally, UF can be directly used to eliminate pollutants and recover the nutrients, and
Khider et al. [43] reported that an inorganic UF membrane could be applied efficiently to the
effluent from milk factory in order to prevent pollution. But UF cannot retain small organic
matters, such as sugars and dyes, and generally, it is used in MBR for wastewater treatment
[44]. Libralato et al. [45] found that the UF-MBRs were able to provide good quality effluents
potentially suitable for non-potable reuse, as well as reducing specific inorganic
micro-pollutants concentration (e.g. metals). Another application of UF in wastewater
treatment, a surfactant-based membrane process, named micellar-enhanced ultrafiltration
(MEUF), has widely been investigated in order to remove heavy metal ions from wastewater
[46-49]. When adding surfactants to wastewaters above the critical micelle concentration
(CMC), surfactant monomers aggregate, forming charged micelles. Heavy metal ions can be
mostly trapped by the micelles due to electrostatic interaction and thus retained by the UF
membrane. EI Zeftawy and Mulligan [48] employed rhamnolipid as additive to treat
wastewater from metal refining industries by UF membranes (10 KDa and 30 KDa), showing
that the rejections of Zinc, Copper, Nickel and Lead by two UF membranes were more than
99%. However, there is a process limitation concerning the reuse of such additives. The
process has to be installed together with a subsequent recovery unit for ensuring the additives'
reuse [50].
NF is a membrane separation technology based on both charge (Donnan effect) and size
(sieving effect), which can retain low molecular weight solutes, such as glucose, saccharides,
amino acid, and dyes, showing great potential in wastewater reclamation. It has been reported
that NF technology could efficiently treat dairy wastewater [51], detergent wastewater [2],
textile dye wastewater [52], pharmaceutical wastewater [53], electroplating wastewater [54],
pulp and paper mill wastewater [55], and so on. Balannec et al. [56] estimated the separation
performance of several NF and RO membranes when treating model dairy wastewater, and
found that the COD rejections of selected NF membranes were more than 99%. Frappart et al.
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[57] reported that using a rotating disk module, model dairy wastewater could be concentrated
to be 38% of dry matter by NF membrane. Due to the low rejection of monovalent salt ions,
the applied pressure of NF is much lower than RO process, and at the same time, the organic
matters are almost retained by NF and can be reutilized.
RO membranes are dense and considered as non-porous membrane, which implies the
need of significant applied pressure for water permeation. The transport mechanism is based
on the sorption-diffusion concept. RO has very high salt rejection and thus the permeate water
can be reused in industry [6]. Koyuncu et al. [51] found that, when using a RO membrane to
treat dairy wastewater, the COD and conductivity in permeate were 1-2 mgL-1 and 15 μScm-1,
respectively, but the energy consumption was double of that of NF process. Vourch et al. [6]
indicated that both total organic carbon (TOC) and conductivity of water treated by a single
RO or NF + RO operations were suitable for reuse as heating, cooling, cleaning and boiler
feed water.
Membrane processes have some advantages that make wastewater treatment by
membrane attractive as it is a continuous operation and easy to combine with other
technologies. However, their advantages are weakened by concentration polarization and
subsequent membrane fouling as they cause flux decline and permeate quality deterioration.
Membrane fouling in MBR used in wastewater treatment has been the research hotspot and a
large amount of publications about this can be found [58-60]. Although there was no clear
consensus on the exact phenomena occurring on the membrane interface during activated
sludge filtration, many publications indicated that extracellular polymeric substances (EPS)
played a major role during fouling formation [59,60]. More precisely, the carbohydrate
fraction from the soluble microbial product (also called soluble EPS or biomass supernatant)
has been often cited as the main factor affecting MBR fouling, although the role of the protein
compounds in the fouling formation has yet to be clarified. Strategies to control fouling
include manipulating bioreactor conditions, adjusting hydrodynamics and flux and optimizing
module design [61,62].
Flux decline is also a major limitation in applying NF and RO processes for industrial
wastewater, though their membrane fouling is weaker than in MF and UF processes due to the
denser surface of NF and RO membranes. Membrane fouling is typically caused by inorganic
and organic materials present in water that adhere to the surface and pores of the membrane,
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containing foulant adsorption, organic deposition [63,64] and inorganic scale [65]. Fernandez
et al. [66] found that during NF regeneration of dairy wastewater, organic-inorganic
precipitates larger than 5 µm were observed at membrane surface by means of Scanning
Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDS), and the most frequent
inorganic precipitates were silica and calcium carbonate. Kertész et al. [67] found that the flux
declined by as much as 50% in 15 min when initial flux was about 500 Lm-2h-1 for NF of
surfactant wastewater. The flux decline is mainly caused by surfactant adsorption on
membrane surface or pores wall at a high permeate flux. Kaya et al. [68] presented that for NF
of surfactant wastewater, with increase of feed concentration and TMP, it was observed that
the resistance of the gel layer played a more important role in the flux decline than that of
concentration polarization layer or internal pore fouling. Furthermore, another type of fouling
in NF and RO membranes is biofouling, caused by biofilm formation in membrane elements,
which mainly results in increase of pressure drop (frictional resistance) [69].
In order to apply membrane filtration to industrial wastewater treatment, flux decline
control is a very important work, and many technologies and methods have been proposed to
solve this problem, such as feed pretreatment [70], antifouling membrane fabrication [71],
optimization of operating conditions [72], dynamic shear-enhanced module [73], backpulsing
[74], Gas sparging [75], external electric/ ultrasonic field technology [76,77].

I.4 Industrial wastewater recycling
Generally, industrial wastewater comes from production processes and contains lots of
product components and cleaning agents, and if these organic and inorganic matters can be
separated from water by suitable methods and reutilized as substrate for other purposes, and at
the same time, the purified water can be reused in industry, the cost of wastewater treatment
can be greatly reduced.
I.4.1 Water reuse
Nowadays wastewater reclamation is considered as one of the tools available to better
manage the water resources. Reclaimed water can replace freshwater in traditional practices
such as agricultural and landscape irrigation, industrial applications, environmental
applications (surface water replenishment, and groundwater recharge), recreational activities,
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urban cleaning, firefighting, construction, etc. The amount of reclaimed wastewater has
increased in recent years. For example, in Catalonia, the amount of reclaimed water has
doubled from 2005 to 2008, reaching 51 hm3year-1 (7.3% of the total wastewater). This water
is mainly used for environmental applications (79%), irrigation (9%), municipal uses (1%)
and recreational activities (11%) [78].
Among the available wastewater treatment methods, only effluent from RO treatment can
satisfy the reuse standard of processing water in brewery industry [79]. However, in some
special cases, reclaimed water by MBR treatment also can be reused. For example, Fan et al.
[80] reported a successful case about treatment and reuse of toilet wastewater by an airlift
external circulation membrane bioreactor (AEC-MBR), and the energy consumption was at
0.32–0.64 kWh m-3 and the operational cost was about $ 0.11 m-3. Moreover, a combination
of two or more methods can make the effluent reusable. Sahinkaya et al. [81] presented a
coupled process of activated sludge treatment with NF membrane filtration to improve textile
wastewater quality, and COD in wastewater decreased from 1000-2000 to 200-300 mgL-1 by
activated sludge treatment, and became less than 5 mgL-1 after NF filtration. Blanco et al. [82]
found that for textile wastewater, the combination method of aerobic Sequence Batch Reactor
(SBR) and Fenton oxidation could obtain suitable water qualities for internal reuse. Travis et
al. [83] illustrated that a combined system of anaerobic treatment with vertical flow
constructed wetlands was a promising option for decentralized treatment of high strength,
oil-rich dairy farm wastewater, as shown in Fig. I.6, and the effluent met WHO health risk
guidelines for reuse in mechanized agriculture, with slight to moderate restriction due to
potential salinization.

Figure I.6 Decentralized treatment system for high-strength dairy farm wastewater tested in the Negev
Desert, Israel. The 3-stage system consisted of: (a) anaerobic treatment; (b) vertical flow constructed
wetland (VFCW); and (c) recirculating VFCW. Picture taken from [83]

Water reuse from wastewater must be considered as a part of a more ambitious integrated
water resource management plan. Prior identification of the potential users of the reclaimed
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water and social willingness of the proposal are two main factors to take into account.
Feasibility studies must be as complete as possible and they have to detail many different
aspects (geological, technical, economical, environmental, sociological, and water quality as
well as risk issues) [84]. Non-potable uses (both agricultural and urban uses) of reclaimed
water have environmental and economical advantages. Reuse of treated wastewater is
particularly beneficial when it can replace desalinated water. Consequently, reclaimed water
should be reserved for non-potable uses, when there is scarcity of freshwater [78].
Molinos-Senante et al. [85] figured that some water reuse plants were not economically viable
when only considering the internal benefit. For example, Pearce [86] compared the energy
consumptions for different water sources, found that conventional surface water sources had
an energy cost of 0.1–0.3 kWhm-3, with brackish water sources normally falling in the range
0.8–1.7 kWhm-3, and the energy cost of wastewater reuse from conventional treatment was in
the range 0.8–1.2 kWhm-3, while MBR-RO was in the range 1.2–1.5 kWhm-3; seawater had
the most expensive energy cost, with a medium salinity feed needing an energy of 2.3–4.0
kWhm-3. Actually, the cost of wastewater reuse is much higher than that of conventional
water sources. However, if the external benefit of these projects is taken into account (e.g.
environment and health benefits), an economic feasibility analysis would provide positive
results [85].
I.4.2 Component recovery
Reducing environmental impacts and getting economic benefits, based on by-product
recovery, and on reduction of both water consumption and organic load, are the aims of the
implementation of an eco-efficiency process in industry. Component recovery in industrial
wastewater would decrease treatment cost, due to the added value achieved through
by-product valorization, and at the same time, reduce water consumption, chemicals input and
sludge generation.
I.4.2.1 Antibiotics
Antibiotic wastewater is very toxic to aquatic life and humans, and many of antibiotics
are designed to be persistent and lipophilic and difficult to be eliminated by wastewater
treatment or biodegraded in environment. Membrane technology can be used to concentrate
antibiotic wastewater and recover antibiotics by conventional crystallization. Li et al. [87]
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employed RO-UF processes to treat an oxytetracycline (OTC) wastewater, and the removal of
some large biopolymers (i.e. polysaccharides) by UF could improve OTC crystallization in
RO retentate, with a recovery ratio of more than 60% and a purity of higher than 80%.
However, during the concentration of wastewater by RO, irreversible fouling occurred that
dramatically shortened the lifetime of RO operation. Zhang et al. [88] investigated a hybrid
process combining powdered activated carbons (PACs) with UF-RO to treat tetracycline (TC)
wastewater, and the recovery yield and TC purity for this hybrid process were much higher
than for single RO process, 72% vs. 32%, and 88% vs. 35%, respectively, showing that
integrated PACs–UF–RO combined with precipitation could be a promising method to treat
the wastewater and recover TC with low membrane fouling. Otherwise, wet air oxidation
(WAO) can be used to transform concentrated and refractory antibiotic organic phosphorus
compounds into inorganic phosphate in Fosfomycin pharmaceutical wastewater treatment,
and Qiu et al. [89] found that after WAO–phosphate crystallization, the BOD/COD ratio of
the wastewater increased from 0 to more than 0.5, which was suitable for biological treatment,
and the recovered products were hydroxyapatite and struvite.
I.4.2.2 Organic nutrients
The food industry generates a large amount of wastewater, essentially composed of
proteins, lipids and carbohydrates, which can be recovered as raw materials or substrates for
other purposes. Catarino et al. [90] reported that for potato chips wastewater, hydrocyclones
was used to separate the starch, followed by vacuum filtration, and the oil contained in the
final effluent was separated in a tank by gravity, and removed either manually or
automatically. Concentrated starch was produced and used as raw material in paper
manufacturing, and the recovered oil and grease could be sold to the soap manufacturing
industry. Wu et al [91] investigated the potential use of UF membrane in recovering the
bioresources, namely protein and carbohydrate from palm oil mill effluent, and the recovery
of protein and carbohydrate up to 61.4% and 76.4%. In order to decrease the process cost,
some other food wastes can be utilized as coagulant or adsorbent. Dyrset et al. [14] described
that after biological acidification of dairy wastewater, the protein was efficiently recovered
using either chitosan (produced from shrimp-shell waste) [11] or carboxy methyl cellulose as
a coagulant/flocculant. Stepnowski et al. [92] applied a solid waste (fish scales) as a natural
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adsorbent for recovering a carotenoid pigment (astaxanthin) from the seafood industry
wastewater, and found that the maximum loading capacity of astaxanthin onto the scales was
360 mgkg-1 dry wt.
I.4.2.3 Inorganic components
Some inorganic matters, such as nitrogen (N), phosphorus (P). potassium (K) and sulphur
(S), in industrial wastewater should be removed and recovered due to their pollution to
environment. El Diwani et al. [93] found that using bittern, a by-product of salt production, as
a low-cost source of magnesium ions, to recover the ammonia from industrial wastewater, and
struvite, a slow releasing fertilizer, could be obtained by precipitation. On the other hand,
during anaerobic digestion, most of the phosphorus stored as Poly-P and part of the
phosphorus present in the organic matter is released, and the rejected liquors from anaerobic
digestion show high phosphorus concentration which makes these streams very appropriate to
recover phosphorus in a crystallization process. Marti et al. [94] reported this recovery
process, and considered that this method can reduce the use of reactants since magnesium
addition to precipitate struvite was not needed. Moreover, electrochemical methods also can
recover some inorganic components in wastewater. For example, an electrochemical
regeneration strategy was proposed that periodically switches between anode and cathode
operation, and this approach allows for sulfide removal from wastewater at the anode while at
the cathode, elemental sulfur previously precipitated on the electrode, is reduced to
sulfide/polysulfide. Dutta et al. [95] presented this process to recover sulfide from paper mill
anaerobic treatment effluent, showing that the removed sulfide was recovered (75±4%
recovery) as pure concentrated alkaline sulfide/polysulfide solution, from which solid
elemental sulfur was obtained. Sirajuddin et al. [96] reported that using electrolysis method to
treat tannery wastewater, the recovery of 99% chromium was achieved after 2 h electrolysis at
a cell potential of 1.0 V, pH 5.0 and stirring rate of 500 rpm using lead sheet as anode and
copper sheet as cathode.
I.4.2.4 Crystallization residues
In crystallization step for some products, the mother liquor still contains some product
because a massive salt remaining in solutions can obstruct crystallization, resulting in the
problems of low product recovery and environment pollution. Liu et al. reported [97] that a
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combined membrane process of electrodialysis (ED) and reverse osmosis (RO) was carried
out to recover the l-tryptophan from its crystallization wastewater which had 0.5–1.5%
residual l-tryptophan and around 15% impurity of NaCl salt. After the treatment of the
combined ED and RO process, 60.4% of the optimal recovery ratio of l-tryptophan was
achieved, and the purity of final product of l-tryptophan reached 98%. Luo et al. [98]
employed NF membrane to treat Iminodiacetic acid (IDA) crystallization wastewater, and
found that IDA could be retained by NF (>90%) while sodium chloride passed through
membrane freely, and then desalted wastewater could be returned to acidification tank and
recycle of IDA mother liquor was achieved.
I.4.3 Energy generation
Industrial wastewater, especially from agro-industries, characterized by high levels of
chemical oxygen demand (COD), contains a large amount of organic matters, which can be
used to produce bioenergy by biodegradation, oxidation, or combustion, as illustrated in Fig.
I.6.
I.4.3.1 Biogas
As mentioned in Section I.3.3 (see Fig. I.2), hydrogen and methane, two typical kinds of
combustible gas, can be produced during the anaerobic digestion process. Hydrogen gas is
generated in acidogenesis stage together with various volatile organic acids (VFAs) and
solvents, such as acetic, propionic, butyric acids and ethanol. For organic materials to be
potentially useful as substrates for sustainable biohydrogen production, they must be not only
abundant and readily available but, also, cheap and highly biodegradable. Agricultural and
food waste meet all these requirements [99]. Fig. I.7 shows the hydrogen production pathway
during anaerobic digestion, which indicates that low substrate conversion efficiency to
hydrogen, is one of the significant problems encountered in the fermentative process and most
of the organic fraction remains as soluble fermentation products, and much of hydrogen is
consumed by methanogens to produce methane. Therefore, the combination of a hydrogen
fermentor with a methanogenic reactor is strongly recommended to achieve the conversion of
biodegradable organic matter to bioenergy. Mohan et al. [100] investigated this coupled
process, and 91% of COD was removed with a hydrogen production of 16.91 mmolday-1 and
some methane generation.
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Figure I.6 Schematic diagram of energy generation approaches from industrial wastewater

Global methane emissions are estimated at 500 ± 100 Tg of which 70% are from
anthropogenic sources and 30% are from natural sources [101]. Since methane is considered
as the most important greenhouse gases (GHG) emitted from wastewater treatment, its
collection and utilization are crucial to air pollution control and renewable energy
development. Anaerobic digestion bioreactor can be conceived as a mitigation option to
reduce methane emission through recovery as a heat source [101]. The biogas produced by
anaerobic digestion is composed of methane (60-70%), carbon dioxide (30-40%), nitrogen
(<1%) and hydrogen sulphide (10-2000 ppm). In order to obtain energy from biogas in a more
productive and cost-efficient way, the gas must be enriched and its pollutants eliminated. This
means that all gases except for methane must be removed. The removal of hydrogen sulphide
is particularly crucial because it can cause corrosion, which can seriously damage energy
co-generation equipment or other installations. Water must also be eliminated because of the
accumulation potential of condensate in the pipe line. Finally, carbon dioxide must be
removed if the biogas is to be upgraded to standard natural gas or car fuel since carbon
dioxide reduces the energy content of the biogas [102]. As previously mentioned, once
enriched, the biogas obtained from anaerobic digestion is mostly composed of methane. Its
calorific value is 37781.6 kJNm-3 and its energy generation capacity is 5 kWhNm-3.
Furthermore, in order to improve methane production, dissolved methane should be separated
from liquid to decrease product inhibition. Bandara et al. [103] used a hollow-fiber degassing
membrane module for degasification of effluents from a bench-scale upflow anaerobic sludge
blanket (UASB) reactor, and because the dissolved methane concentration was reduced, the
methane recovery rate was 1.5 times higher under degasification than under normal operation.
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FigureI.7 Microbial pathways in ecosystem degrading agriculture waste, in which bold arrows indicate
hydrogen-producing pathways and dotted arrows hydrogen-consuming pathways. Picture taken from [99]

Figure I.8 Hydrogen gas and struvite production by a single chamber microbial electrolysis reactor. Picture
taken from [104]

Hydrogen also can be generated at the cathode in electrochemical wastewater treatment.
Phalakornkule et al. [105] presented a technique of hydrogen recovery from an
electrocoagulation process treating dye-containing wastewater, and found that the electrical
energy demand for treating Reactive Blue 140 and Direct Red 23 was 1.42 and 0.69 kWhm-3,
respectively, while the energy yield of harvested hydrogen was 0.2 kWhm-3. Jiang et al. [106]
utilized electrochemical method to treat cyanide-containing wastewater, and found that for
every kWh electricity consumed in wastewater treatment, 77 L hydrogen was produced, and
in addition, the recovery of low-grade heat from electrochemical reactor using heat pump or
adsorption chiller can produce more energy during the electrochemical wastewater treatment.
Cusick and Logan reported [104] an energy efficient method of concurrent hydrogen gas and
struvite (MgNH4PO4·6H2O) production in a single chamber microbial electrolysis
struvite-precipitation cell (MESC), and found that hydrogen production rates was 0.7-2.3
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m -H2/m -d and phosphorus was successfully precipitated as struvite at the cathode of single
chamber MESC, as shown in Fig. I.8.
I.4.3.2 Electricity
As mentioned in Section I.3.4 (see Fig. I.3), in microbial fuel cells (MFCs), electrons
released by bacterial oxidation of the organic matter transfer through the external circuit and
react with oxygen in cathode, thus generating electric current as long as keeping microbes
separated from oxygen or any other end terminal acceptor other than the anode [29]. By
converting the chemical energy stored in wastewater to electricity, MFCs can substantially
reduce the operational cost in wastewater treatment plants, or even achieve the energy
self-sustainable processes.
MFCs can be used to treat different industrial wastewaters but the electricity production
is dependent of the type of wastes. Velasquez-Orta et al. [27] compared the current density
generated from four different wastewaters by MFCs, and found that the order was “paper >
dairy > brewery ≈ bakery wastewaters” because the microbial composition of anodic biofilms
differed according to the type of wastewater. Kaewkannetra et al. [107] reported that the
MFCs could generate electricity from full-strength cyanide laden wastewater with a
maximum power density of 1.8 Wm-2. Real swine and potato-processing wastewaters also
have been studied to produce electricity in MFCs [108,109]. Generally, organic wastewater is
treated in anode chamber while inorganic wastewater can be purified in cathode chamber. For
example, MFC was employed to dispose Cr6+ in real electroplating wastewater and generate
electricity simultaneously. Under anaerobic condition, microorganisms in anode chamber
oxidized acetate to generate protons and electrons, and then electrons were transferred to
anode and finally to cathode through the circuit (Coulombic efficiency = 12%), while the
removal of chromium from wastewater was mainly due to the deposition of Cr2O3 on the
surface of cathode [110]. Choi and Cui [111] presented that organic wastewater and silver ion
containing wastewater could be filled into the anode and cathode, respectively, and silver
metal recovery efficiency as high as 99% was achieved in cathode, together with the
maximum power of about 4.25 Wm-2.
For wastewater treatment, MFCs usually have poor effluent quality and low treatment
efficiency because of their limited biomass retention. Modular tubular MFCs stack can solve
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this problem and improve energy production. Kim et al. [112] found that the electricity
production in the second modules was 10 times higher than the first modules for the stack in
series. Zhuang et al. [108] concluded that energy generation in parallel MFC stack was much
higher than in series stack, 176 vs. 70 mWm-2. MFCs combined with other technologies, such
as hydrogen producing biofermentor [113], methane producing digestion [109] and membrane
bioreactor [114], also can obtain certain improvements. Moreover, Pandit et al. [115]
described a microbial carbon capture cells (MCCs), which were constructed with
cyanobacteria growing in a photo biocathode in dual-chambered MFCs, and found that the
maximum power density reached 57.8 mWm-2 for Anabaena sparged with a CO2–air mixture,
indicating that MCCs could be explored for integrated wastewater treatment, CO2
sequestration and electricity generation.
I.4.3.3 Biofuel oil
Algae, particularly green unicellular microalgae have been proposed for a long time as a
potential renewable fuel source. Algae capable of accumulating high starch/cellulose can
serve as an excellent alternative to food crops for bioethanol production. Microalgae have the
potential to generate significant quantities of biomass and oil suitable for conversion to
biodiesel [116]. At the same time, the ability of algae to effectively grow in nutrient-rich
environments and to efficiently accumulate nutrients and metals from the wastewater, make
them an extremely attractive mean for sustainable and low cost wastewater treatment [117].
Therefore, dual-use microalgae cultivation for wastewater treatment coupled with biofuel
generation is therefore a desirable option in terms of reducing the energy cost, GHG
emissions, and the nutrient (fertilizer) and freshwater resource costs of biofuel generation
from microalgae, as illustrated in Fig. I.9.
Lipid content in microalgae is very important to biodiesel production. Woertz et al. [118]
determined the lipid content from mixed algae cultures, grown in anaerobically digested dairy
manure wastewater in outdoor batch cultures. After 6 days growth, peak lipid accumulation
reached 14% to 29% dry weight (DW) depending on the wastewater concentration, giving
estimated lipid productivity of 17 mg L-1day-1. While Wang et al. [119] obtained a maximal
lipid productivity of 11 mg L-1day-1 using batch culture-grown microalgae (Chlorella sp.) in
similar wastewater. The third study which also assessed growth of Chlorella on dairy manure
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wastewater, compared the growth of the microalgae in suspended culture and when attached
to a polystyrene foam support growth system [120]. The total fatty acid content of the
microalgae was similar from both growth systems (9% DW) but biomass yield was higher for
the attached algae. Moreover, Mulbry et al. [121] found that greater fatty acid productivity
was provided from dairy effluent when compared with swine effluent. Recently, Mata et al.
[122] reported that microalgae succeeded to grow in the brewery wastewater by using their
contaminants as nutrients, but the lipid content was not given.

Figure I.9 Schematics of an integrated algal culture system for bioremediation and biofuel production.
Picture taken from [123]

The high biomass productivity of wastewater-grown microalgae suggests that this
cultivation method offers real potential as a viable means for biofuel generation. However,
there are some limitations that need to be solved. The first problem is the algae harvesting,
which is difficult and costly due to the small size and relatively low density of algal cells in a
typical open pond system coupled with the need to handle large volumes [117]. The lack of
efficient algal removal systems is the major reason why algal-based wastewater treatment is
not used extensively by the wastewater industry. Currently algal biomass is harvested by
centrifugal or gravity sedimentation or by filtration [124], all of which may be preceded and
eased by a flocculation step [125,126]. Recently, Xu et al. reported [127] a simple and rapid
magnetic separation method for microalgae harvesting by using Fe3O4 nanoparticles, and
found that recovery efficiency reached above 98% within 1 min. Another challenge is oil
extraction from microalgae and subsequent transesterification to biodiesel. Extraction of
lipids from harvested cells is a complex and relatively costly procedure, and while there are
current methods available, improved efficiency is needed. The use of solvents, dewatering of
cells, and the technological shortcomings therein provide additional challenges to cost
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effective production of algal biodiesel [123]. VG Energy Company has developed a metabolic
disruption technology to induce algae to not only increase stored lipids threefold, but to also
release their lipids into culture medium. This can result in lipid recovery by flotation with
most of the algal cells being recyclable, eliminating the need to harvest cells and extract lipids
thereby significantly reducing process costs [123]. Otherwise, Scragg et al. [128] reported that
oil-forming Chlorella cells was concentrated and mixed with trans-esterified rapeseed oil and
a surfactant for use as fuel in a diesel engine. Although there was a slightly lower caloric
value to the algal mix, exhaust emissions could be decreased.
I.4.3.4 Sludge fuel
Treatment of industrial wastewater results in the production of large amounts of sewage
sludge. The major part of the dry matter contained in this sludge is nontoxic organic
compounds, in general a combination of primary sludge (physical and/or chemical) and
secondary (microbiological) sludge. The sludge also contains a substantial amount of
inorganic material and a small amount of toxic components [129]. Energy recovery from
sewage sludge offers an opportunity for sustainable management of sludge and energy.
Incineration and co-incineration with energy recovery and use of sewage sludge in the
production of Portland cement are applied on a large scale [129]. In these processes, the toxic
organics are destructed and the heavy metals are immobilized in the ash or cement. The
energy efficiency of these processes strongly depends upon the dewatering and drying step. It
is expected that these applications will strongly increase in the future. Moreover, the latest
trends in the field of sludge management, i.e. combustion, wet oxidation, pyrolysis,
gasification and co-combustion of sewage sludge with other materials for further use as
energy source, have generated significant scientific interest [130]. Table I.6 shows the tpical
heating values for several types of sewage sludge [130]. For example, Kushwaha et al. [9]
reported that heating value of the sludge generated from dairy wastewater by inorganic
coagulants, i.e. poly aluminum chloride (PAC), ferrous sulphate (FeSO4) and potash alum
(KAl(SO4)2·12H2O) were 20.7, 29.6 and 17.3 MJKg-1, respectively, and the sludge could be
dried and used as a fuel in the boilers/incinerators or can be used for the production of
fuel-briquettes, while the bottom ash might be blended with clay and or cementious mixtures
to make fire bricks or for other construction purposes. Cao and Pawłowski [131] indicated
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that for the extraction of energy from sewage sludge, the pathway via the combination of
anaerobic digestion and pyrolysis could achieve higher energy efficiency compared to the
pathway employing the pyrolysis alone, their apparent energy efficiency, 71.4 vs. 60.4%.
Table I.6 Typical heating values for several types of sewage sludge. Reproduced from [130]
Heating value (MJ Kg-1 of DS)

Type of sludge
Raw sludge
Activated sludge
Anaerobically digested primary sludge
Raw chemically precipitated primary sludge
Biological filter sludge

Range

Typical

23-29
16-23
9-13
14-18
16-23

25.5
21
11
16
19.5

I.5 Recycling industrial wastewater by shear-enhanced membrane filtration
I.5.1 Dynamic shear-enhanced membrane modules
The use of high membrane shear rates has long been recognized as one of the most
efficient factors for increasing permeate flux as it reduces both concentration polarization and
fouling layer in pressure-driven membrane filtrations (MF, UF, NF and RO). In traditional
cross-flow filtration, high shear rates at the membrane surface are obtained by increasing the
tangential fluid velocity along the membrane and reducing tube diameter or channel thickness,
which results in a large pressure drop between inlet and outlet of membrane module. This
combination of large velocities and pressure gradients not only requires much energy to drive
the pumps, but also causes a significant increase of local fouling at the inlet and nonuniform
transmembrane pressure (TMP), leading to non-optimal membrane utilization.
Dynamic shear-enhanced membrane filtration consists in creating the shear rate at the
membrane by a moving part such as a rotating membrane, or a disk rotating near a fixed
circular membrane or by vibrating the membrane either longitudinally or torsionally around a
perpendicular axis. The commercial dynamic shear-enhanced membrane modules are mainly
described as follow.
I.5.1.1 Rotating disk systems
a) The DYNO Filter, BOKELA
The operation of the DYNO Filter is based on the principle of stirred-cell filtration. The
DYNO filter consists of several disk-shaped filter modules that are arranged in series and
- 33 -

Chapter I Bibliography

form a completely closed hermetical chamber system. The slurry flows meander-like from
one chamber to the next one and becomes accordingly more concentrated since filtrate is
discharged from each chamber. After the last chamber, the concentrate (retentate) is extracted
with an automated drain valve. The module structure and industrial equipments of DYNO
Filter are shown in Fig. I.10.

Figure I.10 The module structure and industrial equipments of DYNO Filter, BOKELA. Pictures taken
from http://www.bokela.de/de/technologien/cross-flow-filtration.html

b) OptiFilter CR, Metso paper
The OptiFilter CR is made of flat membranes fastened on both sides of filter cassettes.
They are stacked on top of each other. Between each cassette there is a rotor which creates
turbulence in order to enhance the filtrate capacity and reduce the fouling effect. Its module
structure and industrial equipments are shown in Fig. I.11. The OptiFilter CR is an advanced
device based on fine physical separation and the Cross Rotational technique makes it superior
for treating water effluents in the pulp and paper industry. Combining OptiFilter CR with
other membrane technologies makes water-recycle possible in paper industry.
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Figure I.11 The module structure and industrial equipments of OptiFilter CR, Metso paper. Pictures taken
from http://www.metso.com/MP/marketing/Vault2MP.nsf/BYWID/WID-030410-2256C-2060A

I.5.1.2 Rotating membrane systems
a) Rotary Membrane System, Spin TeK
This compact, high shear Rotating Ceramic Ultrafilter (RCU) generates high shear rate
that is orders of magnitude greater than conventional UF systems. This powerful rotational
shear prevents fouling and provides high, very stable system throughput. This system is now
available by SpinTeK for filtration and fractionation of high fouling and viscous feed
solutions. Successful operation has been performed in >90% recovery of protein from cheese
whey, submicron filtration of lube oil, non-settleable solids concentration above 6.4 Pa.s-1 and
fine chemical dewatering to above 40% solids. Systems are available with flow rates more
than 1 Lh-1 and operating pressure less than 10 bar. The newest generation product can use
polymeric membranes, ceramic membranes and metallic membranes in various pore sizes and
can also be configured to utilize any commercially available flat sheet membrane. Fig. I.12
shows the structure and industrial equipments of Rotary Membrane System.
b) Single shaft disk filter (SSDF), Novoflow
Dynamic cross flow filtration systems with rotating filter disks are assembled today in
multi-shaft or single-shaft design. In a multi-shaft module two or more filter stacks with
overlapping sectors are rotated or counter rotated, thus creating high shear forces between
overlapping disks. In Novoflow's single shaft disk filter (SSDF) module only one filter stack
is rotated on its center shaft, as shown as Fig. I.13. Novoflow builds all larger plants in
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vertical design for reduced foot print and larger filter areas per module. Novoflow's
membrane disk technology enables selection of the optimal membrane, drainage and support
material. So filter disks can be optimized for specific applications. Test series with different
membrane materials become feasible at reasonable prices for small lots. Novoflow's
composite filter disks with NewSeal technology are applied for liquid as well as air filtration
and gassing [132].

Figure I.12 The module structure and industrial equipments of Rotary Membrane System, Spin TeK
(Speedy T and ST-II). Pictures taken from http://www.spintek.com

Figure I.13 Novoflow filter modules, left: 1 × 1 m2; right: 4 ×10 m2. Pictures taken from
http://www.novoflow.com/PDF-Filter/SSDF-Filter/ssdf-filter.html

I.5.1.3 Vibrating membrane systems
An original concept, known as vibratory shear-enhanced process (VSEP), was invented in
- 36 -

Chapter I Bibliography

1987. The VSEP uses azimuthal vibrations of membrane to create high shear rate, aiming to
controlling CP and preventing membrane fouling. The high shear rate at the membrane is
produced by the inertia of the retentate which moves out of phase with the membrane and
varies sinusoidally with time. The use of resonance permits to minimize the power necessary
to produce the vibrations, which is only 9 kW, even for large units of 150 m2 membrane area
[73]. The filter pack may, depending on the model, contain one or more membranes (Fig.
I.14). The Series LP is primarily used for testing purposes, however, with flow rates up to 270
Lh-1, and the Series LP can also be used in small scale production processes. The most widely
used VSEP is the Series i84. With up to 140 m² of membrane area in each filter pack, the i84
is the ideal module size to process larger flow rates.

Figure I.14 Commercial VSEP modules from New Logic Research, Inc. Pictures taken from

http://www.vsep.com/index.html
I.5.1.4 Other new dynamic systems
Although an industrial multi-shaft disk (MSD) module, equipped with 31.2 cm diameter
ceramic membranes rotating on eight parallel shafts located on a cylinder, has been reported
by Jaffrin [73] (Fig. I.15a), its commercial module information still can not be found in
website of GEA Westfalia Separator group. Ding et al. [133] investigated a MSD pilot with
two parallel hollow shafts rotating at same speed (Fig. I.15b), and the ceramic membrane
disks from each shaft overlap each over for 15.5 % of their surface. It was found that
membrane disk overlap did not much improve permeate flux for rotating membrane system.
He et al. [134] found that the effect of shear rate increment due to membrane overlapping on
permeate flux, could be completely offset by the high concentration increase between two
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adjacent and overlapping membranes. This pilot was later modified by replacing the ceramic
disks on one shaft by metal disks with vanes, and it avoids local over concentration between
overlapping membrane, thus increasing permeate flux and saving energy at high rotating
speed. Since metal disks are cheaper than ceramic ones, the cost of such systems may be less,
for the same output, than for original MSD systems [73,134]. Tu and Ding [135] also
employed polymeric membranes to replace ceramic ones, and found that overlapping disk is
more efficient to remove cake fouling for polymeric membranes, but its energy consumption
is higher. Compared with SSDF, although the MSD module is more compact, its advantage is
marginal in terms of permeate flux, energy and maintenance cost. That may be the reason why
the MSD is not yet commercialized.

Figure I.15 Industrial MSD module (Westfalia Separator) with eight parallel shafts and 31.2 cm ceramic
disks (left); Picture taken from [73]; Laboratory MSD pilot in UTC (right).

A research group in Jadavpur University, India, directed by Bhattacharjee, has done much
work about dynamic shear-enhanced membrane filtration. They have designed and developed
Rotating Disc Membrane (RDM) module [136] and Spinning Basket Membrane (SBM)
module [137], as illustrated in Fig. I.16. Their RDM module is equipped with two motors
with speed-controllers to provide independent rotation of the stirrer and membrane housing.
The module has the facility to rotate membrane and the stirrer in opposite direction to provide
maximum shear in the vicinity of the membrane [136]. However, their rotating speed is less
than 300 rpm for the stirrer and less than 100 rpm for the membrane, which is too low for
industrial application. They also installed stationary vanes near membrane surface to increase
the shear rate, and found that 45◦ blade angle vanes having holes on the blade surface produce
a maximum permeate flux [138]. On the other hand, their SBM module consists of a hollow
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basket with four radial arms (which may be increased in a scaled up module) mounted on a
central hollow shaft, as shown in Fig. I.16. The whole system was placed in a stainless steel
cylindrical tank and rotated in the direction of the membrane surface (outward normal to the
membranes). When flux reaches its steady state, the basket is rotated in the reverse direction
(in the direction normal to the impermeable side of the radial arms) [137]. Because of the
counter-rotation-induced pressure difference, the accumulated solute is expected to be
dispersed from the membrane thereby removing cake fouling, equal to the back flushing
operation. However, as expected, due to the high hydraulic resistance of membrane disk, this
new device may be not energy efficient.

Figure I.16 Schematic diagram of RDM (left) and SBM (right) modules in Bhattacharjee’s group. Pictures
taken from [136,137]

Figure I.17 Schematic diagram of rotating helical membrane module. Picture taken from [139]

Liu et al. [139] has designed a new helical membrane module and by rotating it to
enhance turbulence, permeate flux increased and fouling was reduced. The membranes at
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various helical angles have a dimension of length × width × thickness at 300×30×2 mm. As
shown in Fig. I.17, this rotating filtration device included a DC motor, a set of gears, sleeving,
outlet pipe and membrane module. The driven gear was mounted on the top of the sleeving
and the membrane module was at the bottom. By adjusting voltage of the DC transformer, the
rotating speed of membrane module was controlled at 75-160 rpm. This device may be
promising for MBR configuration, and needs further development.

Figure I.18 Schematic diagram of VMBR. Picture taken from [140]

Vibrating submersed membrane system is a new configuration for shear-enhanced
membrane filtration, and attracts much attention due to its great potential in MBR application.
Beier and Jonsson [140] described a vibrating membrane bioreactor (VMBR), and as shown
in Fig. I.18, it consists of a module with hollow fibers placed vertically in a bundle, which is
connected with a “rotation head” fixed to an electric motor. Rotating the “rotation head”
hereby induces perpendicular movement of the membrane module, which is kept in contact
with the “rotation head” by a strong spring. The frequency of the vibrations could be adjusted
between 0 and 30 Hz. Another case was reported by Gomaa et al. [141], their membrane
filtration unit covered with several turbulence promoters is oscillated vertically using an
adjustable eccentric driven by a variable speed motor, and this arrangement provides a range
of oscillatory frequencies 0-25 Hz. Bilad et al. [142] presented a novel magnetically induced
membrane vibration (MMV) for fouling control in MBR, and the vibration is created by
magnetic attraction/repulsion forces in a “push and pull” mode, and the vibration moves the
membrane to the left and the right through a sinusoidal pattern with frequency between 0 and
60 Hz. As the vibrating engine is integrated into the membrane module and magnetically
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induced, it is expected to undergo less friction, consume less energy and have a flexible
vibration control.
As described above, it seems that the next research hotspot for shear-enhanced membrane
filtration is the rotating/vibrating submersed membrane modules, combining with MBR
technology.
I.5.2 Potential applications combined with other technologies
One of advantages of membrane technology is the easy combination with other
technologies, and the most successful case is MBR, which is integrating bioreactor with
membrane filtration. According to the above description, four potential applications of
shear-enhanced membrane filtration were proposed by combining with other wastewater
treatment methods, as illustrated in Figs. I.19-22.
Membrane fouling is the main problem of MBR application and is also the hotspot of
MBR research [58]. High shear rate on membrane can effectively reduce membrane fouling.
Furthermore, bioreactor treatment requires mechanical agitation, and rotating or vibrating
membrane module can enhance or replace this operation. Therefore, shear-enhanced
membrane module is quite suitable to be applied in MBR, and some investigations have
already been carried out [140,142]. A simple schematic diagram of this advanced MBR
technology is shown in Fig. I.19.

Figure I.19 Schematic diagram of advanced MBR technology

Biogas (i.e. H2 and CH4) production from wastewater can be enhanced by
pre-concentration of wastewater by shear-enhanced NF membrane filtration. Normally,
industrial wastewater has a large volume and low organic concentration, and thus direct
utilization for biogas production needs a constructed reactor with large volume under
anaerobic condition, thus inducing many problems, such as reactor control, HRT, gas
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collection and sludge disposal. As shown in Fig. I.20, after pre-concentration by
shear-enhanced NF filtration, waste concentrates and reusable waster can be simultaneously
obtained from wastewater, which makes subsequent anaerobic digestion more efficient and
easier to operate.

Figure I.20 Schematic diagram of biogas production from wastewater coupled with shear-enhanced NF
membrane filtration

As described in Section I.4, organic matters in wastewater can be extracted as sludge by
adding organic or inorganic coagulants, and the sediment sludge can be recycled as animal
food or fuel. If diluted wastewater is pre-concentrated by shear-enhanced NF membrane
filtration, the subsequent coagulation/flocculation is more efficient because the processing
volume largely decreases and part of inorganic salt is removed, and at the same time, the
residues from coagulation process can be recirculated to previous membrane filtration to
generate reusable water. This new integrated process is illustrated in Fig. I.21.

Figure I.21 Schematic diagram of wastewater recycle by shear-enhanced NF membrane filtration coupled
with coagulation/flocculation

Mass production of microalgal biodiesel requires efficient harvesting of biomass from
cultivation froth. Since mass fractions in a culture broth are low and algal cells are in stable
suspended state, algae harvesting is generally costly [143]. Shear-enhanced membrane
filtration is proposed to harvest algal cells due to its high antifouling performance and high
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concentration factor. Generally, MF or UF membranes are used for microalgal harvesting
[124,143]. This permeate still has certain nutrients and should be further treated by NF/RO
membrane filtration to produce reusable water, and the concentrates can be recirculated to
algal cultivation, as shown in Fig. I.22. This is also a new application of shear-enhanced
membrane filtration and may be promising in efficient microalgal harvesting.

Figure I.22 Schematic diagram of wastewater recycle by algal cultivation coupled with membrane filtration

I.5.3 Advantages and drawbacks
As an alternative to traditional cross-flow filtration, dynamic shear-enhanced membrane
filtration not only increases substantially the permeate flux, but has a favorable effect on
membrane selectivity and concentration factor, which allows very viscous concentrates and
high water recovery during wastewater recycle. It also permits to decouple membrane shear
rate from the inlet flow rate into the module, which can be varied independently and does not
need to be much larger than the filtration rate, thus avoiding pressure drop appearing in the
tubular or spiral-wound modules. Clarification of a suspension by MF requires a high
microsolute transmission, and this transmission is increased in dynamic filtration, which
reduces cake formation by combining a high shear rate with a low TMP. Moreover, in
wastewater treatment by NF and RO, since dynamic filtration reduces concentration
polarization, the concentration of rejected solutes at the membrane is lowered, reducing the
concentration gradient and diffusive solute transfer through the membrane and therefore
increasing solutes rejection rate and improving permeate quality. At the same time, permeate
fluxes keep increasing until high pressures, as the pressure limited regime is extended by the
reduction of concentration polarization and very high fluxes can be obtained at high TMP
[73].
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The drawbacks are the complexity and limitations in membrane area for some systems,
such as cylindrical rotating membranes or multi-compartment rotating disk systems, which
raise the equipment cost. Moreover, energy cost for shear-enhanced membrane filtration also
needs further optimization.
For recycling industrial wastewater by dynamic shear-enhanced membrane filtration,
there are very few investigations in both academic research and industrial applications,
especially for shear-enhanced NF process. Although the cake fouling is minimized by high
shear rate, flux decline and membrane fouling can not be avoided in this process. The
investigations about flux and fouling behavior and mechanism for shear-enhanced membrane
filtration are quite necessary, in order to promote the applications of this powerful tool in
environment and energy aspects.
I.5.4 Research objectives and contents
Previous two dissertations by Akoum [144] and Frappart [145] in our laboratory concern
the treatment of dairy wastewater by UF, NF and RO using RDM and VESP modules , and
many papers in journals about this subject has been published [57,146-150]. Their
investigations focus on hydrodynamic calculation and comparison of different membrane
modules, as well as separation performance at different shear rates and TMP. Their research
objective is only to obtain higher permeate flux and better permeate quality in dairy
wastewater treatment. However, membrane fouling and flux decline during dairy wastewater
treatment by shear-enhanced membrane filtration have not yet been examined, and moreover,
only synthetic wastewater has been used in their work.
The objective of this work is to recycle industrial wastewater by shear-enhanced
membrane filtration, with focus on the flux decline and membrane fouling behaviors in this
process. In order to improve wastewater recycle efficiency, several studies should be carried
out: 1) test a real industrial wastewater; 2) select suitable UF and NF membranes with high
performance; 3) optimize the process parameter and operating strategy to control membrane
fouling; 4) investigate flux behavior and fouling mechanism to control flux decline and
guide membrane cleaning.
The coupling of membrane filtration with organic utilization does not concern in this
PhD work, but it will be carried out in the future.
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Résumé du Chapitre II
L’objet de ce chapitre est la présentation des différents matériaux et méthodes qui ont été mis
en œuvre pour la réalisation de ce travail. Il se compose d’une description des trois systèmes
de filtration qui sont le prototype à disque rotatif, le système vibrant VSEP et la filtration
frontale avec agitation, ainsi que plusieurs membranes, des eaux usées synthétiques et réelles,
et des diverses méthodes analytiques utilisées. En outre, la procédure expérimentale est
décrite en détail.

Abstract of Chapter II
The purpose of this chapter is to introduce different materials and methods for implementing
this PhD work. It consists of a description of the three filtration systems (the prototype of
rotating disk module, the VSEP vibrating system and dead-end stirred filtration), several UF
and NF membranes, synthetic and real wastewaters, and the various analytical methods used.
Moreover, the experimental procedure is described in detail.
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II.1 Experimental set-up and membranes
II.1.1 Dynamic shear-enhanced membrane modules
The rotating disk module (RDM), shown in Fig. II.1a, has been designed and built in our
laboratory. A flat membrane, with an effective area of 176 cm2 (outer radius R1＝7.72 cm,
inner radius R2＝1.88 cm), was fixed on the cover of the cylindrical housing in front of the
disk. The disk equipped with 6 mm-high vanes (see Fig. II.2) can rotate at adjustable speeds,
ranging from 500 to 2500 rpm, inducing very high shear rate on the membrane. The VSEP
vibrating filtration system Series L, shown in Fig. II.1b, was equipped with a single annular
membrane of 503 cm2 area (outer radius R=13.5 cm, inner radius r=4.7 cm), supported by a
central shaft. Vibrations are produced by an eccentric drive motor at the bottom plate, and this
torsion spring amplifies and transmits them to the membrane located at its top. Because of
vibrations, the membrane oscillates azimuthally with a displacement amplitude of 30.2 mm at
the membrane periphery at the resonant frequency of 60.75 Hz, inducing a high shear rate on
the membrane.

Figure II.1 Schematics of (a) RDM module and (b) VSEP module

Figure II.2 Schematics of disk with vanes
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As shown in Fig. II.3, the modules was fed from a thermostatic and stirred tank
containing 12 L of fluid by a volumetric diaphragm pump (Hydra-cell, Wanner, USA). The
peripheral pressure (pc) was adjusted by a valve on outlet tubing and monitored at the top of
the cylindrical housing by a pressure sensor (DP 15-40, Validyne, USA), and the data was
collected automatically by a computer. The permeate was collected in a beaker placed on an
electronic scale (B3100 P, Sartorius, Germany) connected to a computer in order to measure
the permeate flux.

Figure II.3 Schematic diagram of dynamic shear-enhanced membrane filtration process

II.1.2 Dead-end stirred-cell filtration module
As shown in Fig. II.4, the dead-end filtration experiments were performed in a
laboratory-constructed magnetically stirred cell in concentration mode. The suspended bar
impeller (length: 20 mm, diameter: 6 mm) inside the cell was driven by a magnetic agitator
(85-2, Shanghai Sile Instrument Plant, China). The stirring speed was monitored using a
digital optical tachometer (RM-1000, Prova Instruments Inc., China). The gap between the
impeller and the membrane was about 2.5 mm. The working volume of the cell was 12.0 mL.
It could be fitted with a membrane disc having an effective diameter of 24 mm within the
module, with an effective membrane surface area of 4.52×10-4 m2. The operating temperature
was controlled by a water bath. Feed was first diverted into an injection column (Superloop
50 mL, Pharmacia, Sweden) through a by-pass of the switching valve (V-7, Pharmacia,
Sweden) and then was pumped at constant flow rate into the filtration cell using a high
performance HPLC pump (LC-20AT, Shimadzu Corp., Kyoto, Japan). By adjusting the
switching valve, deionized water could be pumped into cell directly to measure the pure water
permeability of membranes. The transmembrane pressure (TMP) was continuously monitored
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by a pressure sensor (MLH040BSB09A, Honeywell, USA) and the data were collected
automatically by a computer. All experiments were performed under constant permeate flux
mode, at a temperature of 25 ± 0.5 oC and a stirring speed of 1200 ± 10 rpm.

Figure II.4 Schematic diagram of dead-end stirred-cell filtration process

II.1.3 UF and NF Membranes
According to the manufacturer’s information, the properties of UF and NF membranes
used in this work are summarized in Table II.1 and Table II.2.
Table II.1 Properties of UF membranes tested
Membrane

*

Manufacturer

Surface material

Molecular weight
cut-off (KDa)

Water
permeability
(Lm-2h-1bar-1)*

UP005P

Microdyn- Nadir

Polyether-sulphone

5

15-16

Ultracel PLGC

Millipore

Regenerated cellulose

10

24-25

UH030P

Microdyn- Nadir

30

40-50

UH050P

Microdyn- Nadir

50

>50

US100

Microdyn- Nadir

100

>80

Hydrophilic
polyether- sulphone
Hydrophilic
polyether- sulphone
Hydrophilic polysulphone

o

Own measurement at 25 C and 1-5 bar.
Table II.2 Properties of NF membranes tested

Membrane

Surface

Manufacturer

material

Molecular

Max.

Max.

weight

Temperature

Pressure

o

cut-off (Da)

( C)

(bar)

pH
range

Water
permeability
(Lm-2h-1bar-1)*

NF270

Dow-Filmtec

Polyamide

270

45

41

3-10

12.0-13.5

NF90

Dow-Filmtec

Polyamide

90

45

41

3-10

~10.5

Nanomax50

Millipore

Polyamide

400

50

41

4-10

~6.0

Desal-5 DL

GE-Osmonics

Polyamide

327

50

40

2-11

~4.0

Desal-5 DK

GE-Osmonics

Polyamide

225

50

40

2-11

3.9-4.5

*

o

Own measurement at 25 C and 4-20 bar.
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II.2 Test fluid
II.2.1 Detergent wastewater
Dishwasher detergent CIP wastewater was collected from a detergent factory located in
Compiégne (France) in two different batches. This liquid dishwasher detergent was made of
anionic surfactants. The effluent was pre-filtrated by two sieves with pore size of 0.25 mm
and 0.10 mm (Prolabo, Paris, France). According to the factory’s information, this effluent
mainly contains: sodium dodecyl sulfate (molecular weight≈288 gmol-1), linear alkylbenzene
sulfonate (323 gmol-1), 2-bromo-2-nitro-1,3-propanediol (200 gmol-1), limonene (136 gmol-1 ),
sodium chloride and sodium sulfate. The main characteristics of the detergent wastewater are
described in Table II.3.
Table II.3 Main characteristics of detergent wastewater
Index

Batch 1

Batch 2

Surfactant type
Dry matter (gL-1)
Conductivity (mS cm-1)
COD (mgO2 L-1)
pH

Anionic
26.12
5.01
54000
7.2

Anionic
21.32
6.22
43500
7.5

II.2.2 Dairy wastewater
A model effluent was prepared from commercial UHT skim milk (Lait de Montagne,
Carrefour, France), diluted 1:2 to one-third of normal concentration with deionized water
(Aquadem E300, Veolia Water, France). Real effluents were collected from a local dairy
factory (Lactalis, Clemont, France) in two different batches. The 1st batch contained effluent
collected quickly at inlet of treatment tank while the 2nd batch was constituted from 1 L
samples collected every hour for 24 hours at same inlet in order to average its composition.
The main characteristics of model and real effluents are described in Tables II.4 and II.5.
Table II.4 Main characteristics of dairy effluents
Index

Model solution

Turbidity (NTU)
COD (mgO2L-1)
Conductivity (μScm-1)
pH
Dry mass (gL-1)

Not available
36000 ± 2000
2170
6.84
31.9 ± 0.2
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Real effluents
Batch 1

Batch 2

101
297 ± 13
1084
8.72
0.8 ± 0.1

100
580 ± 16
1516
9.56
1.4 ± 0.1
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Table II.5 Main characteristics of model dairy wastewater
Index

Model diary wastewater
-1

Casein (gL )
Whey protein (gL-1)
Lactose (gL-1)
Calcium (gL-1)
Sodium (gL-1)
Lipid (gL-1)
COD (g O2 L-1)
Conductivity (μScm-1)
pH
Dry mass (gL-1)

8.5
2.1
15.3
0.40
0.17
skim < 0.33
semi-fat 5.2
whole 12
36
1500-1600
~6.7
32

II.3 Experimental procedure
II.3.1Filtration procedure
A new membrane was used for each group of experiments to ensure the same initial
membrane conditions for the entire study. The membranes were soaked in deionized water for
at least 48 h prior to use, and pre-pressurized with deionized water for 30 min under a
pressure of 40 bar (10 bar for UF membrane) at 25 oC. After stabilization, the pure water flux
of membranes was measured at five pressures of 20, 16, 12, 8, 4 bar for NF (10, 8, 6, 4, 2 bar
for UF) to calculate water permeability (Lp). Before the experiments started, the feed was
heated to selected temperature and pH was adjusted with 1 M NaOH and 1 M HCl to specific
values as required, then conductivity was adjusted to the same value by adding NaCl for each
series tests, during which the feed was fully recycled in the system at zero TMP, and this
process lasted about 10 min for each test to ensure that surfactant pre-adsorption on
membrane was similar. Then experiments were performed at a constant feed flow rate in three
series: short-term full recycle tests, long-term full recycle tests and concentration tests.
Series 1: short tests with full recycling
This series was performed with permeate and concentrate recycling in order to
investigate the effect of TMP, rotation speed, pH and temperature at a constant feed
concentration. For each group of experiments, with the same membrane and test fluid, TMP
was increased in steps, but rotating speed was decreased in steps except if stated otherwise.
This procedure minimized the possible effect of concentration polarization or/and fouling
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formed at the previous test point on the next one, and the experimental protocol will be
defined in more details later in each section. Samples were all collected in permeate 10 min
after the beginning of each TMP increment or rotating speed decrease in order to have
stabilized flux and transmission conditions. However, for some cases, the permeate flux could
not stabilize after 10 min filtration, or even in a longer time, and therefore, not all data for
short-term tests were measured at steady-state.
Series 2: long tests with full recycling
This series was carried out in total recirculation mode at a constant rotating speed and
TMP, and in some cases, rotating speed decreased in steps after each operation for 60 min.
Series 3: concentration tests
In this series, permeate was not returned to feed tank and a 12 L feed was concentrated to
2 L at constant conditions. Samples were collected in permeate every half unit of volume
reduction ratio (VRR).
Series 4: Dead-end stirred-cell tests
In this series, first, the stirred cell was filled with feed of 12.0 mL, and then, the same
feed was continuously pumped into the cell at a constant flux but permeate was not returned
to feed tank. For short-term tests, after releasing the first 1 mL of permeate for stabilizing the
system, the subsequent 1 mL of filtration permeate and the corresponding retentate were
collected for analysis. For long-term tests, all the permeate was collected in a tank and its
average concentration was analyzed.
II.3.2 Cleaning procedure
After each series of tests, at rotating speed of 500 rpm, the filtration system was flushed
with deionized water for more than 6 times until the rinsing water came out clear, and Lp was
measured to know the degree of irreversible fouling. Then chemical cleaning was carried out
for a special purpose. Alkaline cleaning was carried out by using a P3-ultrasil 10 (Ecolab,
USA) detergent to remove protein residues, at 0.05% concentration. NaOH was used to adjust
pH of cleaning solution. Sometimes, acid cleaning (HCl, pH~2) was carried out before
alkaline cleaning. The chemical cleaning lasted 30 min at a temperature of about 25 oC. Then
the system was rinsed by deionized water again until the pH of the rinse water was neutral.
Finally, the membranes were soaked in deionized water for 30 minutes to eliminate the effect
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of swelling by cleaning and then Lp was measured again. At night, when not in use, the
system was filled with pure water.

II.4 Analytical methods
Turbidities of the concentrate and the permeate were measured with a Ratio Turbidimeter
(Hach, USA). COD was measured using Nanocolor Kits (Machery-Nagel, Hoerdl, France) in
order to quantify organic matter concentration. Conductivity was measured with Multi-Range
Conductivity Meter (HI 9033, Hanna, Italy) and pH was measured with pH Meter (MP 125,
Mettler Toledo, Switzerland). Dry mass was determined by measuring the weight loss with a
digital precision scale (AR2140, Ohaus, USA) after drying samples at 105 ± 2 ℃ for 5 h in an
oven. The viscosity was measured by a Falling Ball Viscometer (GV-2100, Gilmont, USA).
Powers of rotating disk motor and feed pump under different conditions were measured with
Power & Energy Monitors (Metric MX240, Chauvin Arnoux, France).
The protein concentration in solution was measured by the Bradford protein assay using
BSA (bovine serum albumin). The amount of lactose was quantified by HPLC (Shimadzu
Corp., Kyoto, Japan) with refractive index (RI) detector (RID-10A, Shimadzu Corp., Kyoto,
Japan) and Shimadzu Shimpack-SPR-H column (300×7.8 mm). Perchloric acid (4 mM) was
used as the mobile phase at a flow rate of 0.6 mLmin-1 and the column temperature was 40 oC.

II.5 Calculated parameters
The permeate flux (J) was calculated by:
J

1 dV p
A dt

(II.1)

where A is the effective membrane area (m2), Vp is the total volume of permeate (L), and t is
the filtration time (h).
The pure water permeability (Lp, Lm-2h-1bar-1) was calculated from the water flux as
follows:

Lp 

J
TMP

(II.2)

The apparent rejections (Rapp, %) of COD and conductivity are defined as:
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Rapp (%)  (1 

Xp
Xf

)  100

(II.3)

where Xp and Xf are the solute concentration, COD or conductivity in permeate and feed,
respectively.
Volume reduction ratio (VRR) is defined as:
VRR 

Vo
VR

(II.4)

where Vo is initial feed volume and VR retentate volume.
The permeability loss index (PL) is given by:
PL (%) 

L pi  L pf
L pi

(II.5)

 100

where Lpi and Lpf are the initial and final hydraulic permeabilities.
The flux decline index (FD, %) can be expressed as a percentage of feed flux decrease
after long-term operations:
FD 

J ai  J af
J ai

 100

(II.6)

where Jai and Jaf are average feed fluxes at the first and the end of filtrations , respectively.
According to our previous studies, the mean membrane shear rate on membrane (γm, s-1)
can be calculated by the following equations.
For RDM system:

m 

For VSEP system:

m 

0.0164 R 8 / 5 (k ) 9 / 5

 4/5
2d ( R 3  r 3 )(F ) 3 / 2
3R ( R 2  r 2 ) 1 / 2

(II.7)

(II.8)

where R and r are the outer and inter membrane radius (m) and k is the velocity factor (0.89
for this RDM system), ω the disk angular velocity (rads-1),  the fluid kinematic viscosity
(m2s-1), d the membrane displacement at periphery (m) and F is the oscillations frequency
(d=30.2 mm when F=60.75 Hz). For our RDM system, γm= 0.55 γmax; for our VSEP system,
γm= 0.33 γmax.
The mean TMP is obtained by integrating the local pressure (pc, Pa) over the membrane
area as follow:
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TMP  p c 

1 2 2 2
k  R
4

(II.9)

where ρ is the density of the fluid (gL-1) and R is the housing inner diameter.
Energy consumption per m3 of permeate (specific energy, Ec, KWhm-3) is represented as:
Ec 

P

(II.10)

Qf

where P is the power of feed pump and/or rotating disk motor (KW), and Qf is the permeate
flow rate (m3h-1).

- 62 -

Chapter III Detergent Wastewater Treatment

Chapter III Detergent Wastewater Treatment

Résumé du Chapitre III

Des eaux usées de détergent peuvent être concentrées par membrane pour produire de l'eau
réutilisable, et le rétentat avec une concentration élevée peut être récupéré en tant que produit.
Le traitement d’eaux usées réelles, provenant des systèmes de nettoyage en place (NEP) dans
une usine de détergents, par une membrane NF a été étudié en utilisant un module RDM. La
combinaison d’une pression transmembranaire (PTM) élevée et d’un taux de cisaillement
élevé produit un perméat de haute qualité avec un flux élevé. Augmenter la vitesse de rotation,
le pH et la température peut atténuer la polarisation de concentration et la formation de
couche de gel. Les NF270 membranes utilisées doivent être stockés à l'eau alcaline (pH 8-9)
afin de maintenir leur perméabilité. Le module RDM limite le déclin de flux qui se produisait
généralement dans la filtration tangentielle pour le traitement les effluents contenant le
détergent, et il semble être une méthode prometteuse pour traiter des eaux usées de NEP
contenant du détergent.

Abstract of Chapter III

Detergent wastewater can be concentrated by membrane technology to produce reusable water,
and the retentate with high concentration can be reutilized as product. Treatment of a real
detergent cleaning-in-place (CIP) wastewater by NF membrane was investigated using a
RDM module. The combination of high TMP and high shear rate produced high permeate flux
and high quality permeate. Increasing rotating speed, pH and temperature mitigated
concentration polarization and gel layer formation. NF270 membranes used should be stored
with alkaline water (pH 8-9) in order to keep their permeability. The RDM module limits the
flux decline that usually occurred in a crossflow module for treatment of surfactant-related
effluents, and appears to be a promising method for treating detergent CIP wastewater.
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III.1 Introduction
Detergent wastewater can cause significant environmental problems because surfactants
are hazardous and toxic to aquatic life and soils [1]. Therefore, a number of technologies were
used to purify detergent wastewater, such as chemical flocculation, foam fractionation, Fenton
oxidation, aerobic biodegradation and membrane filtration. Economic considerations require
that both recyclable water and organic compounds recovery are achieved in the treatment of
wastewater. Thus, membrane technology is the only one satisfying these two requirements
simultaneously, as surfactants can be concentrated by ultrafiltration (UF) and/or nanofiltration
(NF) for reutilization while permeate can be reused as CIP (clean-in-place) water [2-5].
Although UF separates and concentrates surfactant micelles efficiently when surfactant
concentration at membrane surface is above the critical micelle concentration (CMC) [6], its
permeate is still not reusable [7]. NF, as a technology using both electric charge (Donnan
effect) and pore size (sieving effect), can better reject small molecules of molecular mass up
to 200 g·mol-1 and ions than UF and is preferable to treat detergent wastewater with a low
surfactant concentration [8-10].
However, a major limitation in applying NF technology to treat wastewater is the flux
decline due to concentration polarization and membrane fouling, especially for detergent
wastewater because surfactant molecules tend to assemble at interfaces [6]. Wendler et al [11]
found that, when permeate flux increased to more than 60 Lm-2h-1, a “dilution effect” due to
permeate flux increase as the permeate was diluted by increasing water flux at a higher
pressure, was defeated by the higher concentration polarization as more solutes passed
through the membrane, and, thus, surfactant concentration in permeate rose. According to data
reported by Kaya et al [9], the permeate flux decreased to 20%-80% of initial values (30-170
Lm-2h-1) after 200 min of NF of anionic or nonionic surfactant at 12 bar. While operating at a
much higher permeate flux, Kertész et al [12] found that the flux declined by as much as 50%
in 15 min when initial flux was about 500 Lm-2h-1. The flux decline was mainly caused by
surfactant adsorption on membrane surface or pores wall at a high permeate flux [6,13].
Moreover, these results were obtained in treatment of model surfactant solutions, and because
of the complex composition of real wastewater, the flux decline was thought to be more
serious when a real detergent wastewater was concentrated by NF. Therefore, flux decline
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control during NF of detergent wastewater needs to be further investigated.
All previous studies about treatment of detergent wastewater by NF used crossflow
membrane modules, which could only produce moderate shear rate, due to pressure drop
limitation. A shear-enhanced filtration system can be operated at a very high shear rate
(1-3×105 s-1), thus reducing concentration polarization effectively. This filtration system was
proved to be successful for treatment of wastewater and represents a good choice in order to
purify detergent wastewater with high efficiency. In this study, a rotating disk module (RDM)
was used to treat a real detergent wastewater, and a NF270 membrane was chosen, based on
previous research [3]. The effect of UF pretreatment and operating conditions on NF permeate
flux and rejection was investigated in short tests. In order to control flux decline during
filtration of detergent wastewater by NF, a series of longer experiments under different
rotating speeds, transmembrane pressure (TMP), pH and temperature was performed.
According to the previous studies [5,10], the surfactant concentration in detergent wastewater
is much higher than their CMC values, so the effect of CMC on NF performance is not
considered in this work. The present work aims at understanding the mechanism of flux
decline in membrane filtration of surfactant-containing effluents and to develop treatment of
detergent wastewater by NF.

III.2 Results and discussion
III.2.1 Effect of UF pretreatment on permeate flux and rejection

We compare here two processes, the first consisting in a single NF step and the second in
a pretreatment by ultrafiltration (UF) before the NF step. These tests were carried out in full
recycle mode at a constant rotating speed of 2000 rpm, and TMP was increased in steps from
5 to 40 bar, and each TMP lasted for 10 min. As seen in Fig. III.1, without pretreatment the
permeate flux reaches a plateau of 350 Lm-2h-1 at 35 bar while, after UF pretreatment, the NF
permeate increased linearly with TMP until 40 bar reaching 470 Lm-2h-1, because of organic
matter removal in the NF feed by UF. The NF permeate flux of 2nd process was even a little
larger than the water flux. This was caused by improved wettability of the NF membrane
surface through adsorption of surfactant monomers on hydrophobic group, thus leading the
flux to increase above pure water flux [3] and also by the high shear rate produced by RDM
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module, which prevented concentration polarization from increasing with TMP. As shown in
Fig.III.2, for UF, the rejection of conductivity was very low but COD rejection was near 90%.
Conductivity rejections in NF were similar for the two processes, reaching 93% above 30 bar
while it was below 38% for UF. COD rejection by NF shown in Fig.III.2b was higher in 1st
process at 97% against 70 to 80% in 2nd one. However, due to the COD rejection by UF of
near 90%, NF permeate COD was still lower in 2nd process at 1264 mg/L versus 1361 mg/L
without UF.

Figure III.1 Permeate flux as a function of TMP for different feeds and membranes in short tests with
full recycling. Rotating speed=2000 rpm; pH=7.2; Temperature=25 oC.

Figure III.2 Rejection of (a) conductivity and (b) COD for UF and NF at different TMP in short tests with
full recycling. Rotating speed=2000 rpm; pH=7.2; Temperature=25 oC.

III.2.2 Effect of operating conditions on permeate flux and rejection

III.2.2.1 Effect of rotating speed

Figure III.3a shows the effect of rotating speed on permeate flux for NF of detergent
wastewater in short tests (Series 1). The rotating speed was first set to 2500 rpm and permeate
flux and conductivity retention were measured at TMP of 10, 15, 20, 25, 30 bar and these tests
were repeated at 2000, 1500, 1000 and 500 rpm. At 2500 rpm, the flux increased nearly
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linearly with TMP to reach 340 Lm h , while it reached a plateau at 25 bar and speeds of
1000 and 500 rpm. The effect of rotating speed and TMP on conductivity rejection is shown
in Fig. III.3b. This rejection increased with speed and TMP and reached 92% at 2000 rpm,
meaning that higher rotating speed not only improved flux but also permeate quality. At
speeds of 1000 and 500 rpm, the rejection decreased above 20 bar. This apparent rejection
decline was caused by severer concentration polarization at lower shear rate, where more
solutes accumulated at membrane surface and diffused through membrane. An optimum
rotating speed should be a compromise between low energy consumption, high permeate flux
and high rejection, depending on the application, geometry, etc. According to previous
simulation report [14], 2000 rpm was selected for use in further study.

Figure III.3 Effect of rotating speed on (a) permeate flux and (b) conductivity rejection by NF270 in short
tests with full recycling. pH=7.2; Temperature=25 oC.

III.2.2.2 Effect of pH

Because the NF270 is a charged membrane and anionic surfactant was contained in our
detergent wastewater, pH is an important factor that influences the electrostatic interaction
between surfactant and membrane. A filtration test with full recycling was carried out at a
rotating speed of 2000 rpm, and TMP was increased in steps from 10 to 30 bar using three
feeds with different pH of 4.5, 7.2 and 9.9. As seen in Fig. III.4a, permeate fluxes were close
at pH 4.2 and 7.2, while at a pH of 9.9 and above 20 bar, the flux increased almost linearly
and faster than for lower pH, indicating that a higher pH can alleviate concentration
polarization of surfactant molecules. The effect of pH on conductivity rejection was more
important as seen in Fig. III.4b. With increase of TMP, the rejection of conductivity rose from
80% to 88% at pH=7.2 and even more at pH=9.9, while it rose from 40% to 60% only at
pH=4.5 which could be explained by their different electrostatic effects. Since the isoelectric
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point of NF270 is pH=5.3 [15], the membrane will be positively charged at a pH of 4.5. But
the anionic surfactant was negatively charged, and therefore, electrostatic attraction between
solutes and membrane resulted in the highest concentration polarization and lowest rejection
of conductivity. For pH 7.2 and 9.9, both surfactants and membrane were negatively charged,
and these surfactants were rejected by an electrostatic repulsion force [16].

Figure III.4 Effect of pH on (a) permeate flux and (b) conductivity rejection by NF270 in short tests with
full recycling. Rotating speed=2000 rpm; Temperature=25 oC.

III.2.2.3 Effect of temperature

These experiments were performed in full recycling mode at constant rotating speed
and pH, and permeate flux and conductivity retentions at different temperatures were
measured as TMP rose from 10 to 30 bar. Increasing temperature decreased solvent viscosity,
and increased the flux as shown in Fig.III.5a. Since diffusion coefficients increase with
temperature, concentration polarization is reduced by enhanced back transport, and solutes
pass through the membrane more easily, decreasing conductivity rejection as seen in
Fig.III.5b. Therefore, these two factors caused the flux to increase with temperature.

Figure III.5 Effect of temperature on (a) permeate flux and (b) conductivity rejection by NF270 in short
tests with full recycling. Rotating speed=2000 rpm; pH=7.2.
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III.2.3 Effect of operating conditions on flux variation with time

III.2.3.1 Effect of rotating speed at various TMP

Figure III.6 Effect of TMP and rotating speed on flux decline at pH=7.2 and temperature=25 oC. a: 10 bar;
b: 20 bar; c: 30 bar.

If the shear rate produced by disk rotation is not large enough to remove solutes away
from membrane, surfactant molecules are first adsorbed at membrane surface, then aggregate
together due to the hydrophobic interaction, inducing a continuous flux decline [6,8]. As
shown in Fig.III.6a, at a TMP of 10 bar, a disk rotating at 1000 rpm or more can keep the
permeate flux constant at about 108 Lm-2h-1 due to high shear rate (γm= 0.52 ×105 s-1); while it
decays rapidly to 80 Lm-2h-1 at 500 rpm because of increasing concentration polarization or
gel formation. At a TMP of 20 bar (Fig.III.6b), a rotation speed of at least 1500 rpm is
required for maintaining flux stability. At 1000 rpm the flux decayed by 30% and raising the
speed to 2500 rpm restored the flux to its 1500 rpm value, but not the initial one. At TMP=30
bar (Fig.III.6c), the necessary speed for flux stability was 2000 rpm. If the shear rate was not
high enough to disperse the surfactant molecules at membrane, the permeate flux decreases at
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higher TMP. For example, the permeate flux at 1000 rpm and 30 bar (Fig.III.6c) dropped to
130 Lm-2h-1 after 1 hour, and was lower than the flux at 1000 rpm and 20 bar of 140 Lm-2h-1
(Fig.III.6b). Therefore, increasing shear rate was the most effective method to control flux
decline in NF of detergent wastewater. Conductivity rejection decayed a little at low rotation
speed and was less affected than the flux.
III.2.3.2 Effect of rotation speed at different pH and temperatures

These effects on permeate flux are represented in Fig. III.6c and Figs. III.7 at a TMP of 30
bar. Figure III.7a shows the variation of flux with rotating speed at 25 oC and pH=9.8, which
can be compared with Fig. III.6c showing the same variation at a pH of 7.2. The comparison
of these two profiles shows that permeate flux is higher at pH 9.8, and decays less with time
at speeds of 1500 and 1000 rpm. The flux decay at the end of 1000 rpm period relatively to
final flux at 2500 rpm was 45% at pH 9.8 versus 57% at pH 7.2. On the one hand, at an
alkaline pH, the NF270 membrane would swell and its permeability would increase [15,17].
On the other hand, electrostatic repulsion among surfactant molecules, and between
membrane and surfactant molecules, became stronger with increase of pH. Therefore, at pH
=9.8, the filtration resistances of concentration polarization and membrane decreased,
resulting in a higher and more stable permeate flux.

Figure III.7 Effect of pH and temperature on flux decline at TMP=30 bar. a: pH=9.8; Temperature=25 oC; b:
pH=7.2, Temperature=35 oC.

The effect of a temperature change from 25 oC to 35 oC is illustrated in Fig. III.6c and
Fig. III.7b. As expected, the permeate flux at 2500 rpm during the first hour was higher, 390
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Lm h at 35°C instead of 330 Lm h at 25°C. The second difference was that the flux
stabilized with time at 2000 rpm at 25 oC while it kept decreasing at 35°C. Here, a full
recycling mode was used and all the conditions were the same, except for temperature, and
the flux decline at 2000 rpm in Fig. III.7b just resulted from the higher temperature. However,
when rotating speeds decreased to 1500 rpm and 1000 rpm, flux decline at 25 oC was found
(Fig. III.6c), even larger than that at 35 oC. Moreover, a higher temperature could decrease gel
formation (flux decreased by 8.0% at 35 oC, but 9.5% at 25 oC when rotating speed was
returned to 2500 rpm).

Figure III.8 Comparison of membrane water permeability before and after use (these membranes were used
in tests of Figs. III.6 and 7)

Although the initial permeate flux was not fully recovered at the end all tests when speed
was raised to 2500 rpm, the gel layer could be broken up by water rinse, and as shown in
Fig.III.8, membrane water permeability before and after use were almost the same, even a
little higher after use for membranes a and e. The explanation may be that, first, surfactant
molecules were negatively charged, and the electrostatic repulsion among molecules in
aggregates made the gel layer easier to scatter; secondly, the gel layer was formed by some
aggregates with the hydrophilic head-group towards the solution and with the hydrophobic
part hidden in the interior [6], and thus these dense clusters were easy to dissolve in deionized
water. Therefore, a high shear rate could well control flux decline during NF of detergent
wastewater and membrane fouling could be fully removed by several simple water rinses.
III.2.4 Effect of membrane storing modes on flux decline

Because membrane permeability was fully recovered by water rinse, it was possible to
reuse membranes without any chemical cleaning. However, after a night of storing in
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deionized water (pH=4.5), both water permeability and permeate flux decreased, as seen in
Fig.III.9a, while conductivity rejection increased, indicating that the membrane was fouled
during storing. When the pH of storage water was adjusted to 8-9, feed flux reduction was
smaller and no water flux reduction occurred (see Fig.III.9b). This result was confirmed in
several subsequent experiments. The acid pH of storage water and few surfactants remaining
in system might be the reason for flux decline after storing. The membrane was positively
charged at a pH 4.5 lower than isoelectric point of NF270, and anionic surfactants were drawn
to the membrane by electrostatic attraction; furthermore, NF270 membrane pores may shrink
at an acid pH condition [18], and thus the surfactant molecules adsorbed on pore wall would
crosslink and then plug the membrane pores, thus decreasing membrane permeate flux and
increasing conductivity rejection. Therefore, membranes for treatment of detergent
wastewater should be soaked in water with alkaline pH when not in use.

Figure III.9 Effect of storing water pH on membrane performance. a. storing water at pH=4.5, testing
TMP=20 bar; b. storing water at pH=8.8, testing TMP=30 bar; Feed: unadjusted batch 1.

III.2.5 Concentration of detergent wastewater by NF

Using a high rotating speed (2500 rpm) and moderate temperature (35 oC), concentration
of detergent wastewater was carried out with a NF270 membrane (series 3). Two batches were
tested without adjusting the pH but only data for batch 2 are shown in Fig. III.10 and Table
III.1. The flux decreased linearly with VRR in semi-log coordinates when VRR increased
from 1.1 to 4.8, which corresponded to the mass transfer limited regime. When VRR
exceeded 4.8, membrane shear rate decreased due to increase of solution viscosity, and thus
the flux dropped rapidly. Conductivity rejection also decreased because salt concentration in
retentate went up and the charge screening effect by salt ions rose with VRR [17].
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Table III.1 shows the main characteristics of feed, permeate, concentrate at VRR=6,
before and after sedimentation. Permeate conductivity was 38% of feed one, while permeate
COD was about 6% of feed one, and the permeate water was very clear. This permeate might
be reused as CIP cleaning water or further purified by reverse osmosis membrane to improve
its quality. It was also found that, after sedimentation for 48 h in a refrigerator, some
surfactant solutes in the concentrate precipitated due to the supersaturation of surfactants.
These precipitated surfactants could be extracted for reuse and the concentration process
could be continued to increase recovery of surfactants.

Figure III.10 Permeate flux and conductivity rejection as a function of volume reduction ratio in semi-log
coordinates. Feed: unadjusted batch 2; rotating speed=2500 rpm; TMP=30 bar, Temperature=35 oC.
Table III.1 Main characteristics of feed, permeate and retentate for concentration of detergent wastewater
by NF270 at VRR=6
Index

Feed

permeate

Retentate

Retentate after
sedimentation

Dry matter (gL-1)
Conductivity (mS cm-1)
COD (mgO2 L-1)
pH

21.32
6.22
43500
7.5

1.88
2.38
2600
7.1

108.9
18.44
237000
8.0

101.7
18.25
217500
8.0

III.3 Conclusions
These results confirm the high performance of high shear dynamic filtration in detergent
wastewater treatment by NF system both in terms of permeate flux and ion and COD rejection.
Increasing rotating speed increased permeate flux and solutes rejection by decreasing
concentration polarization, especially at a high TMP. Using suitable TMP and rotating speeds
permitted to keep permeate flux constant for a long time. An acid pH (4.5) decreased solutes
rejection by NF and clearly induced membrane fouling, while an alkaline pH had a cleaning
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effect on membrane. Acid water could not be used for storing NF270 membrane after
filtrating detergent wastewater because it would cause a flux decline after storage. A higher
temperature increased the permeate flux and prevented gel layer formation, but lowered
solutes rejection.
The fouling layer formed in this process was not very compact and could be broken up by
water rinse, and thus membrane permeability could be fully recovered without any chemical
cleaning. When detergent wastewater was concentrated to VRR=6 (COD=237 gL-1), the flux
still remained at 47 Lm-2h-1 due to the high shear rate. The NF permeate might be reused as
CIP cleaning water, and the precipitated surfactants in concentrates after sedimentation could
be extracted for reuse and the concentration process could be continued to increase recovery
of surfactants (see following picture).

Although pretreatment by UF of detergent wastewater increased the NF flux at high TMP,
the gain in final conductivity and COD rejection in NF permeate was probably not sufficient
to justify the cost of this UF step. But the slight flux decline, easy membrane regeneration and
the high rejection make this shear-enhanced NF filtration system viable to treat detergent
wastewater.

References
[1] A. Wiel-Shafran, Z. Ronen, N. Weisbrod, E. Adar, A. Gross, Potential changes in soil properties
following irrigation with surfactant-rich greywater, Ecol. Eng. 26 (2006) 348-354.
[2] B. Goers, M. Forstmeier, B. Wendler, G. Wozny, A systematic approach for water network optimisation
with membrane processes, Resour. Conserv. Recy. 37 (2003) 217-226.
[3] G. Cornelis, K. Boussu, B. Van der Bruggen, I. Devreese, C. Vandecasteele, Nanofiltration of nonionic
surfactants: Effect of the molecular weight cutoff and contact angle on flux behavior, Ind. Eng. Chem.

- 74 -

Chapter III Detergent Wastewater Treatment
Res. 44 (2005) 7652-7658.
[4] M. Forstmeier, B. Goers, G. Wozny, Water network optimisation in the process industry - case study of a
liquid detergent plant, J. Clean. Prod. 13 (2005) 495-498.
[5] Z.B. Gonder, Y. Kaya, I. Vergili, H. Barlas, Optimization of filtration conditions for CIP wastewater
treatment by nanofiltration process using Taguchi approach, Sep. Purif. Technol. 70 (2010) 265-273.
[6] A.S. Jonsson, B. Jonsson, The Influence of Nonionic and Ionic Surfactants on Hydrophobic and
Hydrophilic Ultrafiltration Membranes, J. Membr. Sci. 56 (1991) 49-76.
[7] B. Goers, G. Wozny, Flexible design and operation of a two-step UF/NF-system for product recovery
from rinsing waters in batch production, Water Sci. Technol. 41 (2000) 93-100.
[8] A.C. Archer, A.M. Mendes, R.A.R. Boaventura, Separation of an anionic surfactant by nanofiltration,
Environ. Sci. Technol. 33 (1999) 2758-2764.
[9] Y. Kaya, C. Aydiner, H. Barlas, B. Keskinler, Nanofiltration of single and mixture solutions containing
anionics and nonionic surfactants below their critical micelle concentrations (CMCs), J. Membr. Sci.
282 (2006) 401-412.
[10] Y. Kaya, H. Barlas, S. Arayici, Nanofiltration of Cleaning-in-Place (CIP) wastewater in a detergent
plant: Effects of pH, temperature and transmembrane pressure on flux behavior, Sep. Purif. Technol. 65
(2009) 117-129.
[11] B. Wendler, B. Goers, G. Wozny, Nanofiltration of solutions containing surfactants - prediction of flux
decline and modelling of mass transfer, Desalination 147 (2002) 217-221.
[12] S. Kertesz, Z. Laszlo, Z.H. Horvath, C. Hodur, Analysis of nanofiltration parameters of removal of an
anionic detergent, Desalination 221 (2008) 303-311.
[13] U. Danis, C. Aydiner, Investigation of process performance and fouling mechanisms in
micellar-enhanced ultrafiltration of nickel-contaminated waters, J. Hazard. Mater. 162 (2009) 577-587.
[14] C. Torras, J. Pallares, R. Garcia-Valls, M.Y. Jaffrin, Numerical simulation of the flow in a rotating disk
filtration module, Desalination 235 (2009) 122-138.
[15] M. Manttari, A. Pihlajamaki, M. Nystrom, Effect of pH on hydrophilicity and charge and their effect
on the filtration efficiency of NF membranes at different pH, J. Membr. Sci. 280 (2006) 311-320.
[16] A.R.D. Verliefde, E.R. Cornelissen, S.G.J. Heijman, J.Q.J.C. Verberk, G.L. Amy, B. Van Der Bruggen,
J.C. Van Dijk, The role of electrostatic interaction on the rejection of organic solutes in aqueous
solutions with nanofiltration, J. Membr. Sci., 2008 (322) 52-66.
[17] J.Q. Luo, S.P. Wei, Y. Su, X.R. Chen, Y.H. Wan, Desalination and recovery of iminodiacetic acid (IDA)
from its sodium chloride mixtures by nanofiltration, J. Membr. Sci. 342 (2009) 35-41.
[18] V. Freger, T.C. Arnot, J.A. Howell, Separation of concentrated organic/inorganic salt mixtures by
nanofiltration, J. Membr. Sci. 178 (2000) 185-193.

- 75 -

Chapter III Detergent Wastewater Treatment

- 76 -

Chapter IV Process optimization in Dairy Wastewater Treatment

Chapter IV Process Optimization in Dairy Wastewater Treatment
Résumé du Chapitre IV

Les eaux usées laitières peuvent être concentrées par technologie membranaire pour produire
de l'eau réutilisable, et le rétentat peut être récupéré pour produire de l’alimentation animale
ou des biocarburants. Les effluents de laiterie synthétiques et réels ont été traités par une
membrane de NF en utilisant un module RDM. Par rapport à la membrane étudiée
précédemment Desal-5 DK, la membrane NF270 a donné des flux de perméat beaucoup plus
élevés, mais avec le même rejet. Les effets de la PTM, la vitesse de rotation, la concentration
d'effluent, et le pH sur le flux de perméat, la qualité du perméat, le coût de l'énergie et le
colmatage des membranes ont été étudiés. L'efficacité des processus et la qualité du perméat
ont été améliorées en fonctionnant à des conditions hydrauliques extrêmes à la plus haute
PTM avec un taux de cisaillement élevé. Avec l'augmentation du pH, la perméabilité de la
membrane NF a été améliorée et le colmatage a diminué, mais la polarisation de concentration
est accrue. Les eaux usées laitières réelles avec différents pH ont également été traitées et les
résultats étaient très semblables à ceux de la solution modèle.
Abstract of Chapter IV

Dairy wastewater can be concentrated by membrane technology to produce reusable water,
and the concentrates could be reutilized as feed supplement for animals or substrate for
biofuel production. Both synthetic and real dairy wastewaters were treated by NF membrane
using a RDM module. When compared with the Desal-5 DK membrane studied previously,
the NF270 membrane gave much higher permeate flux, but same rejection. The effects of
TMP, rotating speed, feed concentration, and pH on permeate flux, permeate quality, energy
cost and membrane fouling were investigated. Process efficiency and permeate quality were
improved by operating under extreme hydraulic conditions of highest TMP with high shear
rate. With increase of pH, NF membrane permeability was improved and fouling decreased,
but concentration polarization increased. Real dairy wastewaters with different pH were also
treated and the results were very similar to those of model solution.
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IV.1 Introduction
The dairy industry, like most other food industries, produces a large volume of
wastewater, essentially composed of diluted milk, which are responsible for a 1~3% loss in
milk components (lactose and proteins) [1]. Moreover, dairy wastewater also contains much
chemicals (acids, alkalis and detergents), most of which coming from clean in place (CIP)
systems [2]. This effluent results in water eutrophication and is hazardous to aquatic life and
soils, causing significant environmental problems when it is discarded without treatment.
There are many technologies used to treat dairy wastewater, such as coagulation, ecological
treatment system, anaerobic or/and aerobic reactors, membrane separation. Membrane
technologies have been often considered as a promising method to produce reusable water
from dairy wastewater [2-4], and they can be combined with other technologies to improve
treatment efficiency [5,6].
Several investigations have shown that nanofiltration (NF) was adequate for
concentration of dairy effluents and production of reusable water [2,3,7,8]. However, with
increase of organic content in retentate during a concentration process, concentration
polarization phenomenon becomes more important, due to a decrease of shear rate in
crossflow modules, leading to flux decline and permeate quality deterioration [9]. Increasing
fluid velocity can enhance the shear rate at membrane surface, but also result in a large
pressure drop between inlet and outlet of membrane module, which leads to a significant
increase of local fouling at the inlet and non-uniform transmembrane pressure (TMP).
Shear-enhanced filtration systems, for example, a rotating disk module (RDM), can solve this
problem because it generates a very high shear rate at membrane surface (1-5×105 s-1) without
pressure drop, reducing concentration polarization effectively [10]. Since this system reduces
concentration polarization effectively, permeate flux and solutes rejection keep increasing
with TMP up to 40 bar [11]. It not only permits to concentrate wastewater to a very high
concentration, but also provides a very valuable tool for process investigation under extreme
hydraulic conditions. Akoum et al [4] and Frappart et al [12] compared crossflow filtration,
vibrating and RDM filtration systems for concentration of model wastewater (1:2 diluted skim
milk), and showed that the RDM filtration system was the best with regards to permeate flux
and selectivity. Operating under extreme hydraulic conditions with a RDM module (TMP=40
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bar, rotating speed=2000 rpm, Desal-5 DK), Frappart et al [10] obtained a highly concentrated
retentate (=38 % dry mass) and a permeate with low COD concentration (below authorized
limit of 125 mgL-1). Here, the extreme hydraulic conditions were defined as using a 40 bar
TMP and high shear rate above 105 s-1. However, even if the RDM module generates very
high shear rate, concentration polarization cannot be eliminated completely at very high TMP.
Thus, it is not certain if extreme hydraulic conditions should be applied during the whole
concentration process, in order to optimize permeate water quality, process efficiency, energy
consumption and membrane fouling.
Another problem for on-line treatment of dairy wastewater by NF is the pH variation of
effluents, since the use of acid, alkaline cleaners and sanitizers in the dairy industry influences
wastewater characteristics and typically results in a highly variable pH (3-11) [13,14]. As we
know, a membrane process is greatly affected by feed pH because both membrane
performances and solutes properties change with pH variation [15,16]. Rabiller-Baudry et al
[17] reported that, with increase of pH, calcium ions and phosphate radicals linked to caseins
were increased, and the size of casein aggregates was minimum at pH of about 9, thus causing
the lowest critical and limiting flux for crossflow filtration of skim milk by NF. They also
found that membrane fouling could be alleviated by elevating pH in feed. However, there are
few papers dealing with the role of pH in treatment of dairy wastewater, and the influence of
pH on permeate quality for NF of dairy wastewater is not very clear yet and needs to be
investigated systematically.
In this study, concentration of dairy wastewater by NF using a RDM filtration system
was investigated. The focus of this work was to discuss the effect of shear rate and TMP on
NF flux and energy consumption, in order to identify whether extreme hydraulic conditions
are adequate for treating concentrated feed by NF. Besides, the effect of pH on permeate flux
and solutes rejection were also studied. A real effluent was for the first time treated by
shear-enhanced filtration system and its result was compared with that of model effluent. First,
short-term full recycle tests, considering concentration polarization but not membrane fouling,
were carried out at different TMP, rotating speed and pH. Then, long-term experiments under
different conditions were conducted to examine the variation of flux and solutes permeate
during concentration processes. The present work should be very useful for understanding
membrane processes under extreme hydraulic conditions and to develop shear-enhanced
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filtration for treatment of dairy wastewater by NF.

IV.2 Results and discussion
IV.2.1 Comparison of membrane performance

As seen in Fig.IV.1a, the NF270 membrane shows a much higher permeate flux than
Desal-5 DK, especially at the beginning of concentration. At the same time, COD and
conductivity measured in accumulated permeates at each value of VRR for NF270, displayed
in Fig.IV.1b, were almost the same as that of Desal-5 DK. This meant that these two NF
membranes had similar rejection for solutes but the NF270 had a much higher flux, due to its
higher porosity. This is confirmed by permeability data in Table II.2, as the pure water
permeability flux of NF270 was three times of that of Desal-5 DK while their molecular
weight cut-off (MWCO) were very close. The mean COD and conductivity in accumulated
permeate at a VRR of 8 are shown in Table IV.1. It can be observed that, although solutes
concentration in model solution was much higher than that in real effluent (see Table II.4),
values of COD and conductivity in permeate are well below the allowed limit for both
membranes. Therefore, the NF270 is a better choice for concentrating dairy wastewater due to
its higher flux.
a

b

Figure IV.1 Permeate flux, mean permeate COD and conductivity in permeate accumulated at each value of
VRR as a function of volume reduction ratio in semi-log coordinates for different membranes. Feed: 1:2
diluted skim milk; TMP=40 bar; rotating speed=2000 rpm; T=35 oC; data of Desal-5 DK was obtained
from Ref [10]
Table IV.1 Mean COD and conductivity in total permeate for different membranes
Index

Mean COD (mgO2 L-1)

Mean conductivity (μScm-1)

NF270
Desal-5 DK
Authorized limit

54
42
125

685
974
1000
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From Fig. IV.1a, it can be found that the flux of NF270 falls on a straight line with VRR
in semi-log coordinates when VRR is more than 2, which presumably corresponds to the mass
transfer limited regime. In this regime, membrane permeability is less important and the flux
is governed by membrane shear rate. This is the reason why the flux of NF270 becomes closer
to that of Desal-5 DK as VRR increases. Thus, it is necessary to investigate if extreme
hydraulic conditions (high TMP and high shear rate) can retain their advantages with
increasing solutes concentration and viscosity of feed during concentration by NF.
IV.2.2 Effect of shear rate and TMP

Higher shears rate can reduce solutes accumulation at membrane surface and thus
decrease osmotic pressure differences across the membrane, leading to higher permeate flux
at constant TMP. However, an excessive shear rate will consume much energy and increase
abrasion of equipments. Similarly, if higher TMP increases the driving force for water
permeating through membrane, at the same time, they may increase concentration polarization.
The variations of permeate flux with rotating speed for different TMP at VRR=1 and VRR=4
using full recycling are shown in Fig.IV.2. The maximum membrane shear rate at different
rotating speeds was calculated by Eq. (II.7). As expected, when TMP was low (10 bar), the
effect of shear rate on permeate flux was negligible owing to the very light concentration
polarization. With increase of TMP, the influence of shear rate on flux was more obvious. As
seen in Fig.IV.2, the highest TMP and shear rate brought the largest permeate flux and this
trend was independent of feed concentration. Permeate conductivity at different shear rate and
TMP, displayed in Fig.IV.3, shows that solutes concentration in permeate decreases when
shear rate and TMP are raised. Thus, extreme hydraulic conditions would also improve the
quality of permeate water for reuse.

Figure IV.2 Effect of shear rate and TMP on permeate flux a) at VRR=1, b) at VRR=4 (35oC)
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Figure IV.3 Effect of shear rate and TMP on permeate conductivity a) at VRR=1, b) at VRR=4 (35oC)

Figure IV.4 Power of rotating disk motor and feed pump at different TMP and rotating speed using water as
feed (25 oC)

Although permeate flux and water quality were improved when shear rate and TMP
increased, energy cost should also be considered seriously. According to Eq. (II.4), the
specific energy cost for RDM filtration system mainly depended on the permeate flux and
power of rotating disk motor and feed pump. Fig. IV.4 shows the power of rotating disk motor
and feed pump. It can be seen that, for rotating disk motor, the power shows an exponential
relationship with rotating speed and is independent of TMP, and for feed pump, the power
increases linearly with rising TMP but is not affected by rotating speed. In addition, feed
concentration and temperature had little influence on the power of rotating disk motor and
feed pump in our study range (data not shown). Specific energies for different VRR, TMP and
shear rates could be calculated and compared from data in Fig.IV.2 and Fig.IV.4. As shown in
Fig.IV.5, at TMP=10 bar, specific energy increases continuously with shear rate because
enhanced shear rate does not increase flux; at higher TMP, specific energy first decreases
significantly and then slightly increases or remains almost constant. When the shear rate was
low, higher TMP was not recommended, but as shear rate was high enough (more than 2 × 105
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s ), extreme TMP (40 bar) was optimum for NF270. Here, the values of specific energy were
much higher than that reported previously because this system was not optimized yet.
Therefore, taking into account permeate flux, water quality and specific energy, extreme
hydraulic conditions, a TMP of 40 bar and rotating speed of 2000 rpm, were optimum for
treatment of model wastewater by RDM module with NF270. Using numerical simulation,
Torras et al [18] also found that a rotating speed around 2000 rpm seemed to be a good
compromise between energy consumption and permeate flux. However, this result was
obtained with full recycling for a short test and should be further confirmed in long-term
concentration tests.

Figure IV.5 Effect of shear rate and TMP on specific energy a) at VRR=1, b) at VRR=4

IV.2.3 Effect of feed concentration and operating strategy

Figure IV.6 Variations of permeate flux at different VRR, TMP a) at 2000 rpm, b) at 1000 rpm (Arrows
indicate values of critical TMP, 35oC)

As shown in Fig.IV.6, permeate flux increases continuously with TMP at all VRR when
rotating speed is 2000 rpm, but for the lower rotating speed 1000 rpm, the flux remains almost
constant when TMP exceeds 25 bar at most of VRR range because of its relatively low shear
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rate. The critical TMP at different VRR are shown by arrows and will be used for following
investigations of operating strategy (Here, the critical value is the point at which the flux
ceases to increase linearly with TMP). With increase of VRR, permeate flux decreased due to
increased solutes concentration in feed while critical TMP increased. The variations of
conductivity in permeate with VRR and TMP, displayed in Fig.IV.7, shows that for a rotating
speed of 2000 rpm, permeate conductivity does not decrease from 30 bar to 40 bar at VRR= 1,
2 and 3 as expected, although their flux increases with TMP at this range. As we know, a
higher flux had two contradictory effects, the first is to increase concentration polarization
and thus increasing solutes transfer through membrane by diffusion, and the other is permeate
dilution, which decreases solutes concentration in permeate. Therefore, when the dilution
effect was counteracted by the concentration polarization effect at higher flux regime for
lower feed concentration, the conductivity in permeate did no longer drop with increase of
permeate flux. But the trends of permeate conductivity with TMP in other cases were
consistent with that of permeate flux due to the dominant dilution effect. Because
concentration polarization was well controlled by high shear rate here, increase of solutes
concentration in permeate with rise of TMP, that usually occurred in crossflow filtration
system, was not found with RDM modules. Actually, all phenomena in Fig.IV.6 and7 were
caused by the effect of concentration polarization at different shear rates and flux, which
could be understood from data listed in Table IV.2 and 3. With increase of VRR, the dry mass
and ions concentration in feed went up, leading to an increase of osmotic pressure at
membrane surface rather than an additional hydraulic resistance, thus reducing permeate flux
at constant TMP. Shear rate also decreased with increase of VRR due to the increase of fluid
kinematic viscosity and reduction of rotating speed.

Figure IV.7 Variations of permeate conductivity at different VRR, TMP a) at 2000 rpm, b) at 1000 rpm
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Table IV.2 Physicochemical properties of feed at different VRR (35oC)
VRR

Dry mass
(gL-1)

 (gL-1)

μ (mPa.s)

 (m2s-1)

Conductivity
(μScm-1)

1
2
3
4
5
6
7

31.9
63.8
98.2
135.5
174.2
217.1
258.5

1030
1059
1063
1074
1081
1095
1099

0.9263
1.0120
1.1424
1.4547
1.7218
2.1982
2.6534

0.899E-06
0.956E-06
1.075E-06
1.354E-06
1.593E-06
2.007E-06
2.414E-06

2170
3350
4310
5410
5930
6250
6500

Table IV.3 Maximum membrane shear rate γmax at different VRR (35oC)

max ( ×105 s-1)

Rotating speed
(rpm)

VRR=1

VRR=2

VRR=3

VRR=4

VRR=5

VRR=6

VRR=7

1000
2000

1.07
3.73

1.02
3.55

0.924
3.22

0.773
2.69

0.678
2.36

0.562
1.96

0.486
1.69

Four concentration tests were separately carried out under different operating strategies
according to critical TMP derived from Fig. IV.6. They were (1) 2000 rpm at extreme TMP 40
bar (constant TMP); (2) 2000 rpm at critical TMP (variable TMP); (3) 1000 rpm at extreme
TMP 40 bar (constant TMP); (4) 1000 rpm at critical TMP (variable TMP). Variation of TMP
with VRR is shown in Fig.IV.8a. As seen in Fig.IV.8b, a constant 40 bar TMP produced higher
flux than critical TMP, especially at 2000 rpm. Only at the end of concentration tests,
permeate flux at critical TMP was a little higher than that at extreme TMP, confirming that
concentration polarization or membrane fouling was lower at critical TMP. Table IV.4 shows
permeate water quality, operating time, specific energy and membrane permeability loss under
different operating strategies. Average values shown in this table are values measured in
accumulated permeate collected at the end of the concentration process after stirring. Average
permeate turbidity was not much affected by operating strategies because NF could reject
almost all feed protein. Permeate conductivity was function of permeate flux due to dilution
effect, but permeate COD in strategy (3) was less than that in strategies (2) and (4), and this
was mainly attributed to higher membrane fouling for strategy (3), which increased the
retention of organic matters. Both operation time and specific energy for operating strategy (1)
were lowest because of its highest permeate flux. Nevertheless, specific energy in strategy (4)
was less than that in strategy (3) although the latter had a higher flux until VRR=3.5. This
could be caused by excessive TMP at 1000 rpm (shear rate was not high enough) in strategy
(3), which induced severe concentration polarization and membrane fouling.
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Table IV.4 Effect of operating strategies on treatment results (35oC)
Operating
strategies /
Index

Average
permeate
turbidity
(NTU)

Average
permeate
conductivity
(μScm-1)

Average
permeate
COD
(mgO2 L-1)

0.57

756

0.62

(1) 2000 rpm at
extreme TMP
(2) 2000 rpm at
critical TMP
(3) 1000 rpm at
extreme TMP
(4) 1000 rpm at
critical TMP
＊

＊

Operation
time (h)

Mean
specific
energy (×103
kWh m-3)

PL (%)

58

1.667

0.170

21.88

1000

120

2.633

0.242

15.78

0.55

1160

85

4.417

0.303

33.50

0.70

1280

150

5.000

0.277

21.00

Calculated by mean Qf of the whole concentration process

Figure IV.8 a) Variation of TMP with VRR for different strategies; b) Variation of permeate flux with
VRR for strategies of Fig. 8a (35oC)

Thus, higher shear rate at low TMP was preferable to minimize the permeability loss of
membrane, as seen in Table IV.4, and the operating strategy under extreme hydraulic
conditions gave higher permeate flux, better water quality, and lower specific energy, but it
produced a little more membrane fouling compared with the strategies (2) and (4) at critical
TMP. Because membrane fouling at high shear rate was not very severe, treatment of model
wastewater under extreme hydraulic conditions was still thought to be most efficient, even if
additional cleaning time was needed.
IV.2.4 Effect of pH

Figure IV.9 shows the variation of permeate flux with TMP at different pH. Permeate flux
- 86 -

Chapter IV Process optimization in Dairy Wastewater Treatment

increased almost linearly with TMP and the flux values at different pH were very close,
except for the flux profile at pH 10, which was a little higher at low TMP and then becomes
lower than the others at 40 bar. As we know, at the same TMP, permeate flux is governed by
membrane permeability and concentration polarization of solutes according to the resistance
model. Mänttäri et al [15] found that when pH increased from 8 to 11, the hydraulic
permeability of NF270 membrane went up, due to an increase of surface hydrophilicity. As
seen in Fig.IV.9a, permeate flux does not increase with pH from 8 to 9, meaning that
concentration polarization increases with pH, and this negative effect on permeate flux
cancels the positive effect of membrane permeability rise. When pH rose to 10, presumably, at
low TMP, concentration polarization increased less, while the permeability was much
increased, leading to a flux elevation; but at high TMP, concentration polarization
phenomenon was more important, thus decreasing the flux.
a

b

Figure IV.9 a) Variation of permeate flux as a function of TMP at different pH values; b: Flux decline
by concentration polarization of protein at different pH (no visible irreversible fouling was found). Rotating
speed=2000 rpm; T=35 oC; conductivity in feed=2.2 ms·cm-1.

In order to verify the above hypothesis, an in-depth analysis of concentration
polarization was carried out. In this case, concentration polarization layer was mainly
composed of two parts, salt ions and protein molecules. First, due to the high diffusion
coefficient of salt ions, concentration polarization by salt ions was mainly controlled by their
rejections according to the Film model; as shown in Fig.IV.10a, the increase of pH reduces
permeate conductivity, meaning that more salt ions accumulates at membrane surface.
Secondly, protein molecules were almost completely rejected by NF270 and their
concentration polarization was governed by back transfer coefficient of solutes. Because of
the relatively low mobility, the dispersion of protein polarization layer showed a little
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hysteresis when TMP decreased [19], and a series of experiments was designed to evaluate
the effect of pH on concentration polarization of protein. In the first test, TMP was increased
from 10 to 20 bar, permeate flux was measured at 20 bar (first test), and then TMP increased
in steps from 30 to 40 bar for 30 minutes. In the second test, TMP was directly lowered to 20
bar from 40 bar and the flux was recorded at 20 bar during 5 minutes (second test). It can be
seen in Fig. IV.9b that, after operating at high TMP of 30-40 bar for about 30 minutes,
permeate flux declines at the same TMP of 20 bar. The decline was caused by the hysteresis
of concentration polarization dispersion and it was larger at pH≥8, especially at pH=10.
Therefore, it could be concluded that, higher pH resulted in more severe concentration
polarization, leading to a loss in driving force via the enhanced osmotic pressure (salt ions
layer) and an increase in filtration resistance (protein molecules layer), and this negative
effect was much stronger when exerting higher pressure. When operating at low TMP, the
positive effect of membrane permeability increase was dominant, and thus permeate flux at
pH of 10 was highest. While TMP increased to 40 bar, the negative effect due to concentration
polarization aggravation surpassed the positive one, and as a result, permeate flux at pH of 10
was lowest.
a

b

Figure IV.10 Variation of permeate conductivity (a) and permeate COD (b) as a function of TMP at
different pH values. Rotating speed=2000 rpm; T=35 oC; conductivity in feed=2.2 ms·cm-1.

Solution pH affected the charge characteristic of membrane [15,20], and it was also
reported that the NF membrane skin could swell with increase of pH, and the swelling could
be much more affected by pH in concentrated salt solutions [21]. Therefore, solutes rejection
by NF would be greatly influenced by pH in dairy wastewater. As seen in Fig. IV.10, as pH
rises from 6 to 10, permeate conductivity decreases but permeate COD shows a reverse trend.
This could be explained as follows: first, the main separation mechanism for salt ions was
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electrostatic repulsion, and with increase of pH, membrane was more negatively charged [15],
inducing a stronger electrostatic effect between salt ions and membrane, thus leading to a
decrease of conductivity in permeate, but this effect would be weakened by flux decline due
to concentration polarization increase at maximum TMP; secondly, steric exclusion was the
dominant mechanism for rejecting neutral organic matters by NF, and permeate COD was
mainly composed of lactose for dairy effluents, which would pass through membrane more
easily at high pH because of membrane pore swelling effect [20]. In addition, for a pH of 10,
with increase of TMP, solutes concentration in permeate gradually stopped decreasing or went
up a little, which also resulted from the severe concentration polarization at high pH.
IV.2.5 Comparison of model and real effluents

As shown in Table II.4, real effluents have much less organic matters and inorganic salt
than model solution, but their pH was much higher due to using alkaline solution as cleaning
agent. Moreover, the components and concentration of effluents in milk factory changed with
time. Two batches of effluents were taken for preliminary experiments under extreme
hydraulic conditions in order to compare with the model solution. Figure IV.11 shows the
permeate flux with VRR for different feed. Unexpectedly, the flux of real effluents was of the
same level as that of model solution in despite of different compositions. The reason could be
that, first, macromolecular proteins that resulted in high COD in model solution had little
effect on osmotic pressure at membrane surface, but for real effluents, although its COD was
low, the concentration of low molecular weight organic solutes which were responsible of
osmotic pressure might be equal with that of model solution; secondly, high shear rate could
eliminate the difference of concentration polarization resulted from different viscosity
between model solution and real effluents; thirdly, the rejection of inorganic salt was a little
higher for real effluents due to higher pH while its salt concentration was slightly lower than
in model solution (see Table IV.5). On the other hand, as seen in Fig. IV.11, the flux of batch 1
becomes constant when VRR is more than 2, while the flux of batch 2 decreases continuously
and becomes lower than that of batch 1 as VRR exceeds 3. This difference was not only
caused by membrane fouling because PL of batch 1 was much higher than that of batch 2, as
displayed in Table IV.5. This could be explained by their different feed pH and pH decrease
during concentration process (data not shown here, see next chapter). As the concentration
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process went on, calcium ions could precipitate with caseins to form fouling layer, and thus
more hydrogen ions were produced by electrolysis and pH decreased. For Batch 2 at an initial
pH of 9.6, due to the stronger electrostatic repulsion between membrane and ions at higher pH,
the lower transfer of salt ions through the membrane for Batch 2 (see Table IV.5) could also
explain its lower flux. For Batch 1 at an initial pH of 8.7, as the pH in retentate decreased due
to initial high fouling (PL=26.87%), salt ions passed through membrane more easily, and thus
flux decline should be largely reduced at VRR>2. However, it has been reported by
Rabiller-Baudry et al [17], that the flux of milk by NF dropped sharply when pH was near 9,
while by Rice et al [22] that fouling occurred most rapidly at high pH (8.9) when treating
dairy ultrafiltration permeates by NF. Therefore, membrane fouling is very sensitive to pH of
dairy effluent in a range of 8-10.

Figure IV.11 Comparison of permeate flux between model solution and real effluents with different pH.
TMP=40 bar; rotating speed=2000 rpm; T=35 oC.
Table IV.5 Comparison of treatment results between model solution and industrial effluent
Index
Turbidity (NTU)
COD (mgO2L-1)
Conductivity (μScm-1)
pH
Operation time (h)
PL (%)

Model solution

Batch 1

Batch 2

Feed / permeate
NA / 0.57
36000 / 54
2170 / 685
6.84 / 6.62
1.717
21.88

101 / 0.56
297 / <15
1084 / 525
8.72 / 7.90
1.867
26.87

100 / 0.57
580 / <15
1516 / 317
9.56 / 9.00
2.083
13.40

Because real effluents had much lower COD concentration, the permeate COD was less
than 15 mgO2L-1, indicating that NF treatment of dairy wastewater by RDM module could
obtain very high quality water for reuse, and VRR could be raised to a higher level. It also can
be seen from Table IV.5, that membrane fouling for real effluents was not higher than for the
model solution, and for batch 2 with highest pH, IF was only 13.40%, much lower than in
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other tests. It was possible that a higher pH could increase solutes rejection and alleviate
membrane fouling.

IV.3 Conclusion
This work confirms the high permeate fluxes and high permeate conductivity and COD
reduction obtained dairy effluent treatment by dynamic nanofiltration.
As compared to Desal-5 DK, the NF270 membrane showed much higher permeate flux
in treatment of dairy wastewater, and using membranes with high flux permits to fully exploit
the potential of the RDM filtration system. Because RDM module produced very high shear
rate to reduce concentration polarization, permeate flux could increase continuously when
TMP rose from 10 to 40 bar. Under extreme hydraulic conditions of highest TMP with high
shear rate, the RDM filtration system could produce a better quality permeate and save energy,
because of its very high permeate flux. The pH variation of dairy wastewater had a large
impact on the separation performance of NF. Operating at acid pH resulted in low salt
removal, and for alkaline pH, membrane fouling could be alleviated, but permeate flux
decreased due to a severe concentration polarization.
Membrane fouling when operating under low TMP was a little smaller than when
operating under extreme hydraulic conditions, while specific energy of the former was much
higher than that of the latter (~ 40%) when rotating speed was 2000 rpm. Fouling layer
formation might result in decrease of retentate pH and increase of retentate conductivity. Thus
the peculiar flux profiles for the real wastewater were mainly caused by pH variation during
concentration process, and membrane fouling was very sensitive to feed pH in a range of
8-10.
Although wastewater treatment by NF under extreme hydraulic conditions had many
advantages, high shear, high TMP and frequent cleaning might deteriorate membrane
performance in long-term runs, and future investigations are needed.
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Chapter V Fouling Behavior in Dairy Wastewater Treatment
Résumé du Chapitre V

Les hautes pressions peuvent être utilisées dans le procédé de NF à fort cisaillement afin
d'obtenir de grands flux de perméat, et sous des conditions d’hydraulique extrêmes, le
comportement du colmatage de la membrane peut être différent et doit être étudié pour
contrôler le déclin du flux. Les effets des lipides, le taux de cisaillement, le nettoyage
chimique, et le prétraitement d’UF sur le colmatage des membranes de NF ont été étudiés. Le
comportement et le mécanisme de colmatage ont été étudiés. Avec un taux de cisaillement
élevé, le flux de perméat a d'abord a diminué lentement (l’étape de colmatage par adsorption),
puis a chuté rapidement (l’étape de formation de gâteau). Les protéines de lactosérum et les
ions de calcium dans les effluents laitiers sont les principaux ingrédients du gâteau, et les
micelles de caséine peuvent immobiliser les métaux lourds et sont dispersées par la diffusion
de retour à fort cisaillement. L’élimination de la caséine par un prétraitement d’UF peut
réduire le déclin du flux de NF au taux de cisaillement faible, mais il a un effet négatif sur
flux de NF aux taux de cisaillement modéré et élevé.

Abstract of Chapter V

High pressures can be employed in shear-enhanced NF process in order to obtain large
permeate flux, and under this extreme hydraulic condition, membrane fouling behavior may
be different and need to be investigated to control flux decline. The effects of lipid, shear rate,
chemical cleaning and UF pretreatment on NF membrane fouling were studied, and both
fouling behavior and mechanism were illustrated. Under high shear rate, permeate flux first
declined slowly (adsorption fouling stage) and then dropped rapidly (cake fouling stage).
Whey proteins and calcium ions in dairy effluents are the main cake foulants, and casein
micelles can immobilize heavy metal and are dispersed by shear-enhanced back diffusion.
Removal of casein by UF pretreatment can reduce NF flux decline at low shear rate, but it has
an adverse effect on NF flux at moderate and high shear rate.
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V.1 Introduction
Membrane technologies have been considered as a promising method to treat wastewater
because they can produce reusable water, especially with nanofiltration (NF) and reverse
osmosis (RO). But the advantages of membrane filtration in wastewater treatment are
weakened by concentration polarization and subsequent membrane fouling as they cause flux
decline and permeate quality deterioration [1]. Increasing fluid velocity can reduce solutes
accumulation at membrane surface for crossflow modules, but also results in a large pressure
drop between inlet and outlet of membrane module, which leads to a significant increase of
local fouling at the inlet and nonuniform transmembrane pressure (TMP). By using a rotating
disk, or by rotating or vibrating the membranes, a high shear rate can be generated at
membrane without creating large pressure drops. This shear rate effectively decreases
concentration polarization, thus improving both solutes rejection and permeate flux, so that a
NF membrane in shear-enhanced module may produce the same permeate quality as a RO
membrane in crossflow filtration [2].
However, even a high shear rate can not wipe off all the membrane fouling, such as
foulants adsorbed on pore wall. There are few reports about fouling behavior in
shear-enhanced membrane process. Frappart et al [3] found that, at a shear rate of about 1×105
s-1 and TMP of 40 bar, RO of diluted skim milk could be operated at a quasi stable flux of
more than 100 Lm-2h-1 for 6 h. Shi and Benjamin [4] reported that inorganic scale occurred in
desalination of brackish water by a vibratory shear enhanced RO process (shear rate=1-5×104
s-1) but with negligible organic fouling. Therefore, under a high shear rate, the fouling
evolution of NF/RO membranes is quite slow but still exists, and needs to be further
investigated.
Milk proteins, lactose and mineral salts present in dairy wastewater are the possible
ingredients of fouling layer on/in NF membranes. By comparing the infrared absorbance
between new fouled membranes, Rice et al [5] found that protein and calcium phosphate were
the main foulants during NF of dairy ultrafiltration (UF) permeate, and calcium-related
fouling mechanism, whether cake layer or scaling, was completely dependent on the origin of
crystallization, either in the bulk flow or at the membrane surface. While treating skim milk
by a NF membrane, Rabiller-Baudry et al [6] concluded that, for neutral to alkaline pH,
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inorganic fouling was negligible as most of calcium phosphate combined with casein in
micelles or aggregates. For NF regeneration of dairy wastewater from cleaning in place
process, organic-inorganic precipitates larger than 5 µm were observed at membrane surface
by means of Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDS),
and the most frequent inorganic precipitates were silica and calcium carbonate [7].Therefore,
when dairy wastewater is directly treated by NF membrane, organic cake fouling bridged by
calcium ions may be the dominant mechanism. However, these investigations were all based
on crossflow modules with moderate shear rate, and, when high shear rate was applied, lower
concentration polarization and stronger shear-induced diffusion could retard fouling
formation.
The goals of present work were to investigate the fouling behavior of model dairy
wastewater treatment by NF. To this effect, we have used the same RDM equipped with
NF270 membranes as in Chapter IV at a high pressure of 40 bar and membrane shear rates of
up to 2.05×105 s-1 to carry out two long-term batch filtrations with and without chemical
cleaning, and fouling evolution was discussed. Different dairy ultrafiltration (UF) permeates,
along with the original dairy effluent were concentrated by NF270 in order to study fouling
mechanisms and effect of UF pretreatment. The focus of this study is to analyze fouling
phenomena at very high shear rate as well as high permeate flux and to find a way to avoid
severe flux decline and permeate quality deterioration during NF regeneration of dairy
wastewater by shear-enhanced membrane modules.

V.2 Results and discussion
V.2.1 Fouling behavior in full recycle mode

V.2.1.1 Effect of lipid on fouling and filtration behaviors

Lipids inevitably exist in dairy wastewater but, to our knowledge, there has been no
report yet regarding the effect of lipid on NF membrane filtration. Figure V.1a shows the flux
profiles and permeate conductivity using diluted UHT skim, semi-fat and whole milk for 4 h
test using NF270 membrane, indicating that lipids below 12 gL-1 have negligible effect on
filtration behaviors in short term. This is mainly due to the high shear rate and the perfect
hydrophilicity of NF270 with a low contact angle [8], and lipids do not deposit on the
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membrane. However, as seen in Fig.V.1b, flux decline was a little larger at higher lipid
concentration, and permeate flux decreased by 3.1% without lipid against 7.6% at 12 gL-1
lipid. After 4 h of filtration, membrane permeability loss was almost the same at lipid
concentration from 0.3 to 5.2 gL-1, but became higher at 12 gL-1. This implies that, even at
low concentration, some lipid molecules still adsorb to membrane surface by their
hydrophobic parts, reducing the hydrophilicity of membranes. This effect may be amplified in
long-term runs without chemical cleaning. To make the fouling behavior clearer, diluted skim
milk was employed as model wastewater in following studies.
a

b

Figure V.1 (a) Permeate flux and conductivity versus time and (b) permeability loss and flux decline after 4
h filtration at different lipid concentrations and at rotating speed of 2000 rpm (35oC)

V.2.1.2 Effect of shear rate on fouling and filtration behaviors
a

b

Figure V.2 (a) Permeate flux and conductivity versus time and (b) permeability loss and flux decline after 6
h filtration at different rotating speed. γm=mean shear rate on membrane, T=35oC.

Figure V.2a compares the permeate flux and conductivity variations with time at rotating
speeds of 1000, 1500 and 2000 rpm, corresponding respectively mean shear rates of 0.59×105,
1.22×105 and 2.05×105 s-1. Flux decline and permeate quality deterioration are not obvious in
these cases because all shear rates are above 104 s-1, much higher than that in crossflow
modules. As shown in Fig.V.2b, flux decline and permeability loss decrease above 1000 rpm
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because the reduction in solute concentration at membrane increased the membrane
hydrophilicity and reduced permeability loss. However, little improvement was seen above
1500 rpm (γm>105 s-1). Here, in this study, a mean shear rate above 105 s-1 can be classified as
high shear and a shear rate in the range of 103~104 s-1, corresponds to medium shear.
V.2.1.3 Effect of chemical cleaning on fouling and filtration behaviors in long-term batch
filtrations

Figure V.3 Permeate flux and conductivity in 7 days long-term batch filtrations with or without chemical
cleaning. Rotating speed= 2000 rpm, T=35oC.

Figure V.3a shows the permeate flux and conductivity variations during the first long
term test with chemical cleaning after every batch. For each batch, a high and stable flux near
400 Lm-2h-1 was obtained, which decayed slightly after each cleaning. At the beginning of the
4th day, the flux fell to 350 Lm-2h-1, but still remained stable, implying that a cleaning solution
at pH~10 could not remove all the fouling. At the end of the 4th day, a detergent wastewater
replaced the alkaline cleaning solution, but the cleaning efficiency was not good. So on the 5th
day, an alkaline cleaning at pH~11 was carried out before filtration and the flux increased a
little as compared to 4th day. This was due, according to Dalwani et al [9], to increase in
membrane pores size after alkaline cleaning. Unexpectedly, on the sixth day, the flux
decreased by 27%. This was probably due to a higher pore fouling on 5th day because they
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were enlarged and to pore shrinking during the night. On the 7th day, the flux increased after
acid and alkaline cleanings, and increased again by 27% after another alkaline cleaning after 4
h, before declining slowly, confirming that the membrane became looser after alkaline
cleaning. In Fig.V.3a, it is also seen that, when cleaning at pH 10, permeate conductivity was
almost constant during the filtrations, while with cleaning at pH 11, the permeate conductivity
rose before decreasing with time.
Figure V.3b describes the second long term test with longer filtration periods, but less
chemical cleaning. On the first day, a flux higher than 410 Lm-2h-1 was maintained for 4 h,
then it decayed slowly. After 6 h of filtration, the membrane was rinsed several times. On the
second day, the flux kept stable only for 1.5 h, and declined very rapidly, before being
restored by water rinses. Similar flux declines occurred in next four days, while at the same
time, permeate conductivity increased rapidly with time. On the 6th day, an alkaline cleaning
was carried out after 2 h and another batch filtration was filtrated. The flux increased to the
same level as in the 4th day and declined slowly in 2 h. On the 7th day, due to a chemical
cleaning at the end of sixth day, the flux remained nearly stable for 2 h and declined rapidly
afterwards. This suggests that membrane fouling and chemical cleaning may permanently
reduce the hydrophilicity of the membrane surface [10]. By comparing these two long term
tests, it is concluded that, water rinse, even with warm liquid, can not remove foulants
adsorbed at membrane surface which can induce subsequent severe fouling layer formation.
While, with frequent chemical cleaning, a high and stable flux can be obtained for a long-term
under extreme hydraulic conditions.
In order to quantify the effect of chemical cleaning on membrane permeability, the Lp
values after cleaning, filtration and water soaking in two tests are shown in Fig.V.4. Fig.V.4a
shows as expected that, Lp, drops after filtration and was restored by chemical cleaning. But
surprisingly Lp decreased significantly after the membrane was soaked in water during the
night in all cases to the same level as after filtration for 2nd, 3rd and 4th days. This difference
confirms pore swelling by alkaline cleaning and a subsequent slow pore shrinking for the
NF270 membrane. In Fig.V.4a, on the 4th day, the Lp after chemical cleaning was much lower
than others when detergent wastewater was used as cleaning solution. On the 6th day, the
permeability decay after a night was greater than after other nights and Lp after filtration was
lowest. Both effects were probably caused by starting filtration immediately after alkaline
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cleaning. Figure V.4b shows that this permeability decay overnight did not occur in the
absence of chemical cleaning on 2nd and 3rd days. Water rinsing restored the permeability
completely on 3rd day and partially on 4th and 5th days and there was no permeability decay
overnight. When comparing Figs. V.3 and V.4, it is found that permeate fluxes seem to be
correlated with Lp values before filtration. However even if fluxes remained very stable in
first test (Fig.V.3a), Lp values after filtrations were still much lower than before filtration
(Fig.V.4a). This finding means that during the filtration, the decrease of Lp does not reduce the
flux, but it is the Lp decay during overnight soaking which produces a negative effect on the
flux for the next batch.

Figure V.4 Membrane permeability variations during 7 days long-term batch filtrations

V.2.1.4 Effect of cleaning mode on membrane permeability recovery

The membrane permeability recovery for the test of Fig.V.4a, defined by Eq. (II.5) and
shown at top of Fig.V.5, decreased with time because our cleaning modes could not remove
all the fouling and membrane hydrophilicity may have decreased. But it remained above 85%,
while acid cleaning gave a recovery of only 65%. The combination of acid and alkaline
cleanings had the same efficiency as a single alkaline cleaning, indicating that inorganic
fouling was negligible in this process. Detergent wastewater was first used to clean fouled
membranes but only recent fouling could be removed. This detergent solution had low surface
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tension [11] and could not penetrate the deep fouling layer.
However, Fig.V.4a showed that permeability recovery by chemical cleaning was
cancelled after one night of membrane soaking. After a water rinse at room temperature (as
seen in Fig.V.4b), Lp did not change, and actually increased a little after warm water cleaning.
This difference indicates that alkaline cleaning did not really remove all the fouling but
caused membrane swelling, and warm water cleaning only removed some loose fouling but
did not affect membrane properties.

Figure V.5 Membrane recovery tendency and effect of cleaning mode on membrane permeability recovery.
(a) alkaline cleaning; (b) acid cleaning; (c) acid + alkaline cleaning; (d) detergent wastewater cleaning
(pH=11).

V.2.1.5 Discussion of fouling mechanisms

Figure V.6 Variation profiles of flux, pH and conductivity in retentate with time for different membrane
conditions. TMP=40 bar, rotating speed=2000 rpm, T=35oC.

By monitoring pH and conductivity of retentate during each batch filtration, it was found
in Fig.V.6 that, for both new and cleaned membranes with a stable flux, retentate properties
did not change. While for a fouled membrane used again and again without chemical cleaning,
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the permeate flux declined with time, and pH in retentate decayed and conductivity increased.
When the flux did not decline during filtration with chemical cleaning as in test of Fig.V.3a,
the tank remained very clean after a single water rinse, as seen in Fig.V.7a, when the flux
decreased from the 2nd to the 6th day for the test of Fig.V.3b, fouling fractions flaked away
from membrane due to the very high shear rate, and were retained by the mesh at the bottom
of feed tank, as seen in Fig.V.7b, implying that a cake fouling layer has formed. This cake
layer must contain some weak acid radicals in addition to protein and calcium ions since
retentate pH decreased.

Figure V.7 Photographs of the bottom of feed tank after filtration and simple water rinse (a) when flux kept
almost stable or (b) when flux declined rapidly.

Figure V.8 Schematic diagram of fouling mechanism for wastewater treatment by NF under extreme
hydraulic conditions

According to our data and previous works, the fouling in dairy wastewater treatment by
NF under extreme hydraulic conditions can be divided into two stages following the steady
flux one, fouling by adsorption and formation of a cake layer, as described in Fig.V.8. During
the stable flux stage, due to the high shear rate, concentration polarization forms quickly, and
solute molecules do not deposit on the membrane (Fig.V.8a). Then, adsorption fouling by
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small solutes such as lactose and calcium ions or their aggregates occurs, possibly causing
pore narrowing and charge screening, decreasing membrane hydrophilicity and causing a
slow flux decline (See Fig.V.8b). In the first two stages, the foulant-membrane interaction is
the main fouling mechanism. In the third stage, protein molecules bridging by calcium ions
deposit on the adsorption layer and aggregate, forming rapidly a cake fouling layer, resulting a
severe flux decline (Fig.V.8c). In this stage, the cake formation is mainly controlled by
foulant-foulant interaction. Because calcium ions precipitate from feed solution in this stage,
more hydrogen ions are generated by electrolysis and pH in retentate decreases when flux
decline.
If chemical cleaning is carried out before the third stage, adsorbed solutes can be
removed and cake formation can be avoided, so that a high stable flux can be maintained for a
long time under extreme hydraulic conditions. However, the P3-ultrasil 10 is not good at pore
cleaning as it is not intended for NF membranes. That is the reason why the permeate flux
could not be fully restored after chemical cleaning (See Figs.V.3a and V.4a). The next goal is
to find a suitable cleaning agent for NF270 membrane with strong pore cleaning ability and
causing no membrane swelling.
V.2.2 Fouling behavior in concentration mode

V.2.2.1 Under low shear conditions

The results in this section were obtained from dead-end stirred-cell tests (Series 4) under
constant flux mode, and the model dairy wastewater is different from others, and it prepared
from commercial whole milk (Sanyuan pure milk, Capital Agribusiness Group, China),
skimmed by a refrigerated centrifuge (4k-15, Sigma, Germany) at 4 oC for 20 min (10000 rpm,
10733 × g). Then the skim milk was diluted with deionized water (milk: water = 1: 9) to
one-tenth of normal concentration, and the main characteristics of this model dairy
wastewater are shown as follows: total protein=1.49 ± 0.09 gL-1, lactose=5.42 ± 0.02 gL-1,
conductivity= 742 ± 36 μScm-1, pH=7.3 ± 0.1. Three commercial UF membranes (UP005P,
UH030P, Ultracel PLGC) and five NF membranes (NF270, NF90, Nanomax50, Desal-5 DL,
Desal-5 DK) were tested in the present study. The solutes rejection and average TMP for
different membranes are shown in Table V.1 and V.2. A UF membrane with high rejection of
protein and high flux but low rejection of lactose is desirable for the pretreatment of dairy
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wastewater, while a NF membrane with high rejection of lactose and high flux but low
rejection of inorganic salts is preferable for further treatment. Therefore, Ultracel PLGC and
NF270 were chosen to concentrate dairy wastewater in order to compare the fouling
behaviors in singe NF and two-stage UF/NF processes.
Table V.1 Solutes rejection and average TMP for different UF membranes
Index

UP005P

Ultracel PLGC

UH030P

Rapp of total protein (%)

100

100

99.9

Rapp of lactose (%)

43.5

0

0

Average TMP (bar)

3.43

1.08

1.29

-2 -1

o

Feed: model dairy wastewater, Flux=26.6 Lm h , T=25 C, stirring speed=1200 rpm, VRR=5.
Table V.2 Solutes rejection and average TMP for different NF membranes
Index

NF270

NF90

Nanomax50

Desal-5 DL

Desal-5 DK

Rapp of lactose (%)

97.8

99.3

67.6

73.1

96.0

Rapp of conductivity (%)

62.3

94.7

31.5

53.4

64.4

TMP (bar)

4.56

5.97

9.51

12.45

14.40

-2 -1

o

Feed: dairy UF permeate without proteins, Flux=53.1 Lm h , T=25 C, stirring speed=1200 rpm.

Figure V.9 TMP variation with VRR for NF270 in concentration (a) of UF permeate (two-stage UF/NF
process) and (b) of model dairy wastewater (single NF process). T=25oC, stirring speed=1200 rpm.

Figure V.9 shows the TMP profiles of concentration process with the NF270 membrane in
the two-stage UF/NF and a single NF processes. In the two-stage UF/NF process, UF
permeate from the first stage was used as feed in the second stage of NF , the concentration
by the NF270 was carried out at a constant flux of 53.1 Lm-2h-1, and TMP remained less than
8.0 bar as VVR rose to 5 (Fig.V.9a). However, in a single NF process without UF
pretreatment, TMP in NF increased from 1.9 to 35.7 bar in 12 minutes at a constant flux of
53.1 Lm-2h-1. In this case, the permeate flux had to be lowered to ensure that TMP did not
exceed the upper limit of the membrane during operation. When the permeate flux was set to
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a lower value of 39.8 Lm h , TMP dropped a little but rose quickly to 37.5 bar in 18 minutes.
When the flux was further decreased to 26.6 Lm-2h-1, TMP remained at 4.0-6.0 bar for about
100 minutes but rose again at VRR=4. Finally, the flux had to be reduced to 13.3 Lm-2h-1 to
stabilize TMP at about 5.0 bar (Fig.V.9b). When VRR reached 5, with UF pretreatment, the
concentration time was 120 minutes with low and stable TMP, but without UF pretreatment, it
took 248 minutes to concentrate the same volume of feed and TMP was high and unstable.
The higher TMP in single NF process was caused by the presence of proteins in feed.
Because proteins have relatively low mobility, they form a concentration polarization layer,
and when calcium phosphate is retained and accumulated on the NF membrane, a complex
organic-inorganic aggregation is formed through calcium phosphate bridges [12]. Thus, a
“limiting flux” occurred in NF when both proteins and multivalent salt ions were present in
feed, caused by increasing concentration polarization and fouling [6,12]. While proteins were
removed by UF, concentration polarization and fouling were greatly reduced during NF
concentration step. This was confirmed by the very low irreversible fouling of the NF270
membrane (PL=2.64%) shown in Fig.V.10 as compared with 59.1% for a single NF
concentration process, after concentrating 60 mL of original feed to 12 mL.

Figure V.10 Membrane fouling for NF270 with or without UF pretreatment when VRR=5

Although the operation of the two-stage UF/NF process was more complex than that of
the single NF process, the former produced higher fluxes and less fouling under low shear
conditions (<103 s-1), thus significantly decreasing the operational cost. In addition, the
fractionation of dairy wastewater by the two-stage membrane treatment could help the
efficient utilization of different components present in dairy wastewater for bioenergy
production, as discussed by John, et al. [13], Pittman, et al. [14] and Ganzle, et al. [15].
Therefore, this two-stage UF/NF process seems more applicable for recycling dairy
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wastewater, as illustrated in Fig.V.11. With this approach, most of dairy wastewater could be
recycled to produce reusable water and substrates for bioenergy production. Compared with
the single NF process, this two-stage UF/NF process had a higher efficiency and less
membrane fouling.

Figure V.11A flow-diagram showing how dairy wastewater could be recycled for bioenergy production

V.2.2.2 Under high and moderate shear conditions
V.2.2.2.1 Flux profile and permeate quality

Figure V.12 (a) Variations of UF permeate flux with VRR during concentration of model dairy effluent by
UF at TMP of 0.5 MPa; (b) Variations of NF permeate flux with VRR during concentration of model dairy
effluent or its UF permeate by NF270 at TMP of 4.0 MPa. T=35 oC; rotating speed=2000 rpm
Table V.3 Main characteristics of model dairy effluent and UF/NF permeates*.
Index (25 0C)

COD
(mg O2L-1)

Conductivity
(μS cm-1)

Turbidity
(NTU)

pH

Feed
US100P permeate
UH050P permeate

36000
23000
22000

~1580
1542
1527

NA
1.33
9.80

~6.67
6.55
6.41

UH030P Permeate
NF270 Permeate

21500
38

1542
409

1.48
0.68

6.40
6.20

US100P+NF270 permeate
UH050P+NF270 permeate

50
45

430
412

0.64
0.67

6.20
6.19

UH030P+NF270 permeate

33

430

0.65

6.19

*

12 L feed; 11 L UF permeate; 9 L NF permeate. NA: not available
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In this section, the model dairy effluent was concentrated to VRR=12 by three selected
UF membranes using the RDM system, and results are shown in Fig.V.12a. With the US100P
membrane, the permeate flux rose rapidly at first, at beginning of concentration, then
decreased, first slowly, and faster at VRR > 5. Three tests were carried out with similar results.
The initial flux increase may be related to the special property of surface material of US100P
(hydrophilic polysulphone, see Table II.1) but the real reason is unclear. With the UH050P
membrane, the flux decreased fast initially, then varied similarly as for the US100P membrane
when VRR>1.25. The permeate flux of UH030P, first declined quickly, then remained almost
constant until the final VRR. Unexpectedly, although these three flux profiles were different,
their final fluxes at VRR=12 were almost the same. This is because, in case of protein fouling,
the

initial

flux

behavior

is

highly

dependent

on

membrane

properties

(foulant–clean-membrane interaction), while the long term flux behavior becomes
independent of membrane properties (pore size, materials, etc) and is largely controlled by
foulant-deposited foulant interaction [16].
Subsequently, these three UF permeates were concentrated by a NF270 membrane to
VRR=5.5. As seen in Fig.V.12b, NF permeate fluxes decreased linearly with VRR in semi-log
coordinates when VRR was less than 3.4, which presumably corresponds to the mass transfer
limited regime with negligible cake fouling. When VRR exceeded 3.4, NF permeate fluxes
declined at a higher rate, especially for US100P permeate. This behavior is likely to be caused
by membrane fouling and will be discussed in the next section. Table V.3 show that COD,
conductivity and turbidity of NF permeates were fairly close and low, so that these permeates
can be reused for domestic or industrial purposes. According to the characteristics of reusable
process water from several dairy factories in France [17], COD and conductivity in vapor
condensate are lower than 40 mgL-1 and 100 μS cm-1, and here the conductivity of NF
permeates (~400 μS cm-1) is much higher than this criteria. However, these NF permeate can
be reused as cooling water in closed loop (conductivity < 1500 μS cm-1) [17].
By comparing the NF flux and permeate quality with and without UF treatment in
Fig.V.12 and Table V.3, it was found that ultrafiltrations did not improve the efficiency of
subsequent NF concentrations by the RDM system. As seen in Fig. V.12b, since the NF
permeate flux of original dairy effluent decreased regularly during the process, the final flux
at VRR=4 (permeate water was 9 L, the same as those with UF pretreatment), was much
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higher at 240 Lm h

than with UF pretreatment at 40 Lm-2h-1. Even if the single NF

concentration operation went on, the permeate flux still decreased linearly with VRR in
semi-log coordinates, to be 127 Lm-2h-1 when 12 L original dairy effluent was concentrated to
1.5 L. The permeate quality for single NF treatment shown in Table V.3 was very similar as
with UF pretreatment, while retentate pH decayed slowly with increasing VRR for all tests.
These results are different from previous data obtained from a dead-end filtration system with
low shear rate, which can be attributed to different fouling behaviors at lower shear rates.
V.2.2.2.2 Fouling behavior

At low shear rate (Section V.2.2.1), when caseins and proteins are removed by UF, flux
decline is greatly reduced during the NF concentration step. However, at high shear regime,
the situation has changed, as seen in Fig.V.12b, that although fluxes with UF pretreatment
were higher during most of concentration process as their protein content were lower, they
declined rapidly at the end of concentrations, especially for US100P permeate, lowering it by
83% as compared to single NF treatment, which indicates that, even if UF increases the initial
flux, it aggravates the fouling of NF process.
This unexpected phenomenon can be explained by the role of foulants in dairy effluent
during NF, as illustrated in Fig.V.13. The casein micelle is considered as a (homogeneous)
matrix of caseins in which the colloidal calcium phosphate nanoclusters are dispersed as very
small “cherry stones”. Attached to the surface of the nanoclusters are the centers of
phosphorylation of the caseins. The tails of the caseins, then associate to form a protein matrix,
which can be viewed as polymer mesh to avoid the further agglomerate [18]. Apparently, this
formation of casein micelles can also bind calcium ions, especially at high concentration and
high pH [6]. On the other hand, the possible interaction between calcium ions and whey
protein is shown Fig.V.13b. This phenomenon is largely attributed to the ability of calcium to
combine with carboxyl groups in whey proteins and at the surface of NF membranes. When
this complexation happens near the surface of NF membranes, calcium ions serve as bridges,
tightly linking whey proteins to a membrane surface. This promotes the deposition of foulants
and makes the fouling layer more compact. Therefore, for NF of original dairy effluent, casein
micelles with calcium phosphate are formed, and these colloids are so large (average diameter
200 nm [18]) that shear-induced diffusion of casein micelles is important in shear-enhanced
filtration [19], and thus it is difficult for these colloids to deposit and agglomerate into cake
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layer, which reduces fouling; secondly, free soluble calcium phosphate possibly decreases due
to more casein micelles formation and thus osmotic pressure in feed can be reduced, but this
effect is not visible until a high VRR. Thirdly, due to the lower mobility (diffusion coefficient)
of casein micelles when compared with whey proteins (3.1×10-12 vs. 6.2 ×10-11 m2s-1, D∞, 35
o

C), their concentration polarization layer is thicker than that for UF permeate, leading to a

lower permeate flux at first.

Figure V.13 Schematic of foulants behavior on NF membrane when (a) with casein [18] (b) without casein

The US100P permeate contains few casein micelles (Turbidity=1.33 NTU, Table V.3) but
whey proteins are abundant because molecular weights of α-Lactalbumin and β-Lactoglobulin,
accounting for 63% of whey proteins, are 14 kDa and 18 kDa [20], respectively, so these
proteins can easily pass through the 100 KDa US100P membrane. The size of whey protein is
less than 10 nm so that shear-induced diffusion is negligible [19], and these proteins easily
form a cake layer with bridging of calcium phosphate on NF membrane (see Fig.V.13b) [5,21].
When the VRR is more than 3.4, at a high TMP of 4.0 MPa, solutes concentration at
membrane surface becomes high enough to form agglomerates, causing a rapid flux decline
(see Fig.V.12b). However, since a larger part of whey proteins are retained by UH050P and
UH030P, as seen in Fig.V.12b, their permeate fluxes do not decline as rapidly as that for
US100P permeate, and a mild flux drop maybe caused by the increasing solute concentration.
Therefore, the differences between previous results (Section V.2.2.1) and present ones
can be explained as follows: at low shear rate (<103 s-1), the concentration polarization layer
of caseins and whey proteins forms easily due to the low shear-induced back diffusion, and
when these macromolecules are removed by UF pretreatment, the polarization layer and
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fouling are largely reduced, thus sustaining the high permeate flux; while at high shear rate
(>105 s-1) of present work, caseins micelles are dispersed away from membrane surface by
high shear-induced back diffusion, also taking away some calcium phosphate nanoclusters.
Thus, in this case, UF pretreatment is almost useless, even deleterious at high concentration
factor due to more free calcium ions in absence of casein micelles.
V.2.2.2.3 Comparison between RDM and VSEP filtrations

Since at high shear rate (γm,initial=2.15 × 105 s-1 at 2000 rpm) and a high TMP (4.0 MPa),
the two-stage UF/NF process gave little improvement in recycling dairy effluent, we have
compared the RDM and VSEP systems at moderate shear rates and TMP using both single NF
and UF+NF.

a

b

Figure V.14 (a) Variations of NF permeate flux with TMP for NF of original dairy effluent and its US100P
permeate; (b) Variations of permeate flux with VRR during concentration of original dairy effluent and its
US100P permeate by NF270 membrane. T=35 oC
Table V.4 Comparison of permeate quality under different operating modes for same NF permeate volume
(9 L)
Index
RDM
2000rpm
RDM
1000rpm
VSEP
60.75 Hz
*

γm,i (s-1)*
2.15×105
0.59×105
0.40×105

Mode

COD
(mg O2L-1)

Conductivity
(μS cm-1)

Turbidity
(NTU)

pH

Singe NF
UF+NF
Single NF
UF+NF
Single NF
UF+NF

38
50
83
60
162
110

409
430
726
630
712
631

0.68
0.64
0.79
0.73
0.68
0.59

6.20
6.20
6.39
6.27
6.67
6.29

γm,i means the mean shear rate at the beginning of operations (for original model dairy effluent).

Figure V.14a shows the variation of permeate flux with TMP for RDM and VSEP systems.
Corresponding mean shear rates, calculated by Eqs. (II.7) and (II.8), and listed in Table V.4,
were 0.59 × 105 s-1 for the RDM at 1000 rpm and 0.40 × 105 s-1 for the VSEP at 60.75 Hz
frequency for diluted milk at 35 oC. In single NF, the RDM permeate flux was smaller than at
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2000 rpm and reached a plateau of 195 Lh-1m-2 at 2.0 MPa, higher than with the VSEP.
However, UF pretreatment increased NF fluxes significantly above a TMP of 2.0 MPa.
Therefore, 2.0 MPa was chosen for the single NF concentration test and a higher TMP of 2.5
MPa was used for NF of US100P permeate.
In Fig.V.14b, it is found that the rapid flux decline during NF of US100P permeate
present at VRR>4 in the 2000 rpm, 4.0 MPa test does not appear in same test with single NF
and in tests at moderate shear rate and TMP, but NF fluxes of UF permeate decayed a little
faster than those of original effluent, probably due to higher concentration of free calcium
phosphate (higher osmotic pressure) in absence of casein micelles. Permeate fluxes at 1000
rpm for RDM were a little higher than those for VSEP due to the RDM greater shear rate.
Table V.4 shows that the VSEP has, in single NF, a higher permeate COD, but a slightly lower
turbidity. It is worth mentioning that COD values in NF permeate are related to lactose
concentration (0.89 gL-1 lactose corresponding to 1 gL-1 COD) because proteins and other
organic acids can be completely retained by NF270. Thus the lactose in NF permeate is less
than 0.01 gL-1 under different operating modes.

Figure V.15 Pure water permeability loss of NF270 membrane for different operating modes when 9 L
NF permeate water was obtained.

The permeability loss (PL) of NF membranes after concentration tests under different
conditions, with and without UF, is shown in Fig.V.15. These losses with 100 kDa UF
pretreatment are higher than with 50 and 30 kDa due to the presence of whey protein in
US100P permeate. Since whey proteins are removed by UH050P and UH030P membranes,
membrane fouling of NF270 is greatly reduced, especially after UH030P ultrafiltration which
rejected most of proteins and reduced the PL to 0.5%. The PL for NF of US100P permeate is
larger than that for single NF process, especially for RDM with 1000 rpm, which is caused by
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the increase of free calcium phosphate in the absence of casein micelles for US100P permeate.
This indicates that whey proteins and calcium ions are the main foulants for NF membranes.
Permeability losses were smallest for the VSEP and a little lower in single NF.
V.2.2.2.4 Energy considerations

It is interesting to see which process and operating conditions minimize the specific
energy consumed per m3 of permeate. But energy measurements made on small pilots are
generally not meaningful because the power consumed by internal friction of motors may be
disproportionate. The upper line of Fig.V.16a shows the power consumed by the feed pump
measured at different TMP. This power is high as the feed flow used in the tests was 120 Lh-1.
So, we have deduced from these data the power corresponding to a feed flow of Q=30 Lh-1,
which is more realistic considering the small membrane area of our pilots 176 and 503 cm2.
The first data on the left, 0.134 kW, represents the power consumed by the pump at zero TMP.
Since the power consumed by fluid friction is proportional to Q3, we can estimate the
corresponding power at Q= 30 Lh-1 to be 134/64= 2.1 W at TMP=0. Thus the line parallel to
the upper one drawn through this point represents the power consumed by the pump at
different TMP (Fig.V.16 a).

Figure V.16 (a) Power of feed pump at different TMP and flowrate and (b) specific energy for pump under
different operating modes (as described in Fig.V.14b) assuming flowrate=30 Lh-1

The specific energies Ec of feed pump for the different processes (UF+NF) and NF were
calculated using Eq. (II.10) and results are shown in Fig.V.16b. For a RDM rotating at 2000
rpm or 1000 rpm, Ec is lowest for single NF operation and minimum at 2000 rpm. While for
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the VSEP, Ec is close for single NF and two-stage UF/NF processes and higher than for the
RDM at 1000 rpm. One must keep in mind that we have omitted in the calculations the power
consumed by the disk rotation or vibrations in the VSEP. This power would be twice larger in
the UF/NF process than in the single NF one and will be less for a large VSEP unit than for a
RDM of same membrane area.

V.3 Conclusion
This part concerns the fouling behavior and foulant roles under shear-enhanced extreme
hydraulic conditions and the flux decline control strategies under different shear rates when
concentrating dairy wastewater by NF membranes. The main conclusions are summarized as
follows:
1. Under shear-enhanced extreme hydraulic conditions, after the stable flux period, a slow
flux decline for NF process caused by surface adsorption of foulants (lactose, multivalent
salt ions and their aggregates) occurs. In this adsorption fouling stage, pore narrowing and
blocking governed by foulant-membrane interaction is the main fouling mechanism. In
absence of chemical cleaning, this adsorption fouling can induce cake fouling formation
by inorganic-organic aggregates, resulting in severe flux decline.
2. For the components in dairy effluents, casein micelles can bind heavy metal; whey
proteins are dominant foulant for cake formation as “backbone”; calcium ions are the
“bond” for fouling layer; lactose is the dominant foulant for pore adsorption and plugging,
as “substrate” of fouling layer.
3. Under low shear rate (<103 s-1), a two-stage UF/NF process has a higher efficiency and
less membrane fouling when compared with the single NF process, due to casein and
whey proteins were removed by UF pretreatment. While at high or moderate shear rates
(>4×104 s-1), the presence of casein micelles reduces NF membrane fouling possibly
because these micelles can bind much calcium phosphate and are prone to be dispersed by
shear forces, while caseins are removed by UF, a complex organic-inorganic aggregation
is easier to be formed through calcium bridging whey proteins at high concentration factor.
Thus, a single NF operation is preferable for recycling dairy effluent by shear-enhanced
membrane filtration.
4. The membrane permeability could be recovered at 90% by P3-ultrasil 10 cleaning solution,
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but we found that it was not good at pore cleaning and caused membrane swelling. If feed
filtration was started immediately after this alkaline cleaning, membrane pore fouling was
aggravated in next filtrations. The search for a better chemical cleaning agent is in
progress.
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Chapter VI Threshold Flux for Fouling Control
Résumé du Chapitre VI

Un flux de perméat élevé et stable peut être obtenu par NF à fort cisaillement dans le
traitement des eaux usées laitières. Afin de conserver ces flux sur le long terme, les conditions
de formation du colmatage doivent être étudiées et un flux optimal doit être sélectionné. A
l’aide de modèles de résistance en série et de dépôt de particules, un flux-seuil a été proposé
de faire une distinction entre les taux de colmatage faible et élevé. En dessous de ce flux-seuil,
le taux de colmatage est faible et presque constant, car il est régi par l'interaction
polluant-membrane,

tandis

qu'au-dessus,

le

colmatage

augmente

nettement

avec

l’accroissement du flux, ce qui est dominé par l’interaction polluant-déposé-polluant. Ce flux
-seuil est déterminé par l’augmentation de pression pas à pas comme le point au-dessus
duquel le flux cesse d'augmenter linéairement avec la PTM. En filtration à fort cisaillement
ces flux-seuil sont, bien sûr, plus grands que les flux critiques, et plus compatible avec les
attentes industrielles.

Abstract of Chapter VI

High and stable permeate fluxes can be obtained with shear-enhanced NF in model dairy
wastewater treatment. In order to sustain such fluxes in long-term operation, critical fouling
conditions should be studied and an optimum flux needs to be selected. Based on
resistance-in-series and particle deposition models, a threshold flux was proposed to make a
distinction between low and high fouling rates. At or below threshold flux, the fouling rate is
low and nearly constant, as it is governed by foulant-membrane interaction, while above it,
fouling

increases

markedly

with

increasing

flux,

which

is

dominated

by

foulant-deposited-foulant interaction. This threshold flux is determined by pressure stepping
experiments as the point above which flux ceases to increase linearly with TMP. In
shear-enhanced filtration, these threshold fluxes are, of course, larger than critical ones, and
more compatible with industrial expectations.
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VI.1 Introduction
The advantages of membrane filtration in wastewater treatment are weakened by
concentration polarization and subsequent membrane fouling which cause flux decline and
permeate quality deterioration. Among available approaches to control flux decline in
membrane wastewater reclamation, operating at high shear rate [1] and at sub-critical flux [2]
is technically sound and economically attractive. But, optimizing permeate flux is preferable
as it permits to reduce energy consumption. Therefore, flux optimization in membrane
filtration has been the focus of researchers’ attention [2-4].
The limiting flux defined as a plateau of permeate flux with pressure [5,6], is an early
concept to guide flux optimization, to avoid excessive pressure causing flux decline. In order
to decrease or even eliminate flux decline, in 1995, the critical flux concept was first proposed
by Bacchin et al. [7] based on a theoretical model, which was defined as the “edge” between
no fouling and particle deposition, and then according to experimental phenomena, Field et al.
[8] defined the concept of “critical flux” as a flux below which a flux decline with time does
not occur, and Howell [9] also declared that there may be no membrane fouling by colloids
under sub-critical flux operation. In 2006, Bacchin et al. [2] introduced the term “critical flux
for irreversibility”, corresponding to a transition between concentration polarization and cake
formation. Operating below critical flux can minimize membrane fouling and flux decline, but
normally this flux is quite low and a larger membrane surface area is required, which
increases investment cost. Considering economic factors, such as energy, cleaning and
membrane costs, the concept of “sustainable flux” was proposed to seek an acceptable degree
of fouling, and an appropriate balance between investment and operating costs [2,3]. Recently,
Field and Pearce [3] proposed a new concept of “threshold flux”, excluding the economic
consideration, as a flux at, or below which, a low and nearly constant rate of fouling occurs
but above which, fouling rate is high and of flux dependent. Compared with the critical flux
concept aiming at no fouling, operating at threshold flux with low fouling rate is more
adapted to membrane wastewater treatment.
There has not been much research on limiting, critical and threshold fluxes for NF,
although many reports have mentioned the critical flux concept when considering the effect of
permeate flux on fouling [10-12], without complete investigation. Flux decline for NF is
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much slower than for microfiltration (MF) and ultrafiltration (UF) because of its low flux and
small cut-off, and it is considerably more difficult and time consuming to determine critical
flux with no fouling [13]. Seidel and Elimelech [14] found at a initial flux of 0.56 ×10-5 ms-1,
there was no flux decline for 50 hours, and they thought that this flux was below critical flux,
while Tang and Leckie [4] measured the limiting flux in 240 h long tests, and they considered
that no foulant deposition occurred if initial flux was below this limiting flux (3.0 ×10-5 ms-1).
These critical or limiting fluxes for diluted model solutions were very low and impractical for
industrial application, and even at such low flux, biofouling growth cannot be avoided [15,16].
Therefore, the concept of “threshold flux” corresponding to low fouling rate is more suitable
to control flux decline in NF.
The term threshold flux, was first mentioned by Soffer et al. [17], as the flux below which
the membrane zeta potential does not change (no deposit on membrane), and this flux is lower
than that obtained from critical flux measurements based on increased membrane resistance.
Then, Field and Pearce [3] have defined threshold flux as the transition between low and high
fouling rates, and according to permeability loss data from pilot studies, they considered that
fouling rate is almost constant at and below threshold flux. Rayess et al. [18] said that the
criteria for defining the threshold flux may vary, depending on the application and they
defined it as: “the flux at which the ratio of irreversible resistance and hydraulic membrane
resistance is inferior to 1” in crossflow MF of wine.
Shear-enhanced NF is characterized by high flux and low fouling, and thus the criterion
for defining the threshold flux in this process can be different from crossflow MF or UF, and
needs further investigations. In the present study, a RDM module equipped with NF270
membranes was used to carry out TMP stepping tests when treating model dairy wastewater.
The flux profiles under high shear rate were illustrated, and the “threshold flux” concept was
defined and analyzed. The focus of this work is to understand the flux characteristics in
shear-enhanced NF process and apply “threshold flux” concept to NF membrane filtration for
flux optimization and decline control.
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VI.2 Theory
VI.2.1 Resistances in series model

Generally, permeate flux (J, ms-1) is described by a resistance model, which includes
various fouling situation, given by Eq. (1)

J

TMP   b 1
TMP   b

 Rt
 ( Rm  Rads  Rrf  Rif )

(VI.1)

where η is the solvent viscosity (Pa s) and Rt is the total filtration resistance (m-1), Rm is the
intrinsic membrane resistance, Rads is adsorption fouling on membrane surface and pore wall,
Rrf is the reversible fouling resulted from concentration polarization layer or particle deposit,
Rif is irreversible fouling including pore plugging or cake deposit, and ΔПb is osmotic pressure

difference between bulk and permeate (Pa).
The strong form of critical flux corresponds to Rt= Rm, the weak one to Rt= Rm +Rads and
the critical flux for irreversibility to Rt= Rm +Rads + Rrf [2,8]. Above this last flux, flux decline
is accelerated by cake formation at membrane surface.
VI.2.2 Particle deposition model

According to [19,20], the deposition of small particles (diameter ≤ 100 nm) onto a
membrane surface is mainly governed by a competition between the hydrodynamic drag
(Fdrag) of filtration and the barrier force (Fbarrier) resulting from foulant-membrane interaction
f m
ff
( Fbarrier
) or foulant-deposited foulant interaction ( Fbarrier
), assuming that lifting force and

lateral migration induced by crossflow are negligible [4,20]. According to Stoke’s law, Fdrag is
proportional to the permeate flux (J):

Fdrag  6 Rh J

(VI.2)

where Rh is the hydrodynamic radius of foulant particles.
f m
When Fdrag  Fbarrier
, no particle deposits at membrane surface and the flux is the critical

flux for irreversibility, given by

Jc 

F f m
6 Rh

(VI.3)

Once the foulants have completely covered the membrane, the permeate flux starts to
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ff
, and this pseudo stable flux equal to
decrease until Fdrag  Fbarrier

F ff
was called
6 Rh

limiting flux in Ref. [4]

VI.3 Specific procedures
TMP stepping experiments
In order to investigate the TMP-flux profiles in shear-enhanced NF process, TMP was
increased in steps from 0.4 to 4.0 MPa and then decreased gradually until the original starting
pressure. Each TMP step lasted 10 min and the corresponding flux was measured every 2 min.
TMP intervals were 0.2 or 0.3 MPa at low pressure and then fixed to 0.5 MPa from 2.5 to 4.0
MPa. Tests were made for both undiluted and diluted skim milk (one-third of normal
concentration) at rotating speeds of 1000 and 2000 rpm, with full recycling.

Filtrations at constant TMP
In order to evaluate flux decline at different initial fluxes in shear-enhanced NF process, 6
h experiments at constant TMP were carried out for both undiluted and diluted milk (one-third
of normal concentration), at 1000 and 2000 rpm. For each speed and concentration, tests were
successively carried out at selected TMP, which normally is obtained from the break points of
flux-TMP profiles. All other conditions were kept constant.

VI.4 Results and discussion
VI.4.1 Flux behaviors in shear-enhanced NF

VI.4.1.1 Flux-TMP profiles in short-term operations
Variations of permeate flux during TMP stepping from 0.3 to 4.0 MPa and back at 25 oC
are shown in Fig.VI.1, and each pressure step only lasts 10 min. As seen in Fig.VI.1a and b,
for diluted milk, flux decline does not occur at all pressure steps and the fluxes become
almost stable within 10 min, indicating that the reversible fouling layer (i.e. concentration
polarization and particle deposit) forms very quickly. Although the variation of permeate flux
due to irreversible fouling is not visible during the 10 min step, the flux does not decay
symmetrically to the rising phase due to adsorption fouling and/or the hysteresis of dispersion
of reversible fouling layer. For example, at the lowest TMP of 0.3 MPa, permeate fluxes at
increase and decrease phases are 0.70 and 0.64 ×10-5 ms-1 at 1000 rpm, 0.62 and 0.58 ×10-5
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ms at 2000 rpm, respectively. While using undiluted milk as model effluent, as shown in Fig.
VI.1c and d, this asymmetry in flux profiles is more obvious due to a higher fouling and a
time effect on removal of reversible fouling, and the flux becomes unsteady and declines at
high TMP (≥ 2.5 MPa) because these fluxes surpass the limiting flux and resulting in high and
rapid membrane fouling.

Figure VI.1 Permeate flux and transmembrane pressure (TMP) versus time at different rotating speeds and
solute concentrations (a. γm= 0.52 ×105 s-1; b. γm= 1.81×105 s-1; c. γm= 0.37×105 s-1; d. γm= 1.29 ×105 s-1)

VI.4.1.2 Determination of “break points”
Permeate fluxes, averaged during the last two minutes of each TMP step of experiments
of Fig.VI.1 were plotted as a function of TMP in Fig.VI.2, together with water fluxes of initial
and fouled membranes. It can be seen in Fig.VI.2a and b that the permeate flux first increases
with TMP linearly, and then, at 1000 rpm, the flux levels off when TMP exceeds 2.5 MPa.
Two particular points denoted “break point 1 and 2” are determined by linear regression as
follows: first, a straight line was drawn through flux points at low TMP by best fitting, where
the coefficient R2 of linear regression should be higher than 0.998. The “break point 1” is the
last point in this regression line. If the flux at several high TMP did not change visibly, a
horizontal line was drawn according to these flux points and the “break point 2” was obtained
from the intersection of this line and flux-TMP curve. Theoretically, the first break point
occurs when the flux is no longer increasing linearly with TMP, and the second corresponds
to the beginning of the plateau of flux-TMP curve. These break points do not correspond
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exactly to critical flux or limiting flux because the operating time is too short to determine
fouling situation. These fluxes are much higher than those in a crossflow module with same
undiluted milk, 1.3~5.5×10-5 ms-1 (see Fig.VI.2c and d) versus 0.22~0.33×10-5 ms-1 [12].
Moreover, as seen in Fig.VI.2 b and d, at rotating speed of 2000 rpm, the “break point 2” can
not be found in the present TMP range due to the high shear rate (~105 s-1).

Figure VI.2 Permeate flux as a function of TMP at (a) 1000 rpm for diluted milk; (b) 2000 rpm for diluted
milk; (c) 1000 rpm for undiluted milk; (d) 2000 rpm for undiluted milk (25 oC, Y=Flux, x= TMP).

According to Eq. (VI.1), when the TMP-flux profile is linear, the total resistance is
constant, meaning that fouling layer does not significantly interfere with permeate flux, and
the ΔΠb is calculated as the TMP at J =0. Intrinsic membrane resistance (Rm) can be obtained
from the slopes of pure water flux. Values of membrane resistance, total resistances and
osmotic pressure below “break point 1” are shown in Table VI.1. First, after 250 min
filtrations, both membrane and total resistances increase due to fouling for all tests. Secondly,
for diluted milk, the membrane resistance is almost the same as total resistance during the
TMP increase phase, indicating that fouling resistance is almost negligible below “break point
1”, which corresponds to strong critical flux point. Third, for diluted milk, and both rotating
speeds, ΔПb values are near 150 kPa, and for undiluted milk, the results are about three-times
- 121 -

Chapter VI Threshold Flux for Fouling Control

of those for diluted one, which is consistent with the ratio of solute concentrations, confirming
the validity of the resistance model in this case.
Table VI.1 Membrane (Rm) and total (Rt) resistances (×1012 m-1) for various conditions below break point 1
and osmotic pressures difference between bulk and permeate (ΔΠb) for tests of Fig.VI.1a
Index (25oC)
Diluted
milk
Undiluted
milk
a

1000 rpm
2000 rpm
1000 rpm
2000 rpm

Water (×1012 m-1)

Feed (×1012 m-1)

Rm1

Rm2

Rt1

Rt2

△Πb (kPa)

39
38
39
39

41
41
54
45

38
38
49
43

42
40
91
61

153
150
447
479

Rm1, Rm2 mean the membrane resistance before and after use (250 min); Rt1, Rt2 mean total filtration
resistance for the processes of TMP increase and TMP decrease.

VI.4.1.3 Flux variations with time in long-term operations
Figure. VI.3 shows the results of 6 h tests at constant conditions in order to investigate the
effect of permeate flux on membrane fouling and flux decline. Operating TMP was selected
according to break points in Fig.VI.2. For both rotating speeds and feeds, the permeate flux at
“break point 1” stabilizes very quickly and remains almost constant during the 6 h test. While
for the operations at “break point 2” or 4.0 MPa, the flux of milk at 2000 rpm decayed during
most of the test after an initial short increase, while the flux at 1000 rpm increased again after
an initial decrease. This abnormal flux behavior may be caused by the fluctuation of the
f m
ff
barrier force ( Fbarrier
and/or Fbarrier
) during fouling layer formation.

Figure VI.3 Permeate flux versus time (6 h) under different operating strategies for (a) diluted and (b)
undiluted milk (25 oC)

The mean fluxes of 6 h tests were calculated and compared with the fluxes obtained in
short-term tests (Fig. VI.2). As seen in Table VI.2, fluxes for short-term and long-term tests
are very close (within ±1.5%) when operating at “break point 1”, while at higher TMP, these
fluxes were different, especially for undiluted milk, being 14% lower in a long test at 1000
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rpm but 8% higher at 2000 rpm. These unexpected results can be explained by the different
fouling layer formations in stepwise and constant TMP tests. Percentages of flux decline (FD)
and hydraulic permeability loss (PL) for the tests of Fig. VI.3 are shown in Table VI.3. As
seen in Table VI.3, the PL values at 2000 rpm are higher than at 1000 rpm no matter which
operating strategy was used. In this case, permeability loss was mainly caused by pore
adsorption and plugging, and since the permeate flux was much higher at 2000 rpm, at same
operating duration, more solutes passed through membrane pores causing more pore fouling.
However, flux decline was governed by concentration polarization and both reversible and
irreversible fouling, and thus a higher disk rotating reduced flux decline by decreasing
polarized layer and cake fouling. Therefore, FD values do not behave as PL ones. Moreover,
for the operations at “break point 1”, FD and PL values are very low, less than 5%, while for
the other operation group, the results are greatly different and irregular. It can be only
concluded that operating at “break point 2” leads to higher permeability loss (more adsorption
and irreversible fouling).
Table VI.2 Operating TMP and permeate flux values for break points at different rotating speeds for tests of
Figs. VI.2-3
1000 rpm
2000 rpm
Operating
Average flux
Average flux
Flux for
Flux for
TMP
TMP
strategies/index
for 6 h
for 6 h
short time
short time
(MPa)
(MPa)
(10-5 ms-1)
(10-5 ms-1)
(10-5 ms-1)
(10-5 ms-1)
Point 1
2.47
6.13
1.0
2.46
2.2
6.09
Diluted
a
milk
Point 2/Max.
3.92
9.38
2.5
4.10
4.0
9.46
Point 1
1.27
3.87
1.0
1.26
2.0
3.93
Undilut
ed milk Point 2/Max.a
1.99
5.99
2.5
2.30
4.0
5.50
a

at 2000 rpm, maximum TMP and flux were employed due to the absence of second break point.
Table VI.3 Flux decline (FD) and permeability loss (PL) under different operating conditions a
1000 rpm
Operating strategies/index

FD
(%)

PL (%)

2000 rpm
FD (%)

PL (%)

Diluted
Point 1
2.3
1.5
3.3
4.7
b
milk
3.3
2.8
3.0
12.6
Point 2/Max.
Undiluted
Point 1
4.3
1.8
3.5
4.6
b
Point 2/Max.
NA
21.5
NA
22.9
milk
a
The FD vales were calculated from the average flux during first hour and sixth hour.
b
For the cases at rotating speed of 2000 rpm, maximum TMP was employed due to the absence of second
break point. NA: not available because of unstable flux.

As described above, for shear-enhanced NF, the flux is much higher and more stable than
for crossflow modules, and although low membrane fouling and slight flux decline were
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found in present studies, operation at a flux exceeding a certain level still increases fouling
growth, and such fouling is fluctuant and may bring unpredictable consequences in long-term
runs.
VI.4.2 Threshold flux for shear-enhanced NF

VI.4.2.1 Determination of threshold flux
From Figs. VI.2-3 and Tables VI.1-3, it is seen that below “break point 1”, the total
filtration resistance is almost constant with increase of permeate flux, indicating that fouling
rate is low and independent of flux, and after operating at “break point 1” for 6 h, the flux
remains very stable with slight membrane permeability loss, implying that irreversible fouling
may not occur. So, we postulate that, in these cases, fluxes at “break point 1” correspond to
the threshold flux, according to the generalized definition of Field and Pearce [3]. However,
because shear-enhanced NF membrane filtration is very different from MF or UF crossflow
filtrations, the definition, mechanism and determination of this threshold flux should be
further studied.

Figure VI.4 (a) Schematic presentation of threshold flux, critical flux for irreversibility and limiting flux for
shear-enhanced NF process; (b) Conceptual model of three forces exerts on a foulant particle when it
approaches a NF membrane surface.

Figure VI.4a gives a schematic presentation of threshold flux, critical flux for
irreversibility and limiting flux for shear-enhanced NF. At and below threshold flux,
adsorption and reversible fouling are almost stable, irrespective of permeate flux; above
threshold flux, reversible fouling increases with flux. Above critical flux for irreversibility,
irreversible fouling (e.g. cake layer) occurs in the boundary layer, whereas below it, only a
concentration polarization layer exists with adsorption fouling. Above limiting flux, a further
increase in flux at any point on the membrane surface leaded to another deposited layer, fully
- 124 -

Chapter VI Threshold Flux for Fouling Control

compensating the increased driving force. In this study, the threshold flux reaches 6.1×10-5
ms-1 for such concentrated fluid (dry mass=32 gL-1, Ca2+ = 400 mgL-1 in diluted milk), which
is suitable to apply in water industry.
Figure VI.4b shows the conceptual particle deposition model to explain the mechanism of
threshold flux. Due to the existence of casein micelles with average size of 110 nm in model
dairy effluent [21], shear-induced transport of particles can not be neglected [2], and thus
three main forces, Fdrag, Fshear and Fbarrier, may exert on the particles, governing the distance
between foulant and membrane surface and the deposition situation on the membrane. At and
below threshold flux, the particle deposition model in Section VI.2.2 [4,19] can be modified
as follows.
f m
Fdrag  Fshear  Fbarrier

(VI.4)

In this flux range, with increase of flux, these three forces are variable and remain in
equilibrium, and particle deposition is dynamic and floating, implying that no multi-layers of
reversible or irreversible fouling are detected. While above threshold flux, the particle
deposition starts to be influenced by another force balance as follows.
ff
Fdrag  Fshear  Fbarrier

(VI.5)

and both Eqs. (VI.4) and (VI.5) may hold and control the permeate flux, and the effect of
foulant-deposited foulant interaction increases with permeate flux, where multi-layers of
reversible fouling are formed on the membrane. This fouling is unstable and may transform to
irreversible fouling in long-term running, and the fluctuant flux profiles during 6 h in
Fig.VI.3b at high pressures are caused by this erratic multi-layers of reversible or irreversible
fouling.
In shear-enhanced NF process, the determination of threshold flux is simple and rapid. As
illustrated in Fig.VI.5, flux-TMP profiles can be obtained by flux stepping experiments, and
threshold flux is the point where the flux-TMP relationship becomes non-linear. This
procedure should ensure that reversible fouling becomes stable and flux does not decline
strongly, and determining each point only takes a few minutes at high shear rate. Threshold
flux also has two forms: strong form and weak one. As shown in Fig.VI.5, the strong form is
the flux below which the flux increases as that of pure water, indicating that adsorption and
reversible fouling are negligible, while for the weak form, fouling is flux independent and the
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flux slope is lower than that of pure water line. Moreover, due to the presence of osmotic
pressure difference between bulk and permeate for NF, TMP is not zero at zero flux. The
threshold fluxes for diluted milk in Fig.VI.2a and b are of strong form and those for undiluted
milk in Fig.VI.2c and d are of weak form.

Figure VI.5 Profiles of flux-TMP in flux stepping experiments for shear-enhanced NF membrane filtration
and illustration of two threshold flux forms

VI.4.2.2 Case study and discussion
Case Ι: The concept of threshold flux can explain the flux behavior at high TMP. As seen
in Fig.VI.6a, when operating above threshold flux, flux profiles are different under same
conditions with NF270 membranes. At 2000 rpm and 4.0 MPa, for two tests, one shows a
slight decline during 6 h, but the other has a rapid flux decline at the last hour, with a final
flux lower by 23% than for the 1st test, although they have similar permeability loss, denoting
that this flux decline was induced by reversible fouling. At 1000 rpm and 2.5 MPa, the flux is
relatively stable for one of tests, but declines by 39% in the last 2 h for the other. Their
permeability losses are quite different, 20% versus 42%, meaning that this flux decay resulted
from irreversible fouling. These results imply that particle transport and deposition may be
unstable when operating above threshold flux, although the flux remains quite stable in 6 h
above threshold flux in Fig.VI.3a, the flux decline is also likely to occur in longer time
operation. Fig.VI.6b shows different flux behaviors for cleaned and fouled membranes under
same conditions, and it is found that, for cleaned membranes, flux remains constant for 2 h,
but for fouled membranes, flux decline occurs after 1 h, indicating that particles deposit more
easily on a fouled membrane than on a clean one. We postulate that these flux anomalies
above threshold flux are caused by the fluctuant foulant-deposited foulant interaction.

Case Π: Fig.VI.7a shows the flux-TMP relationship of iron dextran solution with
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dead-end stirred-cell NF filtration, derived from our previous study [22]. These data were
obtained under constant flux mode and high rotating speed. It can be seen that at and below
threshold flux (measured from Fig.VI.7b), the TMP becomes stable very quickly after
elevating the flux, while above threshold flux, it takes more than 10 min to stabilize and even
keeps rising during 30 min. This implies that, when operating above threshold flux, particles
begin depositing on the fouling layer and multi-layers of reversible or irreversible fouling are
formed. The formation process is slow, but this hysteresis is not found in particle-membrane
interaction below threshold flux.

Figure VI.6 Permeate flux profiles when operating above threshold flux. (a) New NF270 membranes were
used in each test (b) Cleaned membranes: used membranes were cleaned by alkaline cleaning solution
(pH~11); fouled membrane: used membranes with occurrence of obvious flux decline were only rinsed by
warm water (~35 oC) for several times.

Figure VI.7 Flux-TMP relationship of iron dextran solution with dead-end stirred-cell NF filtration: (a)
TMP versus time with increase of flux (b) stable flux values at different TMP. Data reproduced from Ref
[22]

VI.5 Conclusion
The threshold flux was proposed to distinguish between low and high fouling rates,
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below it, fouling rate is independent of flux, while above it, flux decline is flux-dependent
because membrane fouling increases with permeate flux. For a shear-enhanced NF process,
the threshold flux is the level above which the flux-TMP relationship becomes non-linear, and
can be determined by short-term flux stepping experiment, only ensuring that reversible
fouling (i.e. concentration polarization layer) is steady. This concept of threshold flux is more
applicable than the critical flux one because its determination is simple and quick, and
long-term fouling experiments at different fluxes are unnecessary.
Due to high shear rates, the permeate flux for operations above threshold flux can still
remain stable, but the reversible fouling dependent of flux is a potential problem and may
bring unpredictable consequences in long-term runs. With acceptable low fouling rate, the
threshold flux can reach 6.1×10-5 ms-1 (220 Lm-2h-1) for diluted milk (dry mass=32 gL-1, Ca2+
= 400 mgL-1), much higher than the usual critical flux in NF and more adapted to wastewater
treatment. This new threshold flux criterion is applicable to MF, UF and RO membranes as
long as the membrane shear rate is high enough and it leads to operating fluxes compatible
with industrial expectations.
This study implies that a rapid evaluation of flux-TMP relationship should be carried out
before systematic investigation of membrane process, in order to determine the threshold flux.
When the effects of membrane type and operating parameters on separation performance need
to be studied, it is beneficial to test them at same TMP and their fluxes should be at or below
threshold flux, in order to exclude the influence of fouling. When the antifouling performance
of membranes needs to be evaluated, the threshold flux is most suitable for the tests to avoid
the foulant-deposited-foulant interaction dominated region. While the effect of effluent
characteristics on flux decline needs to be examined, an initial flux above threshold flux is
preferable because both foulant-membrane and foulant-deposited-foulant interactions can be
investigated under this condition.
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General Conclusions and Prospects
In order to investigate and control flux decline that occurred in recycling industrial
wastewater by shear-enhanced membrane filtration, the treatment of detergent and dairy
wastewaters was studied by using rotating disk module and vibratory shear-enhanced process
systems, and flux decline mechanisms and control strategies were discussed. The main
conclusions can be illustrated as below figure and summarized as follows:

1. Detergent wastewater was treated by shear-enhanced NF filtration for the first time, and
we found that flux decline was mainly caused by concentration polarization layer of
surfactants, and high shear rate, high pH, moderate temperature and periodic water rinse
could largely control or remove this incompact polarized layer. Permeate flux could be
stabilized at 375 Lm-2h-1 at 2500 rpm, 30 bar, 25oC and pH 9.8.
2. Membrane process operating at extreme hydrodynamic conditions (high shear rate and
pressure) was studied for the first time, and we found that its process efficiency and
permeate quality were improved while fouling was a little increased for the treatment of
dairy wastewater by NF membrane. Operating at acid pH resulted in low salt removal, and
for alkaline pH, membrane fouling could be alleviated, but permeate flux decreased due to
a severe concentration polarization.
3. Under extreme hydrodynamic conditions, adsorption fouling resulted in slow flux decline
after the stable flux period, and when in absence of chemical cleaning, this adsorption
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fouling induced cake fouling formation by inorganic-organic aggregates, causing a severe
flux decline. Thus chemical cleaning should be carried out before cake fouling formation.
4. For recycling dairy wastewater by NF concentration, UF pretreatment could improve
recycle efficiency and reduce membrane fouling at low shear rate, while flux decline was
aggravated for shear-enhanced membrane filtration when caseins were removed from
dairy effluent by UF membranes. Thus, a single NF operation is preferable for recycling
dairy effluent by shear-enhanced membrane filtration.
5. A new concept “threshold flux” was introduced into shear-enhanced NF to control flux
decline. The separation performance of membranes should be evaluated at or below
threshold flux to eliminate the effect of fouling, and the effect of feed characteristic on
membrane fouling should be investigated above threshold flux, while operating at
threshold flux is recommended for industrial long-term operation.
Future prospects:

1. Comparison of membrane filtrations at extreme hydrodynamic conditions and threshold
flux operations (at moderate conditions) in long-term run.

2. Characterization of membrane fouling by scanning electron microscopy (SEM) or atomic
force microscope (AFM).
3. Modeling and simulation of shear-enhanced membrane filtration process to provide
information for development of new industrial dynamic filtration modules.
4. Integration of membrane filtrations with other technologies for recycling industrial
wastewater.
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