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Abstract

Despite all promising perspectives and new research in nanofiltration, for example, in
drinking water production, in wastewater treatment, the food industry, the chemical and
pharmaceutical industry, and many other industries, there are still some obstacles that
slow down large-scale applications. Fouling is an irreversible and time-dependent phe-
nomenon, and it is related to the characteristics of the membrane and solute-solute and
solute-membrane interactions. Therefore, an understanding of fouling mechanisms such
as fouling characteristics and consequences, fouling mathematical models, and physical-
chemical and processing factors affecting fouling, are very important. As a result, the
aim of this chapter is to present some phenomena that contribute to fouling: physical-
chemical interactions, pore mechanical blocks, and deposit of suspension material on
membrane surface.

Keywords: nanofiltration, fouling, fouling membranes, fouling characteristics,
membrane process

1. Introduction

Nanofiltration (NF) is defined as “a process intermediate between reverse osmosis and ultra-
filtration that rejects molecules which have a size in the order of one nanometer.” In general,
the use of membrane process is limited by fouling, which reveals itself as a decrease in flux
with time of operation. Fouling probably is the most important reason for the minimal accep-
tance of nanofiltration and other membrane processes in large-scale processing [1, 2].

A number of factors contribute to fouling and are strongly interlinked. Organic, inorganic,
particulate, and biological fouling are some of the main fouling categories. Also important are
metal complexes, for example, Fe, Al, Si. Despite many research traditionally focusing on one
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120 Nanofiltration

category or fouling mechanism at a time, it is well accepted that in most cases, it is not one
single category that can be identified. In most real-life applications, all four types of fouling go
hand in hand [2, 3]. Fouling is an irreversible and time-dependent phenomenon; it is related
to the characteristics of the membrane and solute-solute and solute-membrane interactions
that cause an irreversible decline in the flow of permeate, which can only be recovered by the
chemical cleaning of the membrane. In addition, some process parameters like equipment
design, temperature, feed concentration, flow, and pressure can also contribute to membrane
fouling.

2. Nanofiltration and membranes

The singularity of these membranes is highlighted by their ability to selectively reject different
dissolved salts; they have a high rejection rate of low molecular weight, dissolved compo-
nents. Nanofiltration membranes with low transmembrane pressure, operating pressure of
generally 5-30 bar, were developed to achieve high divalent ion rejection. It is expected that
the rejected molecules can have a molecular weight of 200 g.mol”; this corresponds to an
equivalent of Stokes diameter of approximately 1 nm [3, 4].

Nanofiltration membranes are neither entirely dense nor entirely porous, so their retention
mechanisms are determined by both size exclusion (porous membranes) and sorption and dif-
fusion (dense membranes). Also, these kinds of membranes are principally used to partially
soften potable water, allowing some minerals to pass into the product water, thus increas-
ing the stability of the water and preventing it from being aggressive to distribution piping
material. Additionally, NF membranes are discovering increasing use in purifying industrial
effluents and minimizing waste discharge. The key to using NF membranes for particular
applications is the selection of a membrane with the appropriate rejection characteristics and
the design of a suitable process. In general, NF membranes are characterized by a high charge
density and pore sizes in the range of nanometers; the surface charge is most often negative
and has the greatest effect on the selective passage nature of these membranes. New studies
have been developed, and new membranes having unique properties, including a varying
range of hardness rejection and fouling resistance manufactured [2, 4].

3. Characteristics of fouling and consequences of fouling

The efficiency of the nanofiltration process is affected by fouling on the membrane and other
factors like tangential velocity, pressure, temperature, turbulence, feed particles size, concen-
tration polarization changes in membrane properties, and membrane characteristics [2].

Fouling phenomenon is the result of the interaction between solutes adsorbed onto the mem-
brane and solutes present in the feed flow, or even between the membrane and diverse sol-
utes present in the solution. Fouling can be the result of three main factors or the interaction



Fouling of Nanofiltration Membranes
http://dx.doi.org/10.5772/intechopen.75353

between them: the properties of the material constituting the membrane, the properties of the
solute, and the operational parameters [2, 3, 5].

The interaction between solute and membrane, the interaction among molecules of solute
present, and the chemical constitution of the membrane structure must be identified to under-
stand the phenomenon of fouling. Notably, the interaction between solute and membrane will
determine the fouling formed by the adsorption of solute onto the membrane surface [6, 7].

In contrast to polarization of concentration, which is considered a reversible phenomenon
and independent of process time, fouling is an irreversible phenomenon and dependent on
time. Fouling can be defined as a deposition or adsorption of retained particles, colloids, mac-
romolecules, salts, etc., on the membrane surface and/or aggregation in the pores, causing
partial or even total blockage of the pores, resulting in a continuous decline of flow. The
different ways in which the pores become blocked are a function of the size and form of
the solute in relation to the pore size distribution of the membrane. Partial blockage of the
pores occurs when isolated macromolecules or groups of them partially seal the pores, with
the possibility of forming a deposit on the membrane surface, increasing the resistance to
permeation. When chemical species are deposited or adsorbed on the inside of the membrane
pores, it reduces the volume available for passage of the permeate; there is internal blockage
of the pores. Complete blockage of the pores occurs when the particles that deposit on the
membrane surface are larger than the membrane pores, completely obstructing them [8, 9].

This phenomenon, related to the characteristics of the membrane and solute-solute and
solute-membrane interactions, causes an irreversible decline in the flow of permeate, which
is only recovered by the chemical cleaning of the membrane. Figure 1 shows some types of
blocks [2, 8, 9].

Observing and analyzing Figure 1, it is possible to understand the different ways in which
the membrane can be blocked and compare concentration polarization. When hydrocolloids,
macromolecules, or other particles with larger dimensions as compared to the diameter of the
membrane pore, are rejected and accumulate on the surface of the membrane, concentration
polarization occurs. An increase in resistance to solvent passage occurs by this accumula-
tion, and consequently leads to a greater local osmotic pressure. In general, concentration
polarization occurs in any selective transport process such as classical filtration and tangential
filtration. In tangential flux, concentration polarization stabilizes quickly and this provokes
an additional resistance to mass transfer by the membrane, and as a result a decline in flux
permeate [10, 11].

The precipitation of organic solutes on the membrane surface is known as gel formation. This
process usually occurs when the wall concentration due to concentration polarization exceeds
the solubility of the organic solute. It is very important to consider that gel formation does not
necessarily mean irreversible flux decline. The gel polarization model is based on the fact that
at steady state, flux reaches a limiting value, where an increase in pressure no longer increases
the flux. Conforming to the gel polarization model, at this limiting value, the solubility limit
of the solute in the boundary layer is reached and a gel formed [5, 12].
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Figure 1. Inlay membrane mechanism: (A) complete blockage of pores; (B) partial (internal) blocking of pores; (C) polarized
layer.

The typical permeation flux curves can be described in three different stages. The first stage (I)
is characterized by a sudden drop in flux in the first minutes due to the polarization of the sol-
utes by concentration on the surface of the membrane. At this stage, loss of flow is reversible.
In the second stage (II), the flow variation decreases, varying with the pore diameter of the
membrane. The precipitation of the accumulated solutes begins, which leads to the blocking
of the pores and the adsorption of the components in the membrane, causing the formation of
the polarized layer and the incrustation. The decrease in flow due to this latter phenomenon
is irreversible. Finally, the third stage (III) is the consolidation of incrustation; in this stage,
the flow decreases continuously and slowly. Figure 2 shows each step described here [13].

Flux permeate

>

Time

Figure 2. Typical permeation flux curves described in three different stages (adapted from Marshall and Daufin [13]).
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4. Physical and chemical factors affecting fouling

Nanofiltration membranes retain substances with molar masses higher than ~300 g mol™ and
multivalent ions. The retention characteristics depend largely on how much free volume there
is in the membranes, which can for some membranes be related to the flux. As nanofiltration
membranes have characteristics of both ultrafiltration as well as reverse osmosis membranes,
their fouling characteristics are also rather unique [12, 14].

It has already been discussed that fouling is initiated by solute-membrane material interac-
tions; however, Van der Waals forces, chemical binding, and Lewis acid-base interactions are
the major phenomena involved in the interactions resulting between surfaces and solutes on
a molecular level. As a result, physicochemical properties of membrane surfaces are changed
and this facilitates the deposition of other molecules and other aggregates. Membrane-solvent
interactions can be expected to diversify with changes in the solvent properties, such as
molecular size, surface tension, viscosity, and dielectric constant [11, 14, 15].

The relationship between the type of solvent, polar or non-polar, and the type of membrane,
hydrophilic or hydrophobic, used in separation processes, must be judiciously analyzed. The
flow rate of polar solvents is significantly higher (8-10 times) than that of non-polar solvents
in processes carried out with hydrophilic membranes [9].

The relationship between the components of solute molar mass and rejection by the mem-
brane can be observed from the results obtained in the analysis of the rejection of triacylglyc-
erols present in n-hexane solution, where the percent rejection obtained was higher for larger
molar masses [9].

Fouling of nanofiltration membranes has been studied very extensively up to date and many
studies have tried to explain what happens in each situation. Because fouling can decrease
the flux drastically, it is important to investigate what types of foulants should be avoided
in NF [13].

It is necessary to identify the foulants in order to reduce or eliminate fouling. This objective
can be achieved by a characterization of the fouled membrane or by fouling studies in the
laboratory. Once the foulants are identified, suitable control strategies can be adapted. An
overview of foulants and appropriate control strategies are summarized in Table 1. The strate-
gies include a number of categories, for example: module design, operation mode and clean-
ing, membrane selection like non-fouling materials/coatings, feed pre-treatment, suitable
surface charge, porosity, hydrophilicity chlorine compatibility, and surface roughness [5, 11].

Important factors that differentiate nanofiltration from other processes of membranes separa-
tion are as follows:

* Rejection of multivalent negative ions, such as sulfates, and phosphates;

* Rejection of sodium chloride (0-70%) in systems of complex mixtures;

* Rejection of particles without loads, dissolved materials, and positive charge ions in solu-
tion is related to the size and shape of the molecule in question.
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Foulant Fouling control

General Hydrodynamics/shear, operation below critical flux, chemical cleaning

Inorganic Operate below solubility limit, pre-treatment, reduce pH to 4-6 (acid addition), low recovery,

(scaling) additives (antiscalants); some metals can be oxidized with oxygen

Organic Pretreatment using biological processes, activated carbon, ion exchange, ozone, enhanced
coagulation

Colloids Pre-treatment using coagulation and filtration, microfiltration, ultrafiltration

(<0.5 um)

Biological solids ~ Pretreatment using disinfection (e.g., chlorination/dechlorination), filtration, coagulation,
microfiltration, ultrafiltration

Adapted and modified from Fane et al. [19].

Table 1. Foulants and their control strategies in nanofiltration processes.

Therefore, the efficiency of a nanofiltration process depends on the size of the particles pres-
ent in the solution and molecular loads [5].

It is also known that mineral salts have a deep influence on the fouling of ultrafiltration
and nanofiltration membranes. These components can interact with the membrane directly
or precipitate on the membrane and cause a reduction in flux. However, mineral salts
contribute to the ionic strength of the solution, which in turn affects the conformation and
dispersion of the proteins and consequently, the fouling of the nanofiltration membrane
[2, 5, 6].

Many studies report the effect of pH on membrane fouling. Flux is lowest at the isoelectric
point of the protein and is higher as the pH moves away from the isoelectric point. Changes in
pH affect proteins in solubility, which is generally lowest at the isoelectric point and increases
as pH is adjusted away from it; conformation, because of the interaction between proteins and
membranes, also changes with pH membranes. Thus, these effects of pH on flux should not be
unexpected, especially in view of the effect on solubility of salts [2, 6].

In general, in many industrial or laboratory test processing cases, membrane fouling may
be caused by pectins, proteins, tannins, starch, cellulose, and hemicellulose. Moreover, it is
very necessary to consider biofouling in membranes. Biofouling is a term used to describe all
instances of fouling where biologically active organisms are involved. Whilst the different
forms of chemical fouling reflect largely passive deposition of organic or inorganic materials
on membrane surfaces, biofouling is a dynamic process of microbial colonization and growth,
which results in the formation of microbial biofilms. Biofilms are microbial communities that
grow attached to surfaces. Biofilm formation constantly precedes biofouling, which becomes
an issue only when biofilms reach thicknesses and surface coverages that reduce permeabil-
ity. In some cases, biofilms may cause total blockage of feedwater channels and mechanical
collapse of modules by telescoping [2, 6, 15-22].
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5. Processing factors affecting fouling: temperature, pressure, feed
concentration, flow rate and turbulence

It is important to consider that other factors can affect fouling, and not just the complex
physical-chemical interaction of feed components.

The main physical operational parameters that affect the permeate flow rate are: pressure,
temperature, viscosity and density of the feed fluid, and the tangential velocity [23].

The temperature effect is not completely clear and can influence fouling in two different ways.
It is possible that as temperature is increased further, the beneficial effects (lower viscosity,
higher diffusivity) will outweigh the harmful effects (loss of solubility of salts) and may result
in a net increase in flux. It could also result in a decrease in flux for certain feeds, due to
decreases in solubility of feed components at higher temperatures. Evidently, for biological
systems, too high temperature will result in protein denaturation and other heat damage,
which will provoke lowering of the flux [2, 10].

An increase in feed concentration alters the viscosity, density, and diffusivity of the feed solu-
tion, causing a decrease in permeate flow rate. The permeate flow rate is directly proportional
to the pressure applied and inversely proportional to the viscosity. Viscosity can be controlled
by two factors: solids concentration in the feed and temperature [24, 25].

As is known, an increase in pressure results in a greater convective rate for the transport
of solute to the membrane surface, increasing its concentration at the interface, causing an
increase in diffusivity of the solute in the opposite direction to that of the process pressure,
and thus decreasing the permeate flow rate [26-29]. It is important to emphasize that there is a
linear relationship between flow rate and the inverse of the solvent viscosity for nanofiltration
and ultrafiltration membranes, revealing that the main mass transport mechanism in these
systems is convection [2, 30].

Moreover, an increase in tangential velocity increases the permeate flow rate by provoking
greater turbulence, causing a dispersion in the solute molecules concentrated on the mem-
brane surface, and reducing the thickness of the gel layer. High shear rates generated at the
membrane surface tend to shear off deposited material thus reducing the hydraulic resistance
of the fouling layer. This is one of the simplest and most effective methods to control the effect
of concentration polarization. Severe decreases in flux can sometimes be observed at too low
velocities [2, 6, 31].

6. Resistance and mathematical models of fouling

Because of concentration polarization and fouling, there is a reduction on flux permeate value
compared with pure solvent. As a result, both represent additional resistances to mass trans-
fer by the membrane. The kinetic that is relativity slow for some phenomes and that provokes
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fouling, can explain the long time it takes to reach a possible stationary state. Figure 3 is
presented as an illustration of these phenomes. Thus, the relation between permeate flux and
pressure variation applied on both sides of the membrane can be expressed by Eq. (1):

1
] = Sk AP (1)
where
R, =R, +R+R +R +R (2)

Here R , resistance of transport by the membrane; R , additional resistance due to adsorption
phenomenon; R, additional resistance of physical pores blocks; R, additional resistance due
to formation of gel layer on the membrane surface; R , additional resistance due to polariza-
tion concentration phenomenon; R, total resistance due of mass transfer through the mem-
brane; n, solution viscosity that permeates through the membrane.

Despite the resistance-in-series model being used frequently, in which permeation flux
declines due to membrane fouling and concentration polarization resistance on the mem-
brane surface, other mathematical models to predict the flux behavior can also be used. A
number of mathematical models are available in the literature that attempt to describe the
mechanism of transport of particles through membranes such as Brownian diffusion, inertial
lift, shear-induced diffusion, flowing cake and surface transport, and cake layer models [32].
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Figure 3. Resistances of mass transfer in membrane provoked by fouling and concentration polarization. Additional

resistance: R, , membrane resistance; R, adsorption; R , blocked pore; R, gel layer; E , concentration polarization.
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The most elementary type of model relates the flux to the time and volume permeated. Most of
them are based on the assumption that the build-up of fouling layer is a first order reaction [2].

Decrease in permeate flux with time has been related to the volume concentration factor
(VCR), defined as the initial volume divided by the retentate volume at any time (VCR =V /
(V,-V,)), where V| is the initial volume and V, is the permeate volume [33].

In general, almost any data (flux vs. time) will adequately fit almost any of models reasonably
well, but since they are semi-empirical in nature, they do not help to explain or understand
the phenomenon itself [2].

7. Fouling and cleaning

According to the characteristics and factors described before, fouling reveals itself to be a
decline performance, commonly a decline in flux under constant operating conditions, pro-
cessing, and probable modification in the permeate properties of the membrane. The opti-
mum way to reduce fouling will depend on the fouling process [34].

Membrane fouling problems can also be cleaning problems. For food processes, the mem-
brane material, and all other food contact surfaces, should be compatible with normal food
and food cleaners [2, 34].

Reducing membrane fouling must include an attention to the chemical nature of the mem-
brane such as physical-chemical properties of feed stream. Some studies reported that hydro-
philic membranes normally foul less than hydrophobic membranes [34].

To decide about the cleaning process, it is very important to consider the type of foulant, that
is, the cleaning agents to use will depend on the material that causes the fouling. Moreover,
the cleaning cycle can be incorporated into the design of nanofiltration plant as automatic
cleaning operation. The membrane system is considered clean when the original water flux
has been restored [2].

8. Final considerations

Nanofiltration technology has been widely applied in the desalination and concentration,
separation and purification of drinking water, wastewater treatment and other industrial
processes [36—41]. This process already plays an important role in a variety of cases in the
water treatment, the dairy industry, biomedical processes and, so on. It is important to note
that the ability of nanofiltration to separate monovalent and multivalent ions is a key feature
in environmentally related processes. Operations with high pressure membranes are already
established technologies for the treatment of waste water that aim at the production of puri-
fied water for recycling or reuse and recovery of valuable compounds [12, 35, 42-46].

Among these example applications, a number of factors have been contributing to the increas-
ing interest in using membrane processes for water treatment. The essential factor is the
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stringent water quality regulations, which can be met to some extent, in an economically
viable way, by membrane processes [5].

Furthermore, the food industry was one of the first industries to introduce membrane filtra-
tion into its commercial processes since membrane processes are potentially nondestructive,
relatively energy efficient (no phase change), and even cheaper than conventional treatment
[36—41]. However, nowadays, the cost of application and industrial processes by membranes
is still expensive.

Researches reveal that in practice, industrial application of membranes becomes more attrac-
tive and competitive when combined processes, i.e., classical processes and membrane pro-
cesses, are used together. In this way, each process acts in the most efficient part, and thus, the
results are more advantageous than when applying technologies alone [5].

It is also necessary to improve the competitiveness of the process for filtration of drinking
water, wastewater treatment, the food industry, the chemical and pharmaceutical industry,
purification of biodiesel, and many other industries. It is important to improve the technologi-
cal process and products and to reduce costs.

Fouling of membranes is important as it limits the competitiveness of the process due to an
increase in costs caused by an increased energy demand, additional labor for maintenance
and chemical costs for cleaning as well as a shorter lifetime of the membranes. Essential for
effective fouling control is a proactive operation of the nanofiltration (NF) plant where an
early indication of fouling is acted upon and a good identification of the type of fouling is
carried out. On the other hand, nanofiltration technology can be applied in many industrial
sectors in many different ways. The use of membrane technology appears as a relevant alter-
native to conventional processing in a huge variety of annexed processes.

NF membranes are also finding increasing use for purifying industrial effluents and minimiz-
ing waste discharge. The possibility of waste treatment, the preservation of compounds of
importance from them, the reduction in energy consumption and of chemical products stand
out among the principal advantages of NF membranes.
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