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RESUMEN

Actualmente uno de los mayores retos a los que nuestra socie-
dad se enfrenta es la creciente escasez de agua. De acuerdo con 
estudios recientes, a día de hoy dos tercios de la población mun-
dial vive en condiciones de escasez de agua al menos durante 
un mes al año. Además, la cantidad de agua potable disponible 
en el planeta está fuertemente limitada y distribuida muy irreg-
ularmente. Por lo tanto, es fundamental producir agua potable 
donde se necesita de forma eficiente mediante tecnologías de 
desalinización. El proceso de desalación más utilizado en todo 
el mundo es la ósmosis inversa (OI). Aunque la OI es un proce-
so eficiente y de gran capacidad de producción y bajo coste en 
comparación con la desalinización térmica, uno de los mayores 
problemas aún sin resolver es el ensuciamiento de membranas o 
“fouling”. El “fouling” sucede cuando los compuestos presentes 
en el agua a tratar interaccionan con la superficie de la membrana 
y se adsorben de forma irreversible. En consecuencia, el flujo de 
agua limpia filtrada disminuye considerablemente y la eficiencia 
del proceso de filtración se ve fuertemente afectada.
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Aunque el “fouling” no se puede evitar por completo, por un 
lado, se intenta disminuir la adsorción de moléculas mediante 
modificaciones químicas en la superficie de las membranas. Sin 
embargo, esta estrategia a menudo se basa en un enfoque de 
prueba y error. Por lo tanto, es importante utilizar técnicas que 
permitan caracterizar las interacciones entre las membranas 
modificadas y los compuestos ensuciantes a fin de tener una 
comprensión sistemática y mejorada de los fenómenos que sub-
yacen al ensuciamiento de membranas. 

Por otro lado, en las plantas de desalinización donde el “fouling” 
es problemático, la atención se centra en optimizar los intervalos 
de limpieza de la membrana para prolongar la vida útil de la mis-
ma y reducir los tiempos de inactividad del proceso y los costes 
de limpieza. Las entrevistas realizadas con algunas de las princi-
pales empresas desaladoras españolas que operan en todo el 
mundo revelaron que hasta el momento, los operadores carecen 
de un método lo suficientemente sensible para detectar el ensu-
ciamiento de la membrana en una etapa temprana que evitaría 
tener caídas significativas en el flujo de agua y permitiría optimizar 
las condiciones operativas del proceso, como los protocolos de 
limpieza. Se han propuesto varios métodos para la detección del 
ensuciamiento de membranas, pero hasta el momento ninguno 
ha demostrado ser lo suficientemente sensible para detectarlo de 
forma anticipada y poder actuar en consecuencia.

El objetivo de este trabajo es por lo tanto investigar si las limi-
taciones de los métodos convencionales se pueden superar por 
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combinar dos técnicas sensibles a fenómenos de superficie: la 
microbalanza de cristal de cuarzo con monitorización de la disi-
pación (QCM-D) y la resonancia de plasmones superficiales mul-
ti-paramétrica (MP-SPR).

Se realizaron estudios de monitorización en tiempo real de 
la adsorción de diferentes ensuciantes en distintos filmes de 
poliamida y los datos obtenidos se correlacionaron con un sis-
tema independiente de filtración a fin de probar la viabilidad y 
la complementariedad de las dos técnicas (Capítulos 3 y 4). Se 
pudo demostrar con éxito que la combinación QCM-D/MP-SPR 
permite caracterizar la acumulación de incluso las primeras ca-
pas de “fouling” a nivel nanométrico y por lo tanto, posee una 
sensibilidad lo suficientemente grande como para anticipar la 
necesidad de limpiar las membranas antes de que el flujo de 
agua del permeado disminuya. 

Los métodos además permitieron testar diferentes estrategias de 
limpieza de membranas de forma eficiente tanto en términos de 
tiempo como de material (Capítulo 5) confirmando que esta combi-
nación de técnicas puede ser una herramienta muy poderosa para 
realizar un barrido rápido de la eficiencia de los protocolos de lim-
pieza. Posteriormente, y como estudio de validación en un entorno 
industrialmente relevante, se implementó un dispositivo de monito-
rización basado en el QCM-D en una planta desaladora industrial a 
escala piloto. Los resultados se presentan en el Capítulo 6, donde se 
analiza críticamente el potencial del nuevo dispositivo para aumentar 
la eficiencia del proceso y mitigar el ensuciamiento de la membrana.
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Finalmente, el Capítulo 7 proporciona una hoja de ruta hacia el 
mercado para el dispositivo de monitorización basado en QCM-D/
MP-SPR que incluye comentarios de los operadores de plantas 
de desalinización sobre los requisitos del sistema y las oportuni-
dades de mercado.
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ABSTRACT

Nowadays one of the biggest challenges that our society 
faces is the increasing water scarcity. In accordance with re-
cent studies, today two thirds of global population live under 
water scarcity conditions for at least one month per year. In 
addition, the amount of available freshwater in the world is 
strongly limited and distributed very irregularly. Therefore, 
drinking water needs to be produced by desalination tech-
nologies in an efficient way where needed. The most applied 
desalination process worldwide is reverse osmosis (RO). Al-
though RO is an efficient process which a large production 
capacity and low cost compared to thermal desalination pro-
cesses, one of the biggest problems still unresolved is mem-
brane fouling. Fouling occurs when compounds present in 
the water to be treated interact with the membrane surface 
and adsorb in an irreversible way. Consequently, the filtered 
clean water flux decreases considerably and process effi-
ciency is strongly affected. 
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Although fouling cannot be avoided completely, attempts are be-
ing made on one hand to modify the membrane surface chemi-
cally in order to minimize adsorption of molecules. However, this 
strategy is often based on a trial-and-error approach. Therefore, 
it is important to use techniques that allow characterizing interac-
tions between modified membranes and foulants such as to have 
a better and systematic understanding of the phenomena that un-
derlie fouling. 

On the other hand, in desalination plants suffering from fouling 
the focus lies on optimizing membrane cleaning intervals in order 
to lengthen membrane lifetime and reducing process downtimes 
and cleaning-costs. Interviews with some of the major Spanish 
desalination companies operating worldwide revealed that until 
today operators lack a method sufficiently sensitive for detecting 
membrane fouling at an early-stage which would avoid significant 
drops in water flux and permit optimizing process operating con-
ditions such as membrane cleaning protocols. Several methods 
have been proposed for membrane fouling detection but until to-
day none has proven to be sensitive enough to handle membrane 
fouling in an anticipative way.

The aim of this work was therefore to investigate whether the 
limitations of conventional methods can be overcome by com-
bining two advanced surface-sensitive techniques: quartz crystal 
microbalance with dissipation monitoring (QCM-D) and multi-pa-
rameter surface plasmon resonance (MP-SPR).



Real-time monitoring of adsorption of different foulants on differ-
ent polyamide (PA) films was studied and correlated with an in-
dependent filtration system in order to prove the feasibility and 
complementarity of both techniques (Chapter 3 and 4). It could 
successfully be demonstrated that QCM-D/MP-SPR enables char-
acterizing the build-up of even the very first fouling layers at the 
nanoscale and therefore possessed a sensitivity high enough 
such as to anticipate the need of membrane cleaning before the 
water permeate flux decreased.

QCM-D/MP-SPR furthermore allowed to test different membrane 
cleaning strategies in a time-efficient and material-extensive man-
ner (Chapter 5) confirming that the combination of both methods 
could be a powerful tool for a fast screening of membrane clean-
ing protocols. Subsequently, and as a validation study in an indus-
trially relevant environment, a QCM-D based monitoring device 
was implemented in an industrial pilot-scale desalination plant. 
The results are presented in Chapter 6 where the potential of the 
new device to increase the process efficiency and mitigate mem-
brane fouling is critically discussed. Finally, Chapter 7 provides a 
roadmap to the market for the QCM-D/MP-SPR-based monitoring 
device including feedback from desalination plant operators on 
system requirements, and market opportunities.
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CHAPTER 1
INTRODUCTION

1.1. Desalination for drinking water production

Water is an essential element for human welfare and develop-
ment. Water scarcity is therefore nowadays one of the biggest 
challenges that our society faces. Water scarcity may be interpret-
ed in two different terms: economic water scarcity and physical 
water scarcity. Economic water scarcity occurs in countries where 
there is insufficient water infrastructure to ensure water access 
and it is commonly present in countries of Africa and some regions 
of South America and South Asia [1]. Those countries suffering 
from economic water scarcity strongly need external investment 
to develop technologies that could grant people access to water. 
On the other hand, physical water scarcity exists in arid regions 
or where the water withdrawal is very high. The degree of water 
withdrawal related to water resources, expressed as the exploita-
tion index, provides information about which countries are prone 
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to suffering from water stress because they use more water than 
there is available from natural resources [2]. An index above 20% 
is considered a warning level (Figure 1.1). Physical water stress of-
ten occurs in Australia, Central Asia, Middle East and North and 
Southern Africa but also Central and Southern Europe [3]. 

Today around 4.000 millions of people (two thirds of global popu-
lation) live under physical water scarcity conditions for at least one 
month per year, and 500 millions experience severe water stress all 
year round [4]. In comparison, nowadays 1600 millions of people (a 
quarter of the world´s population) live economic water shortage [5].

The growth of the global population together with the climate 
change are inducing several hydrological alterations that make 
a sustainable management of water resources difficult [6]. Many 
regions of the world are under pressure regarding the availability, 
quality and quantity of water [7]. 

CHAPTER 1

Figure 1.1. Water withdrawals as a percentage of the total available water 
[3]. Different colors represent a different water withdrawal index. An index 
above 20% is considered medium-high level of water stress (orange).
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Over the past 100 years global water use has increased by a 
factor of six and continues to grow gradually at a rate of about 
1% per year as a result of increasing population, economic devel-
opment and consumption patterns [8]. Furthermore, the world’s 
amount of freshwater is limited and distributed very irregularly 
(Figure 1.2). The quality of this freshwater is becoming poorer 
day by day as a result of a decreased self-purifying capacity due 
to the increase in population and its associated consequences. 
As the world population is expected to increase from 7.7 billion 
of people in 2017 to 9.4-10.2 billion in 2050 [9,10], this growth 
can exacerbate the pollution of freshwater resources due to an 
increased municipal and industrial wastewater discharge and 
the intensification of the agriculture [11].

Freshwater  2,5%

Oceans (saltwater) 97,5% 

Ice caps and glaciers  79%

Groundwater 20%

Lakes 52%
Water in soil 38%

Water vapour 
in atmosphere

Living organisms
Rivers

Figure 1.2. Water distribution on the earth. The amount of freshwater is 
very limited being a 2.5% of the total. This percentage is distributed very 
irregularly which consequently makes its access difficult.
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Thus, there is a strong need to employ technologies that 
are capable of supplying drinking water reliably and with 
high quality. Currently, the most viable solution is to produce 
drinking water by desalination technologies. Desalination re-
duces the concentration of salts or ions in water from around 
35.000 ppm to 500 ppm according to the limit set by the 
World´s Health Organization [12]. Desalination of seawater 
can be done either by thermal or membrane-based process-
es. Thermal desalination separates salts from water through 
evaporation and condensation whilst membrane-based de-
salination uses a semipermeable membrane from which the 
water diffuses and the salts are retained on the feed side 
[13]. Several thermal processes such as multi-stage flash 
distillation (MSFD), multi-effect distillation (MED) or vapor 
compression distillation (VCD) have been widely applied in 
areas where water salinity is higher than 35.000 ppm such 
as in the Caribbean or the Middle East [14]. However, mem-
brane-based desalination processes such as reverse osmo-
sis (RO) are becoming more popular in those regions due to 
their lower energy costs and lower environmental footprint. 
Table 1.1 reports a comparison between these two methods 
in terms of energy consumption and produced water cost 
considering large-scale plants.

CHAPTER 1
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Table 1.1. Differences in production capacity, energy consumption and eco-
nomics between thermal and membrane-based desalination processes 
[15,16].

Desalination process  Production capacity 

[m3/d] 

Energy consumption 

[kW h/m3] 

Water cost  

[US$/m3] 

    
Distillation 10.000-35.000 650 0,52-1,75 

Reverse Osmosis 0,1-395.000 3,7-8 0,45-0,66 

 

Introduction

In 1957, Reid and Breton prepared the first hand-cast thin sym-
metric cellulose acetate (CA) membrane. This CA membrane was 
able to retain 98% of salts but its permeability was very low (< 
10 ml/m2·h) [17]. Years later, Loeb-Sourirajan developed the first 
asymmetric CA RO membrane which enabled the desalination of 
water due to a considerable improvement in the permeate flux 
[18]. From this discovery onwards, research focused on improving 
the CA membrane transport properties and manufacturing such 
as to move to an industrial implementation [19]. CA membranes 
remained the best membrane option until 1969. Their main dis-
advantage was that the acetate groups of CA membranes were 
susceptible to hydrolysis under acidic and alkaline conditions, 
thus limiting their efficient use in an RO process [20]. There was 
therefore existed a strong need to develop new membrane ma-
terials with better chemical stability. Since then, considerable pro-
gress has been made in the synthesis and fabrication of RO mem-
branes with improved permeability and selectivity [19]. Nowadays 
thin-film composite polyamide (PA-TFC) membranes are the most 
prevalent membrane types on the RO membrane market [21]. 
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PA-TFC membranes are usually composed of three layers: a net 
based on polyester which allows mechanical stability (120-150 μm 
thick), a microporous substrate usually composed of polysulfonic 
polymers (40 μm thick) and a polyamide selective layer of about 
0,2 μm thick [22]. The polyester macroporous phase alone can-
not provide sufficient support to the ultra-thin PA selective layer 
against pressure because it is too porous. Therefore, a micropo-
rous intermediate layer is needed. 

Nowadays, 80% of the total desalination plants in the world 
are based on reverse osmosis (RO) [16]. There are 15.906 oper-
ational desalination plants with a production capacity of 95,37 
millions m3/day [23]. RO is applied worldwide but its presence is 
dominant in the Middle East and North Africa (Table 1.2).

Table 1.2. Top ten countries employing desalination of seawater [13].

Rank Country Production capacity Market share 

  [millions m3/d] [%] 

1 Saudi Arabia 9,9 16,5 

2 USA 8,4 14,0 

3 UAE 7,5 12,5 

4 

5 

6 

7 

8 

9 

10 

Spain 

Kuwait 

China 

Japan 

Qatar 

Algeria 

Australia 

5,3 

2,5 

2,4 

1,6 

1,4 

1,4 

1,2 

8,9 

4,2 

4,0 

2,6 

2,4 

2,3 

2,0 
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However, despite the potential economic advantages that RO 
offers, one of its biggest challenges is membrane fouling. During 
the RO process, organic and/or biological matter present in the 
feed water adsorb on the membrane surface due to molecular 
interactions generating in this way what is known as fouling or 
biofouling, respectively [24]. As a consequence, the water per-
meate flux decreases dramatically and the process efficiency is 
strongly affected. Apart from strongly reducing productivity and 
quality of the permeate, membrane fouling also increases opera-
tional costs due to an increased energy demand, additional pre-
treatment, fouling removal by membrane cleaning and reduced 
membrane lifetime [25].

1.2. Fouling mechanisms

Membrane fouling involves several complex chemical and 
physical interactions between the foulants present in the feed 
water and the membrane surface [26]. The development of 
fouling layers varies depending on different factors such as 
the membrane material properties (hydrophobicity or charge), 
the chemical nature of foulants and the hydrodynamic condi-
tions of the process (cross-flow velocity or flux) [25]. Fouling 
mechanisms of in low pressure membrane processes such as 
microfiltration (MF) and ultrafiltration (UF) are different from 
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those of high pressure  membrane processes (operating 
above 10 bar) such as reverse osmosis (RO) and nanofiltration 
(NF). While pore adsorption and clogging are more frequent 
in MF and UF membranes [27], surface or external fouling is 
predominant in RO and NF membranes due to the absence 
or small diameter, respectively, of pores as they are dense 
membranes [16]. 

Membrane fouling is strongly connected to the development 
of concentration polarization (CP) which is a phenomenon oc-
curring at the membrane surface due to the accumulation of 
solutes [16,28,29]. The most common approach to explain CP 
is the so-called Boundary Layer Film Model. This model as-
sumes that a thin layer of unmixed fluid with a certain thick-
ness exits between the membrane surface and the well-mixed 
bulk fluid. The velocity profile of a fluid flowing over a static 
surface - which in this case is the RO membrane -  is parabolic 
because the friction at the fluid-membrane surface reduces 
the fluid velocity next to the membrane to practically zero.

It is in this fluid-membrane interface that a stagnant hydro-
dynamic boundary layer is generated where mixing occurs 
solely by diffusion (Figure 1.3). Concentration gradients due to 
concentration polarization are assumed to be confined to this 
hydrodynamic boundary layer [30].
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During RO membrane filtration there is a convective flow of sol-
utes from the well-mixed bulk of the feed side towards the hy-
drodynamic boundary layer adjacent to the membrane surface 
[26]. Since the RO membrane is semipermeable and selective to 
water molecules, salts are rejected and accumulated inside this 
hydrodynamic boundary layer. As a consequence, there is an en-
richment of salts near the membrane surface and therefore the 
relative concentration of salts increases forming a concentration 
boundary layer [31]. The movement of molecules inside this con-
centration boundary layer occurs by diffusion. Thus, the back-dif-
fusion of salts arises from the concentration boundary layer to the 
bulk due to the existing concentration gradient. However, the con-
vection predominates against the diffusion and accumulation of 
solutes occurs on the concentration boundary layer (Figure 1.4).

Figure 1.3. Schematic representation of the hydrodynamics in a RO mem-
brane module. The water flow velocity through the RO module is not 
uniform and it is reduced to essentially zero near to membrane surface 
creating a hydrodynamic boundary layer where concentration polarization 
occurs [30].

Introduction
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The main adverse effect of this phenomenon is that the per-
meate flux decreases because the osmotic pressure that 
needs to be overcome increases in the boundary layer [32]. 
On the other hand, salt rejection of the membrane decreas-
es due to the accumulation of salts on the membrane sur-
face. As water does not only contain salt molecules but also 
foulants, these molecules can establish interactions with the 
membrane surface causing either reversible or irreversible 
membrane fouling and  forming with time more organised or 
structured layers which is known as a cake layer [33,34]. The 

Figure 1.4. Schematic representation of concentration polarization occu-
rring inside the hydrodynamic boundary layer. The diffusional back-trans-
port of solutes from the boundary layer to the bulk is slower than the 
convective transport of solutes from the bulk into the boundary layer and 
solutes accumulate in the boundary layer [30]. 
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fouling layers formed hinder the back-diffusion of salts from 
the boundary layer to the bulk and therefore enhance the CP 
effect and its associated flux decline. This phenomenon is 
known as a cake-enhanced concentration polarization (CECP) 
or cake-enhanced osmotic pressure (CEOP) [35]. Fouling can 
be both reversible and irreversible. Thus, depending on the 
reversibility of the fouling layer, the strategy to remove it fol-
low will vary: either increase the hydrodynamics in order to 
detach reversibly adsorbed foulants or resort to chemical 
cleaning of the membrane in case of irreversibly adsorbed 
foulants.

1.3. Types of fouling

Membrane fouling can be categorized in different ways de-
pending on the nature of foulants and the source of water 
[36,37]. It should be taken into account that the classification of 
foulants is just a way of getting a clear spectrum about which 
types of molecules can cause membrane fouling. A real-world 
filtration process will process water that most probably contains 
mixtures of potential foulants thus leading to both competitive 
interactions with the membrane surface and foulant-foulant in-
teractions which might even undergo synergic effects [38]. This 
renders membrane fouling far more complex than what a sim-
ple categorization of foulants might suggest.
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1.3.1. Particulate/colloidal fouling

Colloids are fine suspended particles with a size ranging from 
few nanometres to micrometres [26]. Colloids can be classified 
according to their size or their chemical composition. Typically, 
they are classified as settleable solids (> 100 μm), supra-colloidal 
solids (1 μm to 100 μm), colloidal solids (0,001 μm to 1μm) and 
dissolved solids (< 0,001 μm) [39]. Colloids can be either organ-
ic or inorganic compounds. The most usual inorganic particles 
are iron oxides/hydroxides, aluminium silicate clays, silica and 
silt [25]. Some macromolecules such as polysaccharides, pro-
teins and natural organic matter are considered organic colloids 
[40]. Membrane fouling caused by colloids depends on differ-
ent parameters such as the colloids size, shape, charge and 
colloid-colloid interactions [41]. Unfortunately, colloidal solids es-
cape pre-treatments procedures because of their size but there 
are sufficiently large to be retained at the membrane surface 
causing inexorable fouling. Small size colloids are principally re-
sponsible for this type of fouling [39]. Larger colloids are less 
problematic because of the hydrodynamic lift effect owing to the 
cross-flow velocity profile near the membrane surface [42]. 

1.3.2. Organic fouling 

Organic compounds are very difficult to remove from feedwater in 
pre-treatment steps. Organic foulants frequently comprise humic 
substances, polysaccharides, proteins, lipids, nucleic acids, amino 
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acids, organic acids and cell fragments [25]. Organic foulants can 
be classified in many different ways but the most habitual classi-
fication is made considering the source of the filtrated water. This 
type of foulants are mainly categorized in three different groups 
[42,43]: 1) natural organic matter (NOM); 2) algae organic matter 
(AOM) and 3) wastewater effluent organic matter (EfOM). The 
most representative organic foulants are humic substances, pol-
ysaccharides such as sodium alginate and proteins. Both humic 
compounds and alginates can complex with some cations such as 
Ca2+ forming gel-type structures and thus aggravating the gener-
ated fouling layers [44,45]. 

1.3.3. Biofouling 

Biofouling involves the deposition of bacterial cells and different mi-
croorganisms such as fungi and microalgae [36]. A gel-type biofilm 
is formed due to the adhesion and growth of bacteria on the mem-
brane surface. A biofilm is thus composed not only of the adsorbed 
microorganism but of the extracellular polymeric substances (EPS) 
segregated by those microorganisms which at the same time serves 
as a conditioning layer for further biofouling development [46]. 

1.3.4. Scaling	

Scaling occurs when inorganic compounds present in the feed 
water form mineral precipitates on the membrane surface [47].  
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During a RO process, there is an enrichment of salts near the 
membrane surface as their concentration continuously increas-
es due to the hindered back-diffusion from the hydrodynamic 
boundary layer to the bulk solution. Salt concentration within 
the boundary layer usually increases between 4-10 times de-
pending on the salt-rejection efficiency of the membrane and 
the operating conditions of the process [46]. Therefore, a su-
persaturation is reached and when the salts exceed their sol-
ubility limit, they crystallize and precipitate on the membrane 
surface [48]. Some typical compounds forming scaling are: cal-
cium carbonate, calcium sulphate, calcium phosphate, barium 
sulphate and silicates [49]. Scaling is commonly called “inor-
ganic fouling” and classified as one type of fouling. However, 
it should be stressed that it does not occur due to a chemi-
cal interaction with the membrane surface but rather due to a 
physical phenomenon. 

All in all, although classifying different types of foulants based 
on their nature or chemical structure could be useful in order to 
understand their potential to foul the membrane on a real filtra-
tion process, it is essential to understand that membrane fouling 
is a very complex phenomenon made up of a wide variety of 
compounds. These do not only establish chemical interactions 
with the membrane but usually create foulant-foulant interac-
tions, thus generating highly complex fouling layers [50,51].
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1.4. How to deal with membrane fouling

Membrane fouling is a phenomenon which until today cannot 
be completely avoided. Attempts are therefore being made to 
at least minimize the degree of fouling. One strategy is to mod-
ify the membrane surface chemically [52]. Different approach-
es have been studied for this purpose, for example grafting of 
hydrophilic polymeric chains onto the RO membrane surface in 
order to minimize the undesired adsorption of molecules [53] or 
application of a coating layer composed of a neutral and charged 
hydrophilic polymeric material such as polyvinyl alcohol (PVA) 
onto the RO membrane surface [54]. In fact, some membrane 
manufacturers such as Filmtec and Hydranautics applied a PVA 
coating in some of their commercial RO membranes [55]. 

The problem with those strategies is that there is low control 
over the efficiency of the chemical modification because it seems 
to be difficult to get a homogeneous coating on the top of the 
membrane surface [53]. One way to circumvent this problem is 
to modify the respective monomers prior to polymerization [56]. 
In any case, chemical modifications of the membrane surface are 
often based on a trial-and-error approach and therefore require 
intensive and time-consuming screening of whether the modifi-
cations have been efficient or not. In this context, accurate, fast, 
and non-invasive techniques would be desirable in order to veri-
fy the efficiency of the adopted anti-fouling strategy in a time-ef-
ficient and material-extensive manner. 
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Another strategy to minimize the detrimental effects of fouling 
is its early-stage detection which enables adapting an optimal 
process operating and cleaning strategy. Unfortunately, current 
monitoring techniques neither reach the necessary efficiency 
nor sensitivity for detecting phenomena below a certain detec-
tion threshold (Figure 1.5). As a result, membrane fouling is de-
tected when it is already quite developed resulting on elevated 
cleaning and process costs. Thus, there is a need for developing 
techniques that could allow detecting fouling at an early stage 
and as such in an anticipative way.

Figure 1.5. Limited ability to detect fouling in industry (above the percep-
tion threshold): Membrane cleaning intervals are more frequent due to their 
lack of efficiency. The monitoring method should performance in the desi-
red range and currently imperceptible from the operator’s point of view: 
consequently, the cleaning intervals are prolonged in time because they 
are more efficient (under the perception threshold). The figure was adapted 
from reference [57].
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1.5. Outline

This thesis presents an approach to overcoming the limitations 
of conventional fouling monitoring methods by combining two 
advanced surface-sensitive techniques for monitoring membra-
ne fouling: quartz crystal microbalance with dissipation monito-
ring (QCM-D) and multi-parameter surface plasmon resonance 
(MP-SPR).

It will be shown that these non-invasive techniques are both 
highly feasible for characterizing the build-up of the very first 
fouling layers at the nanoscale, and that they possess a high po-
tential of significantly accelerating the screening of the efficiency 
of both membrane modifications as well as that of commonly 
applied membrane cleaning protocols (Chapters 3, 4 and 5). 

The final aim of this thesis is to demonstrate that this combina-
tion of techniques is a disruptive monitoring system capable of 
detecting membrane fouling at an early-stage, and thus provi-
ding operators of desalination plants with a monitoring tool of an 
unprecedented sensitivity (Chapter 6 and 7).
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CHAPTER 2
MATERIALS AND METHODS

2.1. Membrane model polymers

All the experiments carried out throughout this thesis were ac-
complished using two different types of polyamides as a mem-
brane polymer model. The first batch of polyamides was synthe-
sized and kindly provided by the Institute of Polymer Science 
and Technology (CSIC, Madrid). The second polymer used was 
commercial. The aim was to mimic the selective layer of a poly-
amide-based thin-film composite (PA-TFC) RO membrane on the 
sensors used for all the measurements. 

2.1.1. Polyamides modified with polyethylene glycol (PA-PEG)

Polyamides (PA) with different degrees of polyethylene gly-
col (PEG) were prepared according to a procedure described 
by Molina et al. [1] and kindly provided by Prof. Javier de Abajo 
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(CSIC, Madrid). Figure 2.1 illustrates the general structure of the 
resulting PA-PEG copolymer. The modification of the PA was ca-
rried out by introducing 12 units of ethylene oxide (EO) to the 
side chains (unit “x” in Figure 2.1). The sum of the units x and y is 
1, which means that at “100%” of PEG modification the polymer 
will in fact be composed of only “x” units.

Studies presented on Chapter 3 were conducted using these 
polymers. Data shown in Chapters 5 and 6 were obtained using 
the unmodified PA-PEG0 polymer. 

2.1.2. NOMEX based commercial polyamide (c-PA)
Commercially available Poly[N,N’-(1,3-phenylene)isophthalami-
de] aromatic polyamide based on NOMEX structure was used 
(Sigma-Aldrich, CAS number 68-12-2 ). Figure 2.2 depicts its 
chemical structure. The chemical structure of this polyamide is 
similar to the selective layer of  RO membranes used in desalina-

CHAPTER 2

Figure 2.1. General structure of the PA-PEG polymer; the x-unit bears the 
PEG modification while the y-unit remains unmodified.
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tion. Thus, it was selected as an industrial membrane model for 
performing fouling experiments reflected in Chapter 4. 

	

2.2 Representative organic fouling model system
The model foulant selected to simulate organic fouling caused 
by proteins was bovine serum albumin (BSA). BSA (Sigma-Al-
drich, CAS number 9048-46-8) was received in a powder form, 
and a stock solution of 1000 ppm was prepared by dissolving 
it in a phosphate buffered saline solution (PBS, Sigma-Aldrich). 
The pH was adjusted to 8.0 such as to be above the isoelectric 
point of BSA (pH of 4.7). This solution was used for studies pre-
sented in Chapter 3. 

Experiments described in Chapter 4 were carried out using di-
fferent solutions of BSA of increasing concentrations: 1, 5, 10, 30, 
50, 100, 200, 500 and 1000 ppm. All the solutions were prepa-
red in PBS buffer. 

On the other hand, sodium alginate (ALG, Sigma Aldrich, CAS 
number 9005-38-3) and humic acid (HA, Sigma Aldrich, CAS 

Figure 2.2. Chemical structure of the Poly[N,N´-(1,3-phenylene)isoftalamide].
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number 68131-04-4) were used in Chapter 4 and 5 with the aim 
to study the fouling caused by natural organic matter (NOM) 
typically present in water. These compounds were received in a 
powder form and different stock solutions were prepared (2, 20, 
200 and 2000 ppm) in ultra-pure water and PBS buffer. 

For studies performed in Chapter 6, Casein (CAS) from bovine 
milk (Sigma-Aldrich, CAS number 9000-71-9) was employed as a 
protein model foulant due to its low cost compared to BSA. CAS 
was received in a powder form, and a stock solution of 100 ppm 
in ultra-pure water was prepared.

2.3. Membrane cleaning agents
Three different cleaning protocols were tested to study if, and 
how they removed organic fouling from the PA sensor surface. 
Cleaning agents comprised a commercial and a custom-made 
alkaline solution as well as a commercial enzymatic solution. 
Both the commercial enzymatic (“CES”) and the commercial 
alkaline (“CAS1”) solutions were provided by OTARI Ingeniería 
del agua S.L. (Irún, Spain). 

The commercial CAS1 alkaline solution was a high pH (11-12) 
solution employed for organic fouling removal. It included pyro-
phosphates which are to control both scale formation and the 
final pH of the solution, apart from acting as a dispersing agent. 
CAS1 was used as received according to the recommendations 
of the manufacturer (OTARI). 
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The custom-made alkaline solution (“AS2”) was a mixture of 0.1% 
(w) sodium hydroxide (NaOH) and  0.03% (w) sodium dodecyl 
sulfate (SDS). This solution was prepared according to a protocol 
published by Hydranautics, USA [2]. 

2.4. Solvents 

N,N-Dimethylformamide (DMF, Scharlab, CAS number 68-12-2), 
N-N-Dimethylacetamide (DMAc, Sigma Aldrich, CAS 127-19-5), 
Dichloromethane (DCM, Scharlab, CAS number 75-09-2), Etha-
nol (EtOH, Sigma Aldrich, CAS number 64-17-5), Ammonium 
Hydroxide (NH4OH, Sigma Aldrich, CAS number 1336-21-6), Hy-
drogen Peroxide (H202, Sigma Aldrich, CAS number 7722-84-1) 
were used as solvents for polymer solutions and cleaning the 
sensors. All the solvents were reagent grade purchased from 
Sigma Aldrich and they were used as a received without further 
purification steps. Ultra-pure water (18Ω) was employed from the 
Ultra Clear TWF with EI-Ion CEDI electro deionization system 
from Inycom, Spain. 

2.5. Ultra-thin PA film formation on QCM-D/MP-SPR sen-
sors by spin-coating
In order to study interactions between different foulants and pol-
yamides, the polymer solutions were cast on both QCM-D and 
MP-SPR gold sensors by spin-coating. Spin-coating was emplo-
yed as a first approach as it is an easy and quick method to crea-
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te ultra-thin films. As a consequence, one of the concerns of this 
work was to see how reproducible the deposition was and in 
how many possible variations could possibly affect the reliability 
of the measurements.  

All PA-PEG polyamides were initially dissolved in DMAc obtai-
ning solutions of 3% (wt/wt). However, it was not possible to get 
a satisfactory deposition by spin-coating due to the low volatility 
of the solvent. Therefore, DCM was added as a more volatile 
co-solvent obtaining mixtures of 1:2 DMAc-DCM. On the other 
hand, the commercial polyamide (C-PA) was dissolved in a 1:1 
mixture of DMF and LiCl obtaining a concentration of 1% (wt/wt). 
In order to improve the solubility of the polymer into de solvent 
the vial was heated up to 100 °C for 20 minutes. 

The final solutions of all the polymers were filtered using 
a polytetrafluoroethylene (PTFE) filter of 0,45 µm of pore size 
(Whatman, CAT number 6784-1304), so that possible dispersed 
particle aggregates were removed.

Both QCM-D and MP-SPR gold sensors were cleaned before 
PA film deposition according to a cleaning procedure establi-
shed by the manufacturer (Biolin Scientific, Sweden):

•	 Immerse the sensors in ethanol and place in an ultrasound 
bath (Farfield Aries 101, Fisher) for 15 minutes. 

•	 Dry the sensors with nitrogen gas and introduce them in the 
UV/ozone cleaner (ProcleanerTM Plus, Bioforce Nanoscien-
ce) for 10 minutes in order to eliminate organic contaminants. 
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•	 Heat 10 ml of a 5:1:1 mixture of ultrapure water, ammonia 	
(25%) and hydrogen peroxide (30%), respectively, to 75-90°C. 

•	 Place the sensor in the heated solution for 5 minutes. 

•	 Rinse with ultrapure water. It is important that the surfaces 
are kept wet after ammonium-peroxide immersion until they 
are rinsed with water. 

•	 Dry with nitrogen gas. 

•	 Rinse with 99% of ethanol. 

•	 Dry with nitrogen gas. 

After the cleaning procedure, the sensor was placed onto the 
spin-coater (SCC-200, Novocontrol Technologies, Germany) and 
held in place by a vacuum pump (KNF Laboport). Then, 2 μl of 
the polymer solution were deposited onto the sensor surface 
using a micropipette (Eppendorf Research Plus) and the spinning 
initiated immediately afterwards using the following program:

1.	 	10 seconds to reach a velocity of 20 rps followed by 20 
seconds at 20 rps. 

2.	 	10 seconds to reach a velocity of 25 rps followed by 20 
seconds at 25 rps. 

By the end of the program, the solvent had visibly evaporated 
from the sensor surface which apparently was covered evenly 
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with the thin polyamide film (Figure 2.3). PA deposition was op-
timized such as to warrant surface coverage of the sensor and 
avoid possible pinholes.

	

2.6. Characterization of the PA-films

2.6.1.	 Atomic Force Microscopy (AFM) 
The surface topography of the ultra-thin PA films was examined 
by AFM in both air (Nano Observer Solutions, CSInstrument, 
France) in tapping-mode and PBS buffer conditions  (Ultra Speed, 
JPK Instruments, Germany) in QI (quantitative imaging) mode. 
Samples were prepared by casting polyamides on QCM-D sen-
sor surfaces as described in Section 2.5. After polyamide film 
formation, the sensors were kept under vacuum for 12 hours 
prior to AFM measurements. For each sensor, four different re-
gions of the PA surface were investigated in order to get a better 
understanding of the homogeneity of the polyamide film surface. 

Figure 2.3. Schematic representation of the ultra-thin PA film formation by 
spin-coating.
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Roughness values were obtained for each polyamide with each 
roughness value being an average of ten different points of the 
same AFM image. 

The software used expresses the roughness in two different 
ways: as an arithmetic average roughness (Ra, Equation 2.1) and 
as a root mean square roughness (Rms or Rq, Equation 2.2).

Being n: number of samples measured; yi: height measured. 

2.6.2. Water contact angle (CA)

Samples were prepared as described in Section 2.5. After PA 
film formation, the sensors were kept under vacuum for 12 hours 
prior to the water CA measurement. Measurements were perfor-
med using the OCA 20 Instrument (Dataphysics). The volume of 
the water drop deposited onto polyamide films was 10 μL. Repli-
cas were made with the sensors being dried under vacuum for 
12 hours in between measurements.

𝑅𝑅𝑅𝑅 = $!
"
∙ ∑ |𝑦𝑦#|"

#$!   Equation 2.1 

𝑅𝑅𝑅𝑅 = $!
"
∙ ∑ 𝑦𝑦#$"

#%!   
Equation 2.2 
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2.6.3. X-ray photoelectron spectroscopy (XPS)

XPS measurements were conducted in order to characterize the surfa-
ce chemistry of the polyamide films. The experiments were carried out 
at the general X-ray facility UPV/EHU (SGIKER) using a SPECS system 
(Berlin, Germany) equipped with a Phoibos 150-1D-DLD analyzer and 
using a monochromatic radiation Al Kα (1486.7 eV). The spectra were 
analyzed trough CasaXPS 2.3.16 software. According to the SGIKER/X-
ray facility, the penetration depth of the electron beam was about 10 nm. 

The atoms considered for the experiments were carbon, oxygen, 
nitrogen and sulfur. The percentage of each atom was calculated 
as a relative percentage. Samples were prepared as described in 
Section 2.5. After the PA-film formation, all the sensors were dried 
prior to XPS measurement in order to remove solvent residues. 

An initial analysis of the elements present was carried out 
(wide scan: step energy 1 eV, dwell time 0.1 s, pass energy 80 
eV) and a detailed analysis of the elements present (detail scan: 
step energy 0.1 eV, dwell time 0.1 s, pass energy 30 eV) with an 
electron exit angle of 90° was performed.

2.7. Fouling and chemical cleaning measurements 
(Chapters 3 to 5)

All fouling (Chapter 3 and 4) and cleaning experiments (Chapter 
5) were conducted using both quartz crystal microbalance with 
dissipation monitoring (QCM-D) and multi-parameter surface 
plasmon resonance (MP-SPR). The experimental setup and data 
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acquisition software used is described in the following sections 
together with the experimental procedures for each method. 

2.7.1. Quartz Crystal Microbalance with Dissipation monito-
ring (QCM-D)

2.7.1.1. The QCM-D System

Adsorption of foulants on polyamides was studied using a sys-
tem E4 (Q-Sense Analyzer, Biolin-Scientific, Sweden). Figure 2.4 
depicts all the elements from which the QCM-D setup comprised. 
Four identical flow modules each containing a sensor crystal were 
the core of the measurement system and connected in parallel 
to the electronics. Data were recorded using the data acquisition 
software provided by the supplier (QSoft 101, Biolin-Scientific, 
Sweden) and processed by the QTools software (Biolin-Scientific, 
Sweden). Layer thicknesses of the polyamide films were calcula-
ted from raw data acquired by the QSoft software.

	

Figure 2.4. QCM-D experimental set-up adapted from [3]. 
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2.7.1.2. QCM-D sensors

Polyamides were deposited onto gold-coated QCM-D sensors 
(QSX 301, Biolin Scientific, Sweden) as described in Section 2.5. 
QCM-D sensors consist of a piezoelectric quartz crystal of 14 mm 
in total diameter covered on both sides by two gold electrodes 
(Figure 2.5). The polymer was deposited onto the sensing side 
(active electrode) keeping the counter electrode as clean as 
possible in order to avoid disturbing the electrical signal. The 
effective sensor area was of 1 cm2.

	

2.7.1.3. Basic QCM-D fundamentals

QCM-D is an acoustic technique in which the working principle 
is the resonance behavior of the crystalline piezoelectric mate-
rial of the sensor used [4]. During a measurement with QCM-D, 

Figure 2.5. Two sides of the QCM-D quartz sensor: a) the sensing side 
where the polymer deposition is made; b) the contact side.
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two parameters are determined in real time: the change in fre-
quency (ΔF) and the change in energy dissipation (ΔD). The use 
of quartz crystal microbalances (QCM) for measuring molecu-
lar interactions on surfaces in liquids goes back many decades 
[5,6]. However, it is only more recently that through measuring 
the impedance of the quartz sensor or applying the ring-down 
technique at least qualitative information on the viscoelasticity of 
adsorbed layers can also be obtained. The “D” in QCM-D stands 
for the so-called “dissipation factor” which provides information 
about the viscoelasticity or the “softness” of the adsorbed layer. 

Sauerbrey proved that the frequency change is proportional to 
the adsorbed mass per area (or surface density) on the sensor 
surface as long as the mass adsorbed forms a rigid layer [7], fo-
llowing the equation:

with Δf: frequency change [s-1]; Δm: adsorbed mass change per 
area [ng·cm-2] with the active area of the sensor being 1 cm2; 
constant “C” equals 17,7 [g·s·cm-2] in the case of the 5 MHz crys-
tal used in this work with νq: wave velocity in quartz plate, here 
3,34·105 [cm·s-1]; ρq: density of quartz, here 2,65 [g·cm3] and f0: 
fundamental resonance frequency [s-1]; n: number of harmonic. 
Concurrently with the frequency measurement, changes in ener-
gy dissipation were measured from which it was possible to deri-

 

	 Δm = − !!·#!
$·%"#

∙ &%
'
= −C ∙ &%

'
 Equation 2.3
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ve information about the viscoelastic properties of the adsorbed 
film, i.e. whether it was “rigidly” or “softly” adsorbed. The ratio 
ΔD/ΔF represented changes in viscoelasticity per unit frequency 
(synonymous with mass adsorbed per area or surface density) 
illustrating possible compaction or swelling of the surface layer 
upon exposure changing liquid compositions.

2.7.1.4. Fouling and cleaning experiments 

Prior to the fouling and cleaning experiments, all solutions 
were degassed either manually using a syringe when dena-
turation could occur (in the case of BSA solutions), or in an 
ultrasound bath for 15 minutes. All solutions were passed 
over the sensor surface using a peristaltic pump (Ismatec) 
with a continuous flow of 100 μl/min and at 23°C. In order 
to obtain a stable baseline as a reference, for each experi-
ment the PBS buffer was passed over the sensor for about 
90 minutes under the abovementioned conditions before 
injecting the foulant solutions. This time usually sufficed to 
equilibrate the ultra-thin PA film in the liquid. Stability was 
considered to be achieved when the frequency change was 
below 0.1 Hz/min. Each adsorption experiment was followed 
by rinsing with PBS buffer in order to see any desorption of 
the foulant (Figure 2.6).
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Figure 2.6. Experimental procedure of fouling experiments using QCM-D: 
Stabilization of the baseline in PBS buffer (1); adsorption of foulant onto the 
PA-coated QCM-D sensor (2); desorption step rinsing with PBS buffer (3). 
Blue lines represent the measured frequency while red lines represent the 
energy dissipation for different QCM-D harmonics.

In Chapter 5, once the irreversible foulant adsorption occured 
after desorption step, different cleaning agents were injected in 
order study their efficiency in removing organic fouling. Finally, a 
rinsing step was performed in order to see under reference con-
ditions how much foulant was removed by the detergent.

Materials and Methods
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2.7.2. Multi-Parameter Surface Plasmon Resonance (MP-SPR)

2.7.2.1. MP-SPR system

MP-SPR measurements were carried out using an MP-SPR from 
BIONAVIS (Finland). Same foulant and cleaning agent solutions 
as in QCM-D experiments were employed. Data were acquired 
and processed with the software “MP-SPR Navi Control” and 
“MP-SPR NaviData Viewer” (Bionavis, Finland), respectively. 

2.7.2.2. MP-SPR sensors 

MP-SPR sensors were composed of a glass slide coated with a 
thin metallic layer which in this case was gold (Figure 2.7). All the 
MP-SPR sensors were coated with the same polyamides used in 
QCM-D as described in Section 2.5.

	

2.7.2.3. Basic MP-SPR fundamentals

Multi-parametric surface plasmon resonance (MP-SPR) is an opti-
cal technique based on changes of the refractive index [9]. When a 
laser beam is projected onto the interface between the glass and 
gold layer of the MP-SPR sensor above the “critical angle”, total in-

Figure 2.7. Example of an MP-SPR gold sensor [8]. 
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ternal reflection (TIR) occurs. Even though the light is not refracted 
under this condition, part of its energy penetrates the glass/gold 
interface creating the “evanescent field” into the gold layer. If the 
energy of this field is in resonance with the surface plasmons of 
the gold layer, then the latter are excited resulting in what can be 
seen as a minimum in the SPR curve at a given a resonance angle. 
This angle depends on the refractive index of the liquid adjacent to 
the gold surface and is highly sensitive to any changes. Therefore, 
when molecules are adsorbed on the gold surface, both the refrac-
tive index and resonance angle will change resulting in a shift of the 
minimum of the SPR curve which then can be correlated with the 
molecular adsorption phenomena (Figure 2.8).

Materials and Methods

Figure 2.8. Working principle of the MP-SPR. Upper left: a laser beam is pro-
jected onto the interface between the glass and gold layer of the MP-SPR sen-
sor and total internal reflection (TIR) occurs. Upper right: as foulant molecules 
adsorb onto the MP-SPR sensor surface, both the refractive index and the re-
sonance angle change resulting in a shift of the minimum of the MP-SPR curve.
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Based on Fresnel equations, MP-SPR enables a robust mode-
lling in order to obtain the thickness and surface density of the 
adsorbed layer [10]. For proteins and when using a wavelength 
of 670 nm, the adsorbed mass per area may be approximately 
estimated equaling 0,833 ng/cm2 to one millidegree of resonan-
ce angle change.

MP-SPR permits acquiring the whole SPR curve which enables 
many more parameters to be investigated (e.g. total internal re-
flection parameter, “TIR”) rather than only the curve minimum. 
Furthermore, the equipment used in this work operated with 
three different wavelengths (670, 785, and 980 nm, respectively) 
of different sensitivity. Increasing the wavelength, the sensitivi-
ty decreases. As the change of the refractive index is detected 
by the SPR depending on the wavelength used, this means that 
in this way three independent measurements were available for 
one and the same material-foulant interaction. When processing 
the resulting data in an interdependent manner using all the 
three wavelengths, a single solution of the foulant layer thick-
ness can in principle be obtained. 

The MP-SPR equipment used had two parallel “physical” flow 
channels over the MP-SPR sensor with each being adapted 
with two “optical” measurement channels. Throughout this the-
sis “Channel” will refer to the optical measurement channel. 
The signal of Channels 1 (670 nm) and 2 (785 nm) stemmed 
from one flow channel and the signal of Channels 3 (670 nm) 
and 4 (980 nm) from the other. The wavelength of 670 nm was 
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duplicated in either flow channel such as to add robustness to 
the measurements. 

2.7.2.4. Fouling and cleaning experiments

All the fouling and cleaning experiments were carried following 
the same experimental procedure as in QCM-D measurements 
as described in Section 2.7.1.4. The flow velocity used during MP-
SPR measurements was 50 μl/min. 

2.8. Membrane fouling monitoring in a lab-scale and indus-
trial RO plants (Chapter 6)

A proof of concept study of early-stage detection of membrane 
fouling was performed connecting the QCM-D equipment to a 
lab-scale cross-flow RO filtration plant. The RO plant used was 
provided by a local company (OTARI, Ingeniería del agua S.L., 
Irún, Spain). The produced water permeate flux was 3 m3/day. 
RO membranes (Model: TW-PA-1812-100) were polyamide-based 
thin-film composite (PA-TFC) membranes provided by Sole Aqua 
(Taiwán) with a salt rejection of 99%. Experiments carried out 
using the lab-scale RO plant were accomplished recirculating 
feedwater with a total volume of 40 liters.  

Once the proof of concept had been achieved, a pilot study 
was performed in an industrial setting (TRL 8). The industrial RO 
plant was operated by a major local company from the paper 
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sector. The RO membranes were PA-TFC membranes and the 
permeate water flux ranged from 60 to 65 m3/day. The pilot 
study lasted about 1 month. 
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MEMBRANE FOULING BY COMBINING 
QCM-D AND MP-SPR
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3.1. Introduction

Freshwater is a natural resource that can be renewable, but 
due to increasing population growth and density local suppli-
ers have difficulties to provide the necessary water not only 
in amount but also in quality [1]. There is therefore a strong 
need to provide technologies that could supply drinking water 
reliably and with high quality. Desalination of sea water based 
on membrane technologies such as reverse osmosis (RO) has 
become a promising way to face this challenge [2]. However, 
membrane fouling seriously affects the process efficiency and 
economics [3]. Several attempts have been made in order to 
reduce membrane fouling by modifying the membrane surface 
chemically [4,5]. One of the most common ways to do so is 
through grafting of hydrophilic polymeric chains onto the mem-
brane surface in order to minimize the undesired adsorption of 
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molecules [6]. However, this strategy is limited by the low con-
trol over the grafting efficiency due to a heterogenous grafting 
density on the membrane surface.

One way to circumvent this shortcoming is to modify the re-
spective monomers prior to polymerization [7]. Yet, rendering 
either the membrane surface or the polymer composition less 
prone to fouling often is based on a trial-and-error approach 
[8] requiring therefore a material-intensive and time-consuming 
screening. For optimizing desalination membrane materials, on 
one hand, and detect membrane fouling during the desalination 
process at an early stage such as to optimize membrane clean-
ing, on the other, robust on-line measurement techniques are 
needed that help turn the membrane water production process-
es more energy-efficient and sustainable.

Until today, some of the commonly reported fouling monitor-
ing techniques such as direct observation trough membrane 
(DOTM) [9], electrical impedance spectroscopy [10], laser tri-
angulometry [11], synchrotron IR spectroscopy [12], optical co-
herence tomography (OCT) [13], RAMAN and FTIR are indeed 
useful to study membrane fouling. However, they all have a lim-
ited sensitivity in common due to which they fail to detect how 
fouling develops at an early stage, starting from the very first 
adsorption layers. These layers form in the range of nanome-
ters, roughly three orders of magnitude lower than the detec-
tion limit of common detection techniques. They have a pre-
dominant role during the fouling process as they change the 
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membrane surface properties and thus subsequently occurring 
interactions with the membrane surface. Another limitation of 
some of the aforementioned techniques is that they may not be 
robust enough for being implemented under harsh conditions 
on an industrial scale.

Within this context, a combination of quartz crystal micro-
balance with dissipation monitoring (QCM-D) and multi-paramet-
ric surface plasmon resonance (MP-SPR) was investigated as 
highly surface sensitive techniques for studying and predicting 
fouling phenomena. The aim was to establish a robust monitor-
ing capable of detecting fouling from a nanometric scale onward, 
at an early stage, in real-time, and in a non-invasive manner.

Several studies reported in literature have employed either 
QCM-D or SPR on their own for studying membrane fouling on 
the laboratory scale using different membrane materials and 
model foulants [3,14–17]. Henmi and co-workers used SPR to 
study the fouling resistance of PVDF/PMMA-g-PEO MBR mem-
branes of different lengths of PEO chains concluding that SPR 
would be useful for evaluating the fouling resistance of differ-
ent membrane materials [18]. Other works employed SPR for 
studying the antifouling properties of different coatings for the 
biomedical field [19]. Polyethersulfone (PES) membrane-foulant 
interactions were previously studied by SPR in combination with 
Raman spectroscopy and molecular dynamics simulation [20]. A 
combination of model foulants has shown to cause a more se-
vere damage into the filtration process [14,21–23].
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QCM-D has been more widely employed for laboratory-scale 
fouling detection than SPR. Matsuyama and co-workers stud-
ied the fouling tendency of cellulose acetate butyrate (CAB) 
UF hollow fibre membranes when exposed to different model 
foulants. Their QCM-D experiments revealed that bovine serum 
albumin (BSA) was notably adsorbed at the CAB surface while 
alginate (ALG) and humic acid (HA) apparently did not adsorb at 
all. UF experiments confirmed that BSA was the most irrevers-
ibly adsorbed foulant and therefore the flux recovery was the 
lowest [24].

However, experimental evidence obtained by QCM-D may not 
always correlate with observations made during the membrane 
filtration process. For example, Wang and coworkers studied the 
adsorption of ALG and BSA on SiO2 coated sensors. They ob-
served a strong interaction between BSA and silica which sug-
gested strong propensity to fouling of silica membranes by BSA. 
Surprisingly, during corresponding filtration experiments the flux 
was apparently not affected [25].

One possible explanation for apparent contradictions between 
QCM-D and membrane filtration measurements could be that 
QCM-D as a sole fouling monitoring tool can be limited: it is known 
that QCM-D does not only measure the adsorption of foulants to 
the sensor surface but also the water molecules associated to 
the foulant (Figure 3.1). This amount of water may represent a 
significant fraction of the overall frequency (or mass) change de-
tected. As a consequence, the real amount of adsorbed foulant 
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on the membrane surface would be strongly overestimated [26] 
by QCM-D, erroneously suggesting a high fouling propensity of 
the membrane surface. This is even more relevant as many com-
mon foulants such as proteins and polysaccharides are strongly 
hydrated when irreversibly adsorbing on the membrane surface.

SPR measurements, on the other hand, are not affected by wa-
ter associated to surface-adsorbed foulants. The measurement 
concept of SPR is ultimately based on differences in refractive 
index [27]. As water possesses the same refractive index wheth-
er adsorbed to a surface foulant or whether in the bulk, it will not 
affect the SPR signal (Figure 3.1). Yet, both QCM-D and SPR have 
their potential advantages to characterize membrane fouling. 
The aim was therefore to demonstrate that it is indeed the com-
bination of both QCM-D and SPR [28] that provides a unique, ro-

Figure 3.1. Sketch of how water molecules associated to foulants are per-
ceived as an additional mass by QCM-D but not by MP-SPR.
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bust method for membrane fouling monitoring at an early stage 
and in real time. For this purpose, we employed polyamide (PA) 
modified to different degrees with polyethylene glycol (PEG) as a 
sensor surface layer and investigated its fouling by BSA.

3.2. Results and Discussion

3.2.1. Reproducibility and thickness of PA-PEG ultra-thin films

The aim of this study was to study fouling of a PA-modified sensor sur-
face that should mimic the PA membrane surface of a reverse osmosis 
process. It was therefore indispensable to verify that the sensor poly-
mer coating was indeed representative for the surface of a PA mem-
brane as used in reverse osmosis (RO) [29]. Contreras et al. mimicked 
the surface of RO membranes by self-assembled monolayers (SAMs) 
[3,17]. However, this approach may bear the possible drawback of the 
surface not being entirely covered and, as a consequence, the con-
tribution from the support (here: gold) will affect the measurements. 
In this work, spin-coating was therefore chosen as a quick and easy 
method for creating ultra-thin films of the membrane polymer on both 
the QCM-D and SPR sensors. Despite of spin-coating being a quick 
and easy method to generate ultra-thin films, the appropriate solvent 
and substrate surface chemistry for polymer deposition on QCM-D 
and SPR sensors needs to be found: apart from being a good solvent 
for the polymer, the solvent should wet the sensor surface and also 
be volatile enough such as to evaporate swiftly leaving behind an 
ultra-thin polymer film of reproducible properties.
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The amount of polymer deposited was therefore determined for 
both techniques. As for QCM-D, and assuming that the ultra-thin 
PA film that has formed after drying could be considered “rigid”, the 
film thickness can be estimated according to the Sauerbrey equa-
tion (Eq. 2.1 on Chapter 2). As can be seen in Figure 3.2, except for 
pristine PA the average film thickness calculated was similar for all 
sensors and amounted to 50 nm (which according to Eq. 2.1 corre-
sponds to a frequency shift of approximately 300 Hz) or above.

Only pristine PA deposited not only has very thin films (average 
10 nm) but also with a far higher dispersion of thickness values 
compared to the other polymers. Hence, the PEG modification ap-
parently increased on one hand the adherence of the polymer 
solution to the sensor surface as well as the solubility of the PA 
in the solvent, resulting in thicker and more reproducible films. 

Prediction of Early-stage Membrane Fouling by Combining QCM-D and MP-SPR

Figure 3.2. Violin-plot of the variation of the thickness of different PA-PEG 
films created by spin-coating and with increasing PEG content of PA.
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Based on these data, for pristine PA the spin-coating protocol was 
adapted such as to warrant a deposition of always above 300 Hz.

It is commonly known that adsorption of molecules to a mem-
brane surface is governed by the membrane surface topogra-
phy, surface chemistry, and hydrophilicity [30]. We therefore 
investigated first these parameters prior to actual adsorption 
measurements.

3.2.2. Surface topography of the PA-PEG ultra-thin films

Ideally, the surface topography of the polymer-modified sen-
sors would have to be sufficiently reproducible such as no to 
interfere with the subsequent adsorption measurements. AFM 
experiments were conducted in both air and liquid (PBS buff-
er) conditions in order to see how the polymer film surface re-
mained after spin-coating and whether increasing the content 
of PEG had any effect on the PA surface topography. Figure 3.3 
illustrates that while unmodified PA possessed a rather smooth 
surface according to AFM measurements in air, the surface be-
came much rougher upon introduction of PEG, being PA-PEG75 
the one which highest roughness (Table 3.1). 

In fact, in air, PA-PEG75 possessed an about 30 times higher sur-
face roughness than pristine PA. Considering that this increased 
surface roughness would result in a larger surface area, it would 
therefore be expected that the measured adsorption of foulants 
could potentially be overestimated for PA-PEG75.

CHAPTER 3
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Figure 3.3. AFM images of the surface of PEG-modified PA films in air: (A) 
unmodified  PA; (B) PA-PEG25; (C) PA-PEG50; (D) PA-PEG75.

Prediction of Early-stage Membrane Fouling by Combining QCM-D and MP-SPR

Table 3.1. Roughness values Ra and Rq of PA-PEG films as determined in 
air.
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On the other hand, AFM measurements in PBS buffer revealed 
that the surface topography was not only lower (Table 3.2) than 
in air but also slightly decreased with increasing degree of modi-
fication. All AFM images in buffer showed a comparatively rather 
smooth surface irrespective of the degree of PEG-modification 
(Figure 3.4). One might argue that the topography of PA-PEG75 
reveals some more apparent “aggregations” visible as white 
spots. However, it is emphasized that these features are more 
extended in area rather than in height as can clearly be con-
firmed by the scale adjacent to the images. As shown by the 
data in Table 3.2, they furthermore did not result in a significant 
change in average surface roughness for PA-PEG75, as opposed 
to what was observed in air. This demonstrates the importance 
of conducting AFM characterization under actual experimental 
conditions.

The decreased surface roughness with increasing polymer 
modification by dangling hydrophilic side chains does not nec-
essarily go along with an increase in surface roughness. K. 
Gleason et al. performed AFM measurements in air conditions 
on RO membranes with zwitterionic coating. They observed a 
decreased surface roughness with increasing the membrane 
modification, resulting in a smoother surface which proved less 
prone to protein adsorption [31]. A similar observation was made 
by Matsuyama et al. with multi-layered polyelectrolyte-modified 
RO membranes. As the number of layers increased, they also 
observed a significant reduction of the surface roughness ex-
pecting less protein adsorption [32]. 

CHAPTER 3
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Figure 3.4. AFM images of the surface of PEG-modified PA films in PBS 
buffer: (A) unmodified PA; (B) PA-PEG25; (C) PA-PEG50; (D) PA-PEG75.

Table 3.2. Roughness values Ra and Rq of PA-PEG films as determined by 
AFM in PBS buffer.

Prediction of Early-stage Membrane Fouling by Combining QCM-D and MP-SPR
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Based on these AFM measurements it could be stated that the 
surface topography was in the same order of magnitude for all 
polymers with a tendency toward slightly smoother surfaces as 
the PEG content increased. However, taking into account the or-
der of magnitude of the surface roughness in buffer (Ra<1nm) 
and within the standard deviation of the measurements these 
differences could be considered of minor significance and the 
surface topography of all surfaces assumed very similar.

3.2.3. Surface chemistry and contact angle of the PA-PEG ultra-thin films

The surface chemistry of the ultra-thin PA films was investigated 
by XPS. Using the chemical structure of the unmodified polyam-
ide, the theoretical content of carbon and oxygen elements was 
calculated for each PEG-modified polyamide as a reference. Fig-
ure 3.5 depicts both the theoretically expected and measured 
content of carbon and oxygen of each PA-PEG film based on the 
polymer chemical structure (see Figure 2.1).

CHAPTER 3

Figure 3.5. Left: Carbon content determined by XPS for PA-PEG films: theo-
retical content (straight line) and experimental data (purple circles). Right: 
Oxygen content determined by XPS for PA-PEG films: theoretical content 
(straight line) and experimental data (blue circles).
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For unmodified polyamide (0% PEG), the predicted carbon 
and oxygen content is in excellent agreement with the ex-
perimentally determined values. However, upon increasing 
the percentage of PEG, the deviation between predicted and 
experimentally determined content for carbon and oxygen, 
respectively, deviates increasingly. A possible explanation 
can be a rearrangement of the polymer such as to expose 
the more hydrophobic moieties to the surface during solvent 
evaporation and given that the measurements were conduct-
ed in vacuum and, thus, absence of water [33]. Contact angle 
(CA) measurements widely confirmed this observation. Table 
3.3 lists the water CA values measured for the different PA-
PEG films. As opposed to what could be expected and was 
reported [7], water contact angles slightly increase with grow-
ing PEG-content of the polyamides. The water contact angle 
remains for all samples below 90∞ indicating a hydrophilic 
surface, however, the carbon content as determined by XPS 
and the CA measured for the ultra-thin films correlate very 
well, except for PA-PEG100 (Figure 3.6). In this latter case, it 
was noticed that the polymer was not stable upon prolonged 
contact with water, a reason for which PA-PEG100 was exclud-
ed from subsequent experiments.

Prediction of Early-stage Membrane Fouling by Combining QCM-D and MP-SPR
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In summary, experimental results based on XPS and CA would 
suggest a slight increase in hydrophobicity of the ultra-thin pol-
yamide film surface upon gradual incorporation of PEG-moieties 
and, hence, slightly increased fouling tendency. This is the op-
posite of what would be expected as the incorporation of PEG 
units made the polyamide more hydrophilic according to previ-
ous measurements of water uptake and water contact angle [7].

Figure 3.6. Water contact angle (pink squares) and experimental carbon 
content determined by XPS (purple dots) as a function of the degree of 
PEG-modification of PA.
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Table 3.3. Water contact angle measured for PA-PEG films.
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We therefore verified with QCM-D and MP-SPR measurements 
whether the PA layers would indeed be more prone to fouling 
upon increasing the PEG content.  

3.2.4. BSA adsorption on PA-PEG as determined by QCM-D

Using bovine serum albumin (BSA) as a model foulant for all 
aforementioned PEG-modified polyamides, a typical QCM-D 
analysis is depicted in Figure 3.7A. After a stabilization of the 
ultra-thin films in buffer, the time when BSA adsorption reaches 
stationary state (here: within 10 minutes) can be clearly identified. 
Contrary to what results obtained by XPS and water CA sug-
gested, a clear anti-fouling contribution of PEG is identified: un-
modified polyamide adsorbs BSA most while PA-PEG75 reduces 
the adsorption of BSA by almost 83 %  (Figure 3.7B) confirming 
previous studies using similar membrane surface modifications 
[5,34]. Upon rinsing again with buffer (denoted as “desorption” in 
Figure 3.7A), a rise in frequency was observed indicating deso-
rption of loosely bound BSA. This rise was 6,6%; 7,4%; 13,7%; and 
28,5% for PA-PEG0; PA-PEG25; PA-PEG50; and PA-PEG75, re-
spectively. PEG-modification therefore did not only diminish BSA 
adsorption but also weaken the interaction of the BSA with the 
PA surface. For membrane applications involving PA, this means 
that highest PEG-contents would not only decrease membrane 
fouling in the first place but also help removing fouling during 
water flushing and membrane cleaning. 

Prediction of Early-stage Membrane Fouling by Combining QCM-D and MP-SPR
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Figure 3.7A. Typical BSA adsorption/desorption experiment on polyamides 
modified to different degrees with PEG and monitored by QCM-D. 3.7B.  
Average of steady-state values of BSA adsorption on PEG-modified pol-
yamides as determined by QCM-D. The error bar represents the standard  
deviation of the mean.
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3.2.5. Study of the viscoelasticity of the adsorbed BSA protein 
layer on PA-PEG films

The dissipation factor D is commonly associated with the “ri-
gidity” or “softness” of the adsorbed layer and therefore holds 
information on the adsorbed layer properties which are par-
ticularly valuable for a membrane filtration process. For exam-
ple, the same mass of a foulant can affect to a different degree 
membrane fouling depending on the foulant’s density: what 
would be detected in QCM-D as a “softer” or more viscoelastic 
mass may generate a fouling with a more severe impact than 
the same mass but more “rigidly” attached (Figure 3.8). 

Figure 3.8. Sketch illustrating how the same mass of a foulant can diffe-
rently affect the membrane process depending on the foulant’s density. A 
softer, “spongy” adsorption layer (left) may diminish water flux to a higher 
degree than a denser, more condensed adsorbed layer (right) of the same 
mass.
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This can be clearly demonstrated in the context of the simple 
model fouling system chosen for this study. Figures 3.9A and 
3.9C depict the time-dependent frequency and dissipation for 
the 5th harmonic during BSA adsorption and subsequent rinsing 
on PA-PEG0 and PA-PEG75, respectively. Eliminating time as a 
parameter from these data, the dissipation is plotted in Figures 
3.9B and 3.9D versus its respective frequency, i.e., the mass ad-
sorbed on the membrane polymer surface.

Figure 3.9A,C. Raw data of the adsorption of BSA on PA-PEG0 and PA-
PEG75, respectively, as monitored by QCM-D; B, D: Representation of the 
raw data in a dissipation-frequency plot such as to illustrate changes in 
the viscoelasticity of the adsorbed BSA layer on PA-PEG0 and PA-PEG75, 
respectively. 
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It can be seen that while for both PA-PEG0 and PA-PEG75 the 
dissipation increases with incremental frequency during the 
adsorption of BSA, rinsing with buffer results in a compaction 
(decrease in dissipation at minor change of frequency) of the 
BSA layer formed in the case of PA-PEG0 and softening in 
the case of PA-PEG75. In a membrane process, the “rinsing” 
step would correspond to water flushing which according to 
these results would compress the protein fouling layer in the 
case of unmodified PA and in the case of PA-PEG75 loosen it 
slightly. The steady-state ratio between frequency and dissi-
pation (ΔD/ΔF) during “rinsing” reveals whether the protein 
(BSA) is attached to the PA surface as a more rigid or soft lay-
er. In accordance with the aforementioned, data depicted in 
Figures 3.10A and 3.10B demonstrate that BSA adsorbed with 
increasingly “softer” layers on the PA surface with increasing 
PEG-content. Particularly in case of PA-PEG75, the high ratio  
of ΔD/ΔF results from both a low ΔF  and a high ΔD. BSA does, 
hence, not only adsorb least in this case, but also forms signif-
icantly softer adsorption layers as compared to the other pol-
yamides. This could possibly be due to the PEG chains acting 
as flexible brush-like filaments that hinder BSA from adsorb-
ing in a more compact manner. The ΔD/ΔF ratio can, hence, 
be used as a predictive parameter for the membrane cleaning 
efficiency in a membrane filtration process.
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Figure 3.10A. Change of dissipation “D” as a function of the change of fre-
quency “F” with incremental increase of the PEG-content of polyamides. 
3.10B. ΔD/ΔF ratio change as a function of the degree of PEG-modifica-
tion of the polyamides. Data for ΔD/ΔF were taken from the water rinsing 
step after adsorption.

3.2.6. BSA adsorption on PA-PEG films as determined by MP-SPR 
and complementarity with QCM-D

MP-SPR differs from QCM-D inasmuch as it is an optical tech-
nique based on changes of the refractive index. However, the 
sensors employed in both MP-SPR and QCM-D can share the 
same sensor surface material which facilitates a direct compari-
son of results obtained by both techniques. Just as in QCM-D, the 
real-time kinetics of foulant interactions with the PEG-modified 
PA is monitored by MP-SPR, in this case following the shift in res-
onance angle (Figure 3.11A). Figure 3.11B depicts how the fouling 
tendency detected is in fact very similar to that of QCM-D: with 
increasing PEG content of the PA the BSA adsorption decreases.
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Figure 3.11A. MP-SPR response (using the wavelength of 670 nm) of 
adsorption of BSA on different PA-PEG films, PA-PEG0 (pink curve); PA-
PEG25 (purple curve); PA-PEG50 (blue curve); PA-PEG75 (green curve); 
3.11B. MP-SPR resonance angle change due to adsorption of BSA on the 
same PA-PEG films as in A.

Normalizing the BSA adsorption data determined by both QCM-D 
and MP-SPR in relation to the adsorption measured at PA-PEG0, 
it becomes evident that although data from both techniques 
follow the same tendency, minor differences are observed for 
PA-PEG25 and PA-PEG75 where QCM-D detects a slightly high-
er and lower amount of BSA adsorbed, respectively, than MP-
SPR (Figure 3.12). Frequency and angle changes as measured 
by QCM-D and MP-SPR, respectively, can be converted approxi-
mately into adsorbed masses per area or surface densities. Fig-
ure 3.12B illustrates that QCM-D detects a 2,5-fold higher total 
adsorbed mass per area than MP-SPR for the pristine PA while 
with increasing PEG content this difference becomes smaller 
and vanishes for PA-PEG-75. QCM-D measures the “wet mass” 
of the protein, i.e. the protein and its associated water. MP-SPR, 
on the other hand, is based on optical properties and as the as-
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sociated water of the protein has the same refractive index as the 
bulk water, it only will sense the “dry” protein mass. Figure 3.12B 
therefore suggests that the hydration regime of BSA is entirely dif-
ferent between PA-PEG0 (highly hydrated) and PA-PEG75 (low hy-
dration) which could be explained by different conformations which 
BSA undergoes on both surfaces. It is noteworthy that in the latter 
case the agreement between QCM-D and MP-SPR is excellent.

This example highlights the benefit of using both QCM-D and 
MP-SPR in combination as a fouling monitoring technique. For 
highly hydrated fouling layers, QCM-D might strongly overesti-
mate membrane fouling and MP-SPR appears to yield far more 
reliable results as regards the foulant “dry” mass. This is particu-
larly relevant when one aims at elucidating the fouling tendency 
of different compounds and/or membrane surfaces. On the oth-

Figure 3.12A. Normalized values of BSA adsorption data for PEG-modi-
fied polyamides as determined by QCM-D (purple circles) and MP-SPR 
(green diamonds). B: BSA adsorbed mass on PEG-modified polyamides 
estimated from QCM-D (purple circles) and MP-SPR (green diamonds).
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er hand, during membrane filtration information on the hydrated 
fouling layer as measured by QCM-D might be of interest since 
pore blocking would most probably be more adequately de-
scribed considering the hydrated rather than the dry foulant (as 
sketched in Figure 3.8). Moreover, the ΔD/ΔF ratio as a measure 
of the fouling layer viscoelasticity provided by QCM-D yields val-
uable insights into the rigidity of the layer which could ultimately 
be related to the ease of membrane cleaning.

3.2.7. Modelling of the BSA layer thickness on PA

A BSA molecule in aqueous solution has been reported to have the 
approximate dimension of 4 nm x 4 nm x 14 nm [35] such that its ad-
sorption can occur either upright (height 14 nm) or lying down (height 
4 nm). The area occupied by one BSA molecule is then 16 nm2 and 
56 nm2, respectively. With an effective QCM-D sensor surface of ap-
proximately 1 cm2, the Avogadro constant (6,02·1023 mol-¹) and molec-
ular weight of BSA of 66,5 kDa, the mass of a BSA monolayer entirely 
covering the sensor surface is calculated to be 693 ng (BSA upright) 
and 198 ng (BSA lying down). Using the Sauerbrey equation (Eq. 2.1), 
the respective maximum frequencies are determined to be 39,2 Hz 
(upright) and 11,2 Hz (lying down) and based entirely on a theoretical  
calculation involving the geometry of a single BSA molecule. 

For pristine PA with a maximum BSA adsorption (Figure 3.12B), 
MP-SPR measured a “dry” mass of BSA adsorbed of approxi-
mately 200 ng·cm-² which would translate into 11,3 Hz using the 
Sauerbrey equation for QCM-D. At the BSA concentration used 
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in buffer (100 ppm), the surface coverage of PA is close to max-
imum (Figure 3.13). As a consequence, the excellent agreement 
between MP-SPR data and the theoretical calculation hint at BSA 
adsorbing apparently in the “lying down” mode which would 
suggest a layer thickness of around 4 nm.

Assuming that pristine PA was almost entirely covered by BSA, we 
investigated in how far QCM-D and MP-SPR would be able to fit 
the BSA layer thickness. QCM-D acquires data on two independ-
ent variables simultaneously (different harmonics of frequency F 
and dissipation D) from which therefore not only the mass adsorp-
tion can be retrieved but also one further parameter such as the 
layer thickness. Using the raw QCM-D frequency and dissipation 
data, the thickness of the BSA layer adsorbed on pristine PA was 
determined by using the Sauerbrey model for a rigid layer and 
Voigt model for a viscoelastic layer, respectively. The modelled 

Figure 3.13. Adsorption isotherm of BSA on PA-PEG0. The concentration 
of the BSA in solution ranged from 1 ppm to 1000 ppm. 
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layer thickness based on QCM-D data was 6 nm and 7 nm, hence, 
in reasonable agreement with the expected thickness of 4 nm. 

Common SPR measures only one parameter (resonance angle 
shift) and can, hence, provide direct information only on one vari-
able (surface coverage). The MP-SPR employed in this study was 
measuring with three different wavelengths (670nm, 785 nm, and 
980 nm, respectively) yielding three independent data points per 
measurement and allowing, hence, for determining thickness as 
an additional variable apart from the surface coverage.

Figure 3.14. Modelling of MP-SPR data. Raw data using a single wavelen-
gth of 670 nm (A), and corresponding fit (B); raw data using three different 
wavelengths (C): 670 nm (blue), 785 nm (green), 980 nm (orange), and 
corresponding interdependent fit (D).
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A thickness value of 1.6 nm was obtained when fitting the SPR 
curve obtained by protein adsorption with one wavelength 
(Figure 3.14A and 3.14B). This value is significantly lower than 
the minimum expected height of 4 nm. The issue with a single 
wavelength measurement is that there exist several possible 
combinations of refractive index and layer thickness which 
describe the same SPR curve because the system is under-
determined. As a consequence, only an approximate solu-
tion can be found. This shortcoming is overcome by work-
ing with three wavelengths instead of only one. Because the 
change of the refractive index depends on the wavelength, 
three independent measurements are available for one and 
the same data point such that three independent SPR-curves 
are obtained during one measurement (Figure 3.14C). Fitting 
the same data as before in an interdependent manner using 
all three wavelengths (Figure 3.14D) by means of LayerSolver 
software resulted in a single solution of about 4 nm. This val-
ue is exactly the size of the expected monolayer of BSA when 
lying down on the PA surface. Hence, a very good agreement 
was found between theoretical calculation and modelling, 
particularly using MP-SPR. Results so obtained are particularly 
useful for fouling characterization in membrane processes as 
knowledge of the layer thickness permits mass transfer mod-
elling and subsequently process optimization.
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3.2.8. Correlation between filtration process and QCM-D/MP-
SPR data

We conducted a proof-of-concept study of a combined QCM-D/MP-
SPR early stage detection of membrane fouling. For this purpose, 
we correlated results from a laboratory scale ultrafiltration (UF) [7] 
using membranes composed of the very same PEG-modified poly-
amides as studied in this work with our data from QCM-D and MP-
SPR. The experimental conditions for the UF were the same as dur-
ing QCM-D and MP-SPR experiments, using BSA as a model foulant. 
After fouling by BSA during UF the membranes were flushed with 
water  for 15 minutes in order to desorb reversibly bound BSA, very 
similarly to what was done during our QCM-D and MP-SPR meas-
urements (denoted as “rinsing” in Figure 3.7A). Subsequently, water 
flux recovery of the UF process was measured [7] with 100% indi-
cating the flux of the pristine membranes. We used these data as a 
reference converting them into loss of water flux by simply apply-
ing: loss of water flux [%] = 100% - flux recovery [%]. The respective 
UF data could then be directly correlated with data from QCM-D 
(Figure 3.7B) and MP-SPR (Figure 3.11B) after rinsing. 

Figure 3.15A illustrates the agreement between UF loss of water 
flux and QCM-D data (taken from Figure 3.7B). As can be observed, 
the correlation was excellent. Figure 3.15B shows that MP-SPR data 
correlated very well with data of UF loss of water flux with excep-
tion of the data point for PA-PEG75. It is recalled that QCM-D meas-
ures the hydrated mass of BSA adsorbed whilst MP-SPR measures 
only the “dry” mass. Given that UF membranes are porous, a sit-
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uation like the one sketched in Figure 3.8 (left) most probably ap-
plies where it is the total mass of BSA (protein + associated water) 
that determines the impact of the fouling layer – hence, the excel-
lent correlation with the QCM-D data. For non-porous membranes, 
however, QCM-D would most likely overestimate the fouling and 
a better correlation would be obtained with MP-SPR. It is thus the 
combination of both highly complementary techniques that provide 
a robust fouling monitoring of membrane separation processes.

Figure 3.15. Correlation between the loss of water flux during UF [7] and (A) 
QCM-D data and (B) MP-SPR data as a function of the PEG content of PA.
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3.3. Conclusions

A highly sensitive monitoring method for detecting membrane 
fouling at an early-stage has been reported. The method is 
based on a combination of QCM-D and MP-SPR. Using PA-PEG 
membrane polymers and BSA as a model foulant, both QCM-D 
and MP-SPR allowed measuring adsorption phenomena not 
only in real-time but the combined data could also be correlated 
with fouling phenomena in the respective membrane filtration 
process. The reported method provides the opportunity to de-
termine the thickness of the fouling layer by a modelling of the 
acquisition raw data. It was found that multiple wavelength MP-
SPR provides information on fouling layer thickness in a more 
reliably way than QCM-D. The latter, however, yields informa-
tion on viscoelasticity of the adsorbed fouling film which can be 
correlated with the density of the membrane fouling layer. This 
information may allow an optimization of membrane cleaning 
protocols. Therefore, the combination of both QCM-D and MP-
SPR is a very useful tool for predicting membrane fouling at an 
early-stage and in this way minimize its impact on the membrane 
filtration process.
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CHAPTER 4
STUDY OF THE INTERACTIONS 

BETWEEN COMMON FOULANTS AND 
MEMBRANE SURFACE USING QCM-D 

AND MP-SPR

4.1. Introduction

The efficiency of membrane-based filtration processes in water 
treatment is strongly affected by membrane fouling caused by 
colloidal deposition, adsorption of organic compounds, forma-
tion and growth of bacterial biofilms and/or precipitation of spa-
ringly soluble inorganic compounds [1]. 

Natural organic matter (NOM) and microbiological substances 
are commonly present in water resources [2]. These compounds 
are the principal causes of membrane fouling during a membra-
ne filtration process such as reverse osmosis.

Membrane fouling is such a complex phenomenon depen-
ding on a variety of parameters (hydrophobicity or charge 
of the membrane material, nature of foulant and hydrodyna-
mics of the filtration process) that it results almost impossible 
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to completely comprehend its development such as to find 
an optimum strategy to avoid it in a real membrane filtration 
process [3]. Yet, several studies have performed great work 
on trying to understand in depth partial aspects of fouling 
phenomena [4–7]. 

The results discussed in Chapter 3 have clearly shown that 
the combination of QCM-D and MP-SPR techniques is a very 
powerful tool for characterizing molecular interactions at the 
nanoscale between the surface of different synthetic polya-
mides films (model membrane system) and a model foulant 
such as the bovine serum albumin (BSA) protein. The sensiti-
vity of both techniques allowed detecting fouling phenome-
na at an early-stage and it was shown that the use of both 
methods could be useful for membrane fouling monitoring 
during a real filtration process. While this concept was pro-
ven in Chapter 3 with a simple case study using a model 
foulant such as BSA this Chapter 4 is to further investigate 
the complementarity of QCM-D and MP-SPR for studying the 
adsorption phenomena underlying membrane fouling. For 
this purpose, adsorption isotherms were determined on pol-
yamide for BSA, humic acid (HA) and sodium alginate (ALG) 
with both techniques. 

An important aspect to consider when determining adsorption 
isotherms is that it must be warranted that equilibrium conditions 
are reached. Mass transfer limitations can affect particularly hi-
gh-molecular weight solutes such as proteins which have a low 
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diffusion coefficient according to the Stokes-Einstein relations-
hip [8]. As proteins have high adsorption affinity for most surfa-
ces [9], the kinetic rate of the adsorption can be very fast in com-
parison with the diffusion of protein molecules into the boundary 
layer adjacent to the material surface. Thus, reaching the ad-
sorption/desorption equilibrium can be mass-transfer limited. As 
QCM-D and MP-SPR are real-time monitoring techniques, they 
bear the advantage that it reaching steady-state can be verified 
which makes the determination of adsorption isotherms more 
reliable [8].

4.2. Results and Discussion

The model membrane system used in this Chapter is composed 
of a commercially available NOMEX-based aromatic polyamide 
as opposed to Chapter 3 where the polyamide was synthetic 
(see Chapter 2). 

4.2.1. BSA adsorption on an aromatic polyamide as a mem-
brane model

Protein adsorption on a given surface is commonly character-
ized by measuring adsorption isotherms in order to quantify the 
amount of protein adsorbed under equilibrium conditions on a 
specific solid surface. Different experimental methods including 
optical, spectroscopic, microscopic and thermal analysis tech-
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niques are commonly employed to study the adsorption and de-
sorption kinetics of a protein, structural changes and other phys-
ical as well as kinetic and thermodynamic parameters related to 
the adsorption phenomenon [9,10]. The simplest method to study 
the adsorption of a protein is the Solution Depletion Technique 
where a concentration change is measured in bulk solution prior 
and after the adsorption of the protein onto the surface of the 
employed material [9]. 

Figures 4.1 A-D depict the adsorption isotherm of the BSA 
protein measured by QCM-D on both pristine (gold, A) and 
aromatic polyamide-coated QCM-D sensors (C-D), respec-
tively. The frequency values depicted in all the plots corre-
spond to the steady-state during the desorption step of all 
the measurements (see Materials and Methods) and there-
fore represent the irreversible fouling caused by BSA on 
both gold and aromatic polyamide-coated sensor. Adsorp-
tion on a bare gold sensor was measured as a reference 
because gold is the default sensor surface on top of which 
the polyamide was deposited.

All adsorption isotherms, including the adsorption of BSA on 
gold, were Langmuir type. By definition, the latter means that 
BSA molecules adsorbed on the sensor surface apparently as 
a monolayer. This observation is in line with what has been re-
ported in previous protein adsorption studies [6].
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The Langmuir constant and the adsorption maximum values 
were obtained from the Langmuir-type fit 

with: [BSA]feed being the concentration of the BSA protein in 
the solution; Adsmax being the maximum amount adsorbed on 

Figure 4.1. Adsorption isotherm of the BSA protein on (A) a bare QCM-D gold 
sensor and (B-D) QCM-D sensors coated with an aromatic polyamide. B-D 
were carried out using a different QCM-D sensor for each experiment. The 
concentration of BSA in the solution ranged from 1 to 1000 ppm. The values 
were fitted with a Langmuir-type equation considering specific binding, only.

𝐹𝐹 =
[𝐵𝐵𝐵𝐵𝐵𝐵]!""# ∙ 𝐴𝐴𝐴𝐴𝐴𝐴$%&
[𝐵𝐵𝐵𝐵𝐵𝐵]!""# + 𝐾𝐾'
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the surface; KL being the Langmuir constant which describes at 
which concentration of BSA 50% of the saturation is reached. 

The respective values are listed in Table 4.1.

As can be seen from Table 4.1, the average value of both the 
Langmuir constant (KL) and the maximum amount adsorbed 
(Adsmax) of measurements performed with the PA-coated sen-
sors were 10,2±0,3 ppm and 44,9±3,2 Hz, respectively. KL and 
Adsmax values of BSA on gold are slightly higher and lower, 
respectively, but of very similar magnitude. This showed the 
need for guaranteeing that the PA deposition would comple-
tely cover the gold electrode in order to avoid experimental 
artefacts. 

Table 4.1. Langmuir constant and maximum adsorption values determined 
from the fitting of all the adsorption experiments. Test 1 corresponds to the 
BSA adsorption on gold QCM-D sensor. Test 2, 3 and 4 shows values of 
the BSA adsorption on PA-coated sensors.

Test ID KL Adsmax 

 [ppm] [Hz] 

Test 1 (Au-BSA) 11,8 37,7 

Test 2 (PA-BSA) 10,0 42,3 

Test 3 (PA-BSA) 10,5 43,9 

Test 4 (PA-BSA) 10,0 48,5 

Average (PA-BSA) 10,2±0,3 44,9±3,2 
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On a closer look, Langmuir-fit slightly underestimates the mea-
sured frequency value at 1000 ppm (Figure 4.1). A possible expla-
nation could be the contribution of the non-specific interactions 
between the BSA molecules. At lower concentrations, these 
interactions also can occur but they will be negligible because 
the BSA-PA interactions are predominant. As soon as the surfa-
ce becomes more and more saturated with BSA concentration, 
the probability of non-specific interactions will increase. In an at-
tempt to corroborate this hypothesis, the following theoretical 
considerations were made: 

A BSA molecule in aqueous solution has been reported to 
have the approximate dimension of 4 nm x 4 nm x 14 nm [11]. 
The maximum possible adsorption of BSA would occur with the 
BSA molecules in an upright position (height 14 nm). The area 
covered on the sensor surface by a single molecule would then 
be 16 nm2. Accounting for the active area of a QCM-D sensor 
amounting to 1 cm2 and that the average molecular weight of 
a BSA molecule is 66,5 kDa, the mass of the adsorbed BSA 
would be about 690 ng. This mass corresponds to a frequen-
cy signal of 39 Hz according to the Sauerbrey equation. Com-
paring with the data listed in Table 4.1, this value is close to 
the observed maximum adsorption on gold (37,7 Hz) and be-
low the mean of the Adsmax values on PA which is 44,9±3,2 
Hz. The very good agreement between theoretically calcula-
ted and measured Adsmax for gold may be explained by an 
almost “ideal” adsorption of BSA molecules on a gold surface 
of minimum surface roughness and lack of surface functional 
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groups. As opposed to a gold surface, and although polyamide 
depositions had a low surface roughness in comparison with 
the molecular dimensions of BSA (see Chapter 3), the presence 
of surface functional groups may trigger adaptation of the BSA 
molecules to the polymer surface, which in turn can give rise 
to additional protein-protein interactions based on van der Wa-
als forces as compared to what occurs on a gold surface [12]. 
This could explain the higher Adsmax values of BSA on PA as 
compared to gold. The slight underestimation of the adsorbed 
mass at a liquid BSA concentration of 1000 ppm would then 
be due to non-specific protein-protein interactions which are 
independent of the sensor surface. 

Similar observations were made with MP-SPR. Figure 4.2 
and 4.3 illustrate the change in the resonance angle (Δθ) 
due to the adsorption of the BSA at different concentrations 
on both an uncoated and PA-coated gold MP-SPR sensors. 
As before, the data shown in both figures correspond to the 
desorption step and hence to an irreversible fouling caused 
by BSA. 

As explained in Chapter 2,  different wavelengths possess 
a different sensitivity with sensitivity decreasing with increa-
sing wavelength. As Channels 1 and 3 (670 nm) are the most 
sensitive ones, they were selected for subsequent calcula-
tions when comparing data of MP-SPR and QCM-D. Further-
more, and as mentioned in Chapter 2, the MP-SPR had two 
parallel “physical” flow channels over the sensor with each 
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being adapted with two “optical” measurement channels. In 
the following, “channel” refers to the optical measurement. 
Hence, the signal of Channels 1 (670 nm) and 2 (785 nm) 
stem from one flow channel and the signal of Channels 3 
(670 nm) and 4 (980 nm) from the other. Duplicating the wa-
velength of 670 nm in either flow channel added robustness 
to the measurements.

As can be seen from Figure 4.2 and 4.3, the adsorption iso-
therm resulted from the irreversible adsorption of the BSA on 
both gold and PA-coated MP-SPR sensors was a Langmuir type 
which agreed well with QCM-D data.

Figure 4.2. Adsorption isotherm of the BSA protein on a bare MP-SPR gold 
sensor. The concentration of the BSA in the solution ranged from 1 to 1000 
ppm. Different colors represent different channels of wavelengths:  green 
curve (channel 1, 670 nm); red curve (channel 2, 785 nm); blue curve (channel 
3, 670 nm); purple curve (channel 4, 980 nm).

Study of the interactions between common foulants and membrane surface using QCM-D and MP-SPR
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Figure 4.3. Four different adsorption isotherm of the BSA protein on PA-coa-
ted MP-SPR sensors. A (Test 2); B (Test 3); C (Test 4); D (Test 5). The concen-
tration of the BSA in the solution ranged from 1 to 1000 ppm. Different colors 
represent different channels of wavelengths:  green curve (channel 1, 670 
nm); red curve (channel 2, 785 nm); blue curve (channel 3, 670 nm); purple 
curve (channel 4, 980 nm). 

The resulting Langmuir constant KL and the maximum of the ad-
sorption Adsmax are listed for each independent measurement 
in Tables 4.2 and 4.3.
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It is noted that despite the fact that different wavelengths 
have different sensitivity, this should not affect the Langmuir 
constant KL. As can be seen from Table 4.2, the KL values 
obtained from Test 1 (Au-BSA) were higher than the KL va-
lues obtained from Tests 2-5 for all the channels. This ob-
servation was also made with QCM-D (Table 4.1), however, 
to a much lesser extent. There is furthermore a significant 
difference in the KL values obtained in Channels 1 and 2, on 
one hand, and Channels 3 and 4, on the other. This seems 
to correlate with the respective flow channel. For gold, KL 
of Channels 1 and 2 double that of Channels 3 and 4; for 
PA, the KL as determined by Channels 3 and 4 is about 75% 

Table 4.2. Langmuir constant determined from the curves fitting of the 
MP-SPR measurements. Test 1 corresponds to the BSA adsorption on a 
bare gold MP-SPR sensor while Test 2-5 show values of the BSA adsorp-
tion on PA-coated MP-SPR sensors.

Test ID KL 

[ppm]  

 Channel 1 

(670 nm) 

Channel 2 

(785 nm) 

Channel 3 

(670 nm) 

Channel 4 

(980 nm) 

Test 1 (Au-BSA) 37,7 40,5 18,5 22,6 

Test 2 (PA-BSA) 15,5 16,8 14,5 13,0 

Test 3 (PA-BSA) 18,7 16,1 14,8 12,9 

Test 4 (PA-BSA) 

Test 5 (PA-BSA) 

23,6 

20,2 

26,4 

20,2 

13,4 

16,0 

16,9 

13,7 

Average (PA-BSA) 19,5±3,4 19,9±4,7 14,7±1,1 14,1±1,9 
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that of the value obtained from Channels 1 and 2 and it al-
most doubles that determined by QCM-D (Table 4.1). While 
for PA all KL’s are similar and of the same order of magnitude 
(QCM: ~10 ppm; SPR: ~19 ppm and ~14 ppm, respectively), 
they demonstrate an apparent dependency on the measure-
ment method and/or channel conditions even for equilibrium 
measurements. Similar observations have been made in an 
SPR benchmark study on affinity-based biosensors [13]. This 
corroborates while both QCM-D and MP-SPR yield interac-
tions parameters with a good reproducibility, their absolute 
values should be used with some caution (as applies to any 
other measurement method).

In order to simplify following discussions , the mean KL was 
calculated from Channel 1 and 3 to be 17,1±3,5 ppm. 

Table 4.3 presents the adsorption maximum values calculated for 
all the irreversible adsorption measurements on both uncoated 
and PA-coated MP-SPR sensors. It was expected that the value 
of Adsmax would diminish according to decreasing sensitivities 
of the wavelengths (670 nm > 785 nm > 980 nm).
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The Adsmax values of Channel 1 and 3 were very similar between 
all tests involving PA coatings and the mean values between 
Channel 1 and 3 for PA-coated sensors were identical: 480±60 
mdeg. Assuming that 1 mdeg corresponds to 0,8333 ng/cm2 of 
protein for a wavelength of 670 nm (see Chapter 2), the maxi-
mum adsorbed mass per area as determined by MP-SPR would 
be Adsmax(PA-BSA, SPR) = 400,0 ± 50 ng·cm-2. In comparison, 
according to Table 4.1 and applying the Sauerbrey equation, the 
adsorbed surface density as determined by QCM-D would be 
Adsmax(PA-BSA, QCM-D) = 44,9 ± 3,2 Hz Δ 794,7 ± 56,6 ng·cm-2, 
which is practically twice as much as determined by MP-SPR. 

Study of the interactions between common foulants and membrane surface using QCM-D and MP-SPR

Table 4.3. Maximum adsorption values determined from the curves fitting 
of the MP-SPR measurements. Test 1 corresponds to the BSA adsorption 
on bare gold sensor while Test 2-5 shows values of the BSA adsorption 
on PA-coated sensors.

Test ID Adsmax 

[mdeg]  

 Channel 1 

(670 nm) 

Channel 2 

(785 nm) 

Channel 3 

(670 nm) 

Channel 4 

(980 nm) 

Test 1 (Au-BSA) 270 150 270 80 

Test 2 (PA-BSA) 440 240 460 120 

Test 3 (PA-BSA) 480 270 520 140 

Test 4 (PA-BSA) 

Test 5 (PA-BSA) 

560 

420 

280 

210 

520 

400 

140 

90 

Average (PA-

BSA) 

480±60 250±30 480±60 120±20 
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Interestingly, as for gold, the same calculation would yield, Ads-
max(Au-BSA, QCM-D) = 37,7 Hz = 667,3 ng·cm-2 for QCM-D, and 
Adsmax (Au-BSA, SPR) = 270 mdeg =  225,0 ng·cm-2 for MP-
SPR. Hence, QCM-D determines the maximum amount of BSA 
adsorbed on polyamide to be twice as high as MP-SPR does, for 
gold it is even three times as high. 

The reason for this difference is the fact that QCM-D detects 
both the BSA mass and its associated water while MP-SPR only 
detects the adsorption of the protein (“dry mass”, Figure 3.1). This 
complementarity of both methods is useful as associated wa-
ter molecules can lead to a different structural changes that can 
affect protein stability and assembly [6,14]. In this context, the 
interaction of BSA with either gold or polyamide and the hydra-
tion of each of the two surfaces will also be different. As for the 
polymer deposition, the sensors were coated using a commer-
cially available aromatic NOMEX-based polyamide (see Chapter 
2). In order to properly solubilize this polyamide, lithium chloride 
salt (LiCl) was added to the solution. Lithium cations interact with 
the amide groups of the polyamide thus diminishing the strength 
of the hydrogen bonds generated inside the polymeric chains 
and promoting a better solubilization into the solvent [15]. As a 
consequence, LiCl molecules are located between the polyme-
ric chains of the polyamide and can be expected to significantly 
contribute to the surface charge and hydration. This, in turn, may 
affect how BSA adsorbs on the surface.
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In Chapter 3 a LiCl-free polyamide was used for deposition 
and for an equilibrium liquid concentration of BSA of 100 ppm 
and the surface density of BSA adsorbed was determined to 
be 522±37 ng/cm2 and 211±38 ng/cm2 for QCM-D and MP-SPR, 
respectively (Figure 3.12.). In this case QCM-D overestimated 
the mass adsorbed by a factor of 2.5 which is slightly higher 
than for NOMEX.

The ratio of “dry” mass (MP-SPR) to “wet” mass (QCM-D) was 
found to be concentration-dependent. Figure 4.4 depicts the cal-
culated MP-SPR/QCM-D mass ratios from the experimental data 
as a function of the BSA equilibrium concentration in solution.

Figure 4.4. SPR/QCM-D adsorbed mass ratios for each BSA concentration in 
the solution. The experimental values are represented by circles. Error bars 
correspond to the standard deviation of the mean. Black squares represent 
theoretical values calculated using equation 4.1. (Langmuir fit). 
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As can be seen, in general the MP-SPR/QCM-D mass ratios 
increase with rising BSA concentration. This means that at 
low surface densities BSA is apparently more hydrated than 
at surface densities near saturation (above a liquid concen-
tration of 100 ppm). The only exception is the experimental 
data point at 1 ppm which differs significantly from theoreti-
cal mass ratio values (black squares) and suggests a signi-
ficantly less hydrated BSA. It is emphasized that the repro-
ducibility of the results from QCM-D measurements at liquid 
BSA concentration of 1 ppm was very low as can be obser-
ved from the error bar. Yet, as outlined in Chapter 3, QCM-D 
reveals information on the viscoelasticity of adsorbed layers 
through its dissipation measurement. In the case of a rela-
tively less hydrated adsorption layer in the latter case, one 
would assume that this will be reflected in a lower dissipa-
tion or dissipation/mass ratio as long as the Sauerbrey equa-
tion holds.

Figure 4.5 (left) shows the change in the measured dissipation 
as a function of the frequency for the adsorption of the BSA onto 
the PA-coated QCM-D sensors for one experiment. While the-
re is an overall linear relationship between the dissipation and 
the frequency implying that apparently BSA adsorbs in the same 
way irrespective of the surface density, a minor “bump” toward a 
slightly higher dissipation can be observed at 1 ppm (grey). This 
could indicate a slightly higher degree of hydration rather than 
lower.
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Figure 4.5. Left: Measured dissipation as a function of the frequency for 
one experiment. Each color represents a different BSA concentration in the 
solution: baseline obtained with PBS buffer (black    ); 1 ppm (grey     ); 5 ppm 
(mauve    ); 10 ppm (lavender    ); 30 ppm (cyan    ); 50 ppm (green    ); 100 ppm 
(blue     ); 200 ppm (orange    ); 500 ppm (red    );1000 ppm (pink   ). Right: 
ΔD/ΔF ratio as a function of the BSA concentration in the solution for the 
BSA adsorption on PA-coated sensors measured by QCM-D. The error bars 
correspond to the standard deviation of the mean.
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This finding is corroborated by plotting the ΔD/ΔF ratio for each 
concentration of the BSA in the solution (Figure 4.5., right). The 
ΔD/ΔF ratio represents how much energy is dissipated per unit 
of adsorbed mass. The higher ΔD/ΔF value the softer will be the 
adsorbed BSA layer, which would significate a greater amount 
of associated water or a larger water cloud attached to the ad-
sorbed layer. 

As can be observed, for BSA concentrations ranging from 5 to 
1000 ppm, the ΔD/ΔF ratios remained almost constant except for 
a higher ΔD/ΔF  ratio at 1 ppm. This is in line with Figure 4.5, left, 
and the tendency of the fitted data in Figure 4.4 (black squares). 
It can therefore be concluded that the respective experimental 
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value in Figure 4.4. is an artefact stemming from high noise. For 
the rest of BSA concentrations the dissipation did not reveal any 
additional insights.

Steady-state conditions were observed within less than 20 
minutes when determining BSA isotherms. In a real membrane 
filtration process, the membrane may be exposed to varying 
concentrations of foulants which might imply that steady-state 
is actually not reached. Nevertheless, in the subsequent mea-
surements performed with other foulants an experimental time 
interval of 20 minutes was also chosen for the adsorption step 
for comparison reasons, irrespective of whether equilibrium con-
ditions were reached. 

4.2.2. ALG adsorption on an aromatic polyamide as a mem-
brane model

The presence of natural organic matter (NOM) in natural water 
resources is very typical and the compounds that are classi-
fied as NOM are considered the most problematic foulants for 
membrane-based processes [16]. NOM is usually divided into hy-
drophilic and hydrophobic fractions. Regarding the hydrophilic 
fraction, polysaccharides are the main constituents of NOM in 
seawater [1]. Therefore, sodium alginate (ALG) was chosen as 
a representative organic model foulant. ALG is an acidic poly-
saccharide which is mainly produced by microalgae, macroalgae 
and bacteria [2].  The aim of the following section was to study 
the capability of QCM-D and MP-SPR for detecting the ALG de-
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position on the polyamide-coated sensors and therefore, predict 
what would be the effect of the presence of this compound on a 
real membrane-based filtration process. 

A first principal difference observed in comparison to BSA ad-
sorption on polyamide was that alginate (ALG) had not reached 
an equilibrium adsorption even after 17 hours (Figure 4.6.).

This observation was the opposite of what has been previous-
ly observed in another study where authors reported measu-
rements of ALG adsorption by QCM-D. In that work the author 
claimed that ALG reached the adsorption equilibrium in less 
than 2 hours with an average time of 1 hour in most cases [17]. 
In the cited work, the QCM-D sensors had been modified with 
self-assembled monolayers (SAMs) of different functionalities re-
presentative for the functional groups of an aromatic polyamide 
membrane. The difference observed might therefore stem from 

Figure 4.6. Adsorption of sodium alginate on an QCM-D sensor coated with 
an aromatic polyamide. Only after 17 hours of experimentation the adsorption 
equilibrium was reached. 
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the fact that in this Chapter the sensors had been modified with 
the polyamide membrane polymer rather than only SAMs in or-
der simulate the membrane surface in a more realistic manner. 

For reasons outlined in the previous section, adsorption studies 
were limited to 20 minutes for comparison reasons although in 
view of Figure 4.6. it becomes evident that under these conditions 
adsorption of ALG on PA was far from steady-state. Figure 4.7 de-
picts the change in the frequency corresponding to the adsorp-
tion of ALG as a function of its concentration in solution on both 
pristine (Test 1) and aromatic polyamide-coated QCM-D sensors 
respectively (Tests 2-4). The represented values where those co-
rresponding to the desorption step of the measurements in order 
to simulate irreversible fouling caused by ALG.
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Figure 4.7. Adsorption of ALG on a bare QCM-D gold sensor (Test 1) and on 
polyamide (Tests 2-4). The concentration of the ALG in the solution ranged 
from 2 to 2000 ppm. The values were fitted to a Freundlich-type curve.
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In order to study the reproducibility of all these measurements, a 
Freundlich least squares fit was applied according to the following 
equation: 

where ΔF is the frequency change corresponding to the amount 
of ALG adsorbed on the QCM-D sensor; KF: Freundlich constant; 
Cfeed: concentration of ALG in the solution; n: empirical Freund-
lich exponent. 

As can be observed from Figure 4.7, all the experiments fitted 
quite well to a Freundlich-type isotherm although strictly seen 
the equilibrium conditions as required for isotherms had not 
been reached. This type of isotherm is typical for a multi-layer 
adsorption system. It would indicate that apparently ALG mole-
cules interacted first with the functional groups of the polyamide 
covering the sensor surface. Once no more alginate-polyamide 
interactions could be established, alginate-alginate interactions 
began to occur. This aspect is crucial for a real membrane filtra-
tion process because being able to detect the presence of this 
compound from the beginning is imperative as it can generate 
considerable fouling. 

Table 4.4. lists the Freundlich constant and exponent, KF 
and n, respectively, for the adsorption of ALG on both gold 
and polyamide.

D𝐹𝐹 = 𝐾𝐾! ∙ [𝐶𝐶]"##$
% &'  
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The average value of both the Freundlich constant (KF) and expo-
nent (n) for the PA-coated sensors were 2,38±0,76 Hz·ppm-1/n and 
2,79±0,30, respectively. The exponent (n) of gold and PA-coated 
sensors agreed quite well. One concern was whether these data 
are meaningful even though they were obtained far from adsorption 
equilibrium. In order to clarify this aspect, the adsorption isotherm 
of BSA was taken as an example. Even considering frequency va-
lues for each concentration when the adsorption kinetics was still 
at only about 50% of equilibrium value (toward the end of the linear 
transient), a Langmuir type adsorption was obtained (Figure 4.8.). 
KL and Adsmax amounted to 11,9 ppm and 31,6 Hz, respectively. 
Compared to values listed in Table 4.1, Adsmax is naturally lower but 
the more relevant  KL is similar. The adsorption “isotherm”, hence, 
maintained its characteristics despite of using non-equilibrium data.

Table 4.4. Freundlich constants KF and exponents n as determined from 
the fitting of all the adsorption experiments. Test 1 corresponds to the ALG 
adsorption on gold QCM-D sensor. Values from Test 2, 3 and 4 corres-
pond to the ALG adsorption on PA-coated sensors.

Test ID KF n 

 [Hz·ppm-1/n] [-] 

Test 1 (Au-ALG) 1,71 2,91 

Test 2 (PA-ALG) 3,21 3,12 

Test 3 (PA-ALG) 1,73 2,52 

Test 4 (PA-ALG) 2,21 2,74 

Average (PA-ALG) 2,38±0,76 2,79±0,30 
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Figure 4.9 and 4.10 illustrate the change in the resonance angle (Δθ) 
due to the adsorption of the ALG at different concentrations on both 
an uncoated and PA-coated gold MP-SPR sensors. The data shown 
in both figures correspond to the desorption step and hence to an 
irreversible fouling caused by ALG. Each curve represents a diffe-
rent wavelength of varied sensitivity. Data were fitted according to 
the aforementioned Freundlich equation. As can be seen in Figures 
4.9 and 4.10, data related to the adsorption of ALG on both gold and 
polyamide surfaces fitted well to Freundlich isotherm and in good 
agreement with QCM-D (Figure 4.7). 

Figure 4.8. Adsorption isotherm of the BSA protein on QCM-D sensor coa-
ted with an aromatic polyamide. The values represented correspond to fre-
quency values obtained without letting the experiment reach the steady sta-
te. The concentration of the BSA in the solution ranged from 1 to 1000 ppm. 
The values were fitted to a Langmuir-type curve in the same way of data that 
correspond to an equilibrium (Figure 4.1).

Study of the interactions between common foulants and membrane surface using QCM-D and MP-SPR
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Figure 4.9. Adsorption isotherm of the ALG foulant on a bare MP-SPR gold 
sensor. The concentration of the ALG in the solution ranged from 2 to 2000 
ppm. Different colors represent different channels of wavelengths:  green 
curve (channel 1, 670 nm); red curve (channel 2, 785 nm); blue curve (channel 
3, 670 nm); purple curve (channel 4, 980 nm).

CHAPTER 4

Figure 4.10. Adsorption isotherm of the ALG foulant on PA-coated MP-SPR 
gold sensors. The concentration of the ALG in the solution ranged from 2 
to 2000 ppm. Different colors represent different channels of wavelengths:  
green curve (channel 1, 670 nm); red curve (channel 2, 785 nm); blue curve 
(channel 3, 670 nm); purple curve (channel 4, 980 nm). Two independent me-
asurements were carried out using two different MP-SPR sensors.
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Table 4.5 and Table 4.6 list the fitted Freundlich parameters KF and 
n for all wavelengths.

As can be seen, all the KF values were similar between all the 
measurements which implies that they were reproducible. Howe-
ver, Channel 1 and 3 (both having a wavelength of 670 nm) gave 
different values. The same behavior was observed for the BSA 
adsorption isotherms using the MP-SPR. Regarding the ALG ad-
sorption experiments, in both Test 2 and 3 the KF value determi-
ned using the Channel 3 is slightly higher than that of Channel 1. 
More importantly, the Freundlich exponent “n” as determined in 
Channel 1 (2,69±0,32) was in very good agreement with the one 
obtained by QCM-D (2,79±0,30) while all other channels yielded 
higher, although similar values.

Table 4.5. Freundlich constant determined from the fitting of all the ad-
sorption experiments. Test 1 corresponds to the ALG adsorption on gold 
MP-SPR sensor. Test 2 and 3 correspond to the ALG adsorption on PA-coa-
ted MP-SPR sensors.

Test ID KF 

[mdeg·ppm-1/n]  

 Channel 1 

(670 nm) 

Channel 2 

(785 nm) 

Channel 3 

(670 nm) 

Channel 4 

(980 nm) 

Test 1 (Au-ALG) 20 10 10 10 

Test 2 (PA-ALG) 20 10 30 10 

Test 3 (PA-ALG) 10 10 40 10 

Average (PA-

ALG) 

15±7 10±0 35±7 10±0 
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Again, based on Table 4.6. it can be concluded that ALG adsorbs 
in a very similar manner on the gold reference as on polyamide. 
This also is in agreement with data from QCM-D (Table 4.4).

As opposed to BSA (Figure 4.4), the alginate adsorbed on pol-
yamide seems to form more and more hydrated fouling layers 
with increasing concentrations, as indicated by a decreasing MP-
SPR/QCM-D (“dry”/”wet”) mass ratio (Figure 4.11, left). ALG mole-
cules are known to interact creating a net-like structure in which 
water molecules can be trapped. The experimental datapoint for 
the lowest concentration of 2ppm bears a large error but the 
theoretical MP-SPR/QCM-D mass ratios calculated on the basis 
of the Freundlich equation (black squares) confirm this trend. The 
MP-SPR/QCM-D mass ratio of the ALG layers adsorbed was in a 

CHAPTER 4

Table 4.6. Freundlich exponent “n” determined from the fitting of all the 
adsorption experiments. Test 1 corresponds to the ALG adsorption on 
gold MP-SPR sensor. Tests 2 and 3 correspond to the ALG adsorption on 
PA-coated MP-SPR sensors.

Test ID n 

[-]  

 Channel 1 

(670 nm) 

Channel 2 

(785 nm) 

Channel 3 

(670 nm) 

Channel 4 

(980 nm) 

Test 1 (Au-ALG) 3,15 2,72 2,90 3,12 

Test 2 (PA-ALG) 2,91 3,21 3,62 3,84 

Test 3 (PA-ALG) 2,46 2,99 4,18 3,70 

Average (PA-

ALG) 

2,69±0,32 3,10±0,16 3,90±0,40 3,77±0,10 
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similar range as those determined with BSA. Yet it can intuitively 
be recognized that Freundlich-type fouling by ALG may be more 
severe in membrane applications than Langmuir-type fouling of 
BSA which does not go beyond the formation of a mono-layer.

One would expect that an increasing degree of hydration 
with rising ALG concentration in the liquid would be reflec-
ted in the viscoelasticity, i.e. an increase in the ΔD/ΔF ratio. 
Figure 4.11, right, illustrates that this was not the case. ΔD/ΔF 
ratios remained almost constant independently of the ALG 
concentration between 20 to 2000 ppm of ALG, with an ave-
rage ΔD/ΔF of 334,9.10-³±36,6.10-³ Hz-1. The large error of the 
datapoint at 2 ppm prohibits making interpretations. Simi-
larly to observations made with QCM-D, while ΔD/ΔF values 

Figure 4.11. Left: SPR/QCM-D adsorbed mass ratios for each ALG concen-
tration in the solution. The experimental values are represented by orange 
circles. Error bars correspond to the standard deviation of the mean. Black 
squares represent the theoretical values calculated using Equation 4.2. of the 
curve fitting.  Right: ΔD/ΔF ratio as a function of the ALG concentration in the 
solution for the ALG adsorption on PA-coated sensors measured by QCM-D. 
The error bars correspond to the standard deviation of the mean.
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did not reveal significant insights, the MP-SPR/QCM-D mass 
ratios did. This advocates once more for a combination of 
both techniques. 

4.2.3. HA adsorption on an aromatic polyamide as a membra-
ne model

The hydrophobic fraction of NOM is mainly composed of hu-
mic substances being the most common foulant the Humic 
Acid (HA) [16]. HA is naturally present in water resources but 
it can be also found in raw wastewater and in primary, secon-
dary and tertiary effluents from municipal wastewater treat-
ments facilities [18]. In this section HA was used as a repre-
sentative model foulant of hydrophobic fraction of NOM. Its 
adsorption on PA-coated QCM-D and MP-SPR sensors was 
studied in order to further study the complementarity of both 
methods. 

While ALG required already a relatively long time to reach 
a steady-state adsorption (about 17 h), HA exceeded this time 
by far. After almost one week  (150 hours) of experimenta-
tion, the steady state was not completely reached, yet (Figu-
re 4.12). For this reason, the same experimental time interval 
of 20 minutes was fixed for subsequent experiments as had 
been done before in the adsorption measurements of BSA 
and ALG.
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Figure 4.12. Adsorption of humic acid on an QCM-D sensor coated with an 
aromatic polyamide. After almost 150 hours of experimentation the adsorp-
tion equilibrium was not completely reached.

Figure 4.13 illustrates the change in the frequency measured by 
QCM-D (left) and the change in the resonance angle (Δθ) measu-
red by MP-SPR (right) due to the adsorption of the HA at different 
concentrations on bare QCM-D and MP-SPR sensor.

Figure 4.13. Measured change in the frequency (left) and resonance angle 
(right) due to the adsorption of HA on a bare QCM-D and MP-SPR sensor. The 
concentration of the HA in the solution ranged from 2 to 2000 ppm.
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Figure 4.14 shows the change in the frequency and resonance an-
gle measured by QCM-D and MP-SPR, respectively, due to the 
adsorption of HA on PA-coated sensors. These frequency values 
correspond to the desorption step of all the measurements thus 
representing the irreversible adsorption of HA. An increasing 
amount of HA was deposited on both gold and PA when exposing 
the sensors to an increasing concentration of HA in the solution.

However, on PA measurements, the average maximum change 
in the measured frequency was 10,06±1,89 Hz, which was lower 
of what has been observed with measurements using BSA and 
ALG. From MP-SPR measurements, a maximum change in the 
resonance angle (Δθ) of 130±10 and 170±40 mdeg were obtained 
for Channels 1 and 3, respectively. These values were also lower 
of what was measured for BSA and ALG. 

Figure 4.14. Measured change in the frequency (left) and resonance an-
gle (right) due to the adsorption of HA on PA-coated QCM-D and MP-SPR 
sensors. Four independent QCM-D and two independent MP-SPR measu-
rements were carried out using a different sensor for each experiment. The 
concentration of the ALG in the solution ranged from 2 to 2000 ppm. The 
error bars represent the standard deviation of the mean.
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HA is a highly negatively charged molecule and as PA is also 
negatively charged, electrostatic repulsion can occur explaining 
the lower amount of adsorption. Similar observations were found 
in other works where adsorption of HA was studied using the 
QCM-D on negatively charged surfaces such as cellulose aceta-
te butyrate (CAB) and Silica (SiO2) [16,19]. 

In this case, it was not possible to fit these data to any adsorp-
tion model. Empirically seen, there appeared to exist a logarith-
mic correlation between sensor signals and solute concentration 
in the liquid.

In the case of HA, neither the MP-SPR/QCM-D nor the ΔD/ΔF 
ratios revealed any significant insights (Figure 4.15). The MP-SPR/
QCM-D mass ratio varied around an average value of about 0,68 
which hints at a less hydrated adsorption layer in comparison to 
BSA and ALG.

Figure 4.15. MP-SPR/QCM-D mass ratio (left) and ΔD/ΔF ratio from QCM-D 
(right) for each HA concentration in the solution. Error bars correspond to the 
standard deviation of the mean. Logarithmic scale is applied to the “x” axis in 
order to visualize data with a more homogeneous distribution. 
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On the other hand, from ΔD/ΔF ratios (Figure 4.14, right) seem 
to reveal up to 200 ppm of HA in solution that the HA layer ad-
sorbed on PA becomes less dissipative and, hence, more rigid, 
i.e. the opposite of what would be concluded from mass ratios. 
However, the data point of 2000 ppm deviated from this appa-
rent trend supposedly indicating a more dissipative adsorbed 
HA layer, the reason for which remains unclear. Conducting the-
se measurements closer to a  steady-state condition could pos-
sibly yield more robust insights with respect to the hydration and 
dissipation of the HA layer. 

4.2.4. Determining the real fouling degree of an aromatic 
polyamide 

Intensive work has been performed in order to elucidate fou-
ling mechanisms in pressure-driven membrane processes such 
as RO. However, as will be shown in this section of Chapter 4, 
the conclusions can be very different depending on the expe-
rimental conditions. 

Figure 4.16 compares the time needed for each foulant to 
reach steady-state adsorption on an aromatic polyamide, 
represented by the change in the frequency measured by 
QCM-D.
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Figure 4.16. Adsorption of BSA, ALG and HA on a PA-coated QCM-D sensor. 
The change in the frequency is represented as a function of time in order 
to compare the adsorption profile of the three representative foulants. The 
concentration used in the measurements was 2000 ppm for all the foulants.
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The time required to reach the steady-state was considerably di-
fferent between the three foulants. While in the case of BSA and 
adsorption equilibrium was reached in about 15 minutes along 
with the generation of a monolayer (see section 4.2.1),  it took 
ALG about 80 hours, more than three days. For HA almost one 
week (150 hours) was not enough for reaching the adsorption 
equilibrium.
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The tremendous difference in the time which these three fou-
lants require in order to reach and adsorption equilibrium (in the 
case of HA it would take even longer) have a very important con-
sequence on characterizing the severity of fouling by different 
foulants:

 When measuring the adsorption of these three foulants during 
15 minutes – an apparently reasonable experimental duration gi-
ven that BSA reaches the adsorption equilibrium –  one would 
observe and conclude that BSA fouls polyamide far more than 
the ALG and particularly HA which until then hardly adsorbed on 
the polyamide surface (Figure 4.17, A). 

If, however, studying the adsorption for 4 hours, one would find 
that all three compounds foul the membrane to the same extent 
(Figure 4.17, B). 

Finally, letting the experiment run for one week, one would 
observe that in this case, the most problematic foulant appa-
rently was HA as it adsorbed the most, followed by ALG. 
BSA, on the other hand, would be considered to be the fou-
lant that adsorbed least (Figure 4.17, C) – all in all, precisely 
the opposite to the outcome of the first experiment (Figure 
4.17, A).

CHAPTER 4
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Figure 4.17. Adsorption of BSA (pink), ALG (orange) and HA (green) on a 
PA-coated QCM-D sensor with the vertical dotted line indicating 15 minutes 
(A); 4 hours (B); and almost one week (C, 150 hours) of experimentation.

Study of the interactions between common foulants and membrane surface using QCM-D and MP-SPR

This means that if the experimental methodology does not 
permit verifying in real-time that that steady-state condi-
tions have actually been reached, then results on the fouling 
tendency may not at all be reliable. While this seems to be 
obvious, this aspect has been discussed little in literature, 
which might be one of the reasons for the occasionally con-
tradictory findings reported. 
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Based on the results depicted in Figure 4.16, from a process 
point of view the most problematic foulants would be ALG 
and particularly HA, as they slowly form multi-layers rather 
than reaching quickly a steady-state as does BSA. In fact, it 
has been reported in literature that fouling by ALG is more 
severe in the long run than that of BSA [4]. The fouling gene-
rated by ALG is furthermore aggravated in the presence of 
divalent cations such as Ca2+ and Mg2+ [20]. These divalent 
cations complex with carboxylate groups of ALG molecules 
creating a gel layer [21]. It has also been reported that the 
presence of hydraulic pressure make these ALG gel layer 
more compact being more difficult to recover the membrane 
surface after the cleaning step [5]. 

Yet, Qilin Li et al. [4] observed when exposed to BSA, the 
flux of an RO membrane was relatively stable for the first 8 
hours of experimentation but thereafter the flux decreased 
continuously during 4 days without reaching a steady state 
flux. The authors explained this trend by assuming a two-sta-
ge BSA fouling. First, BSA molecules adsorbed on the mem-
brane surface due to hydrophobic interactions until a mono-
layer is created. The adsorption occurs slowly as both the 
BSA and the RO membrane are negatively charged and thus, 
the initial flux decline is not significant. Afterwards more BSA 
molecules deposit onto the adsorbed BSA monolayer crea-
ting a multilayer. The authors claimed that apparently BSA-
BSA interactions are stronger than BSA-membrane interac-
tions thus leading to a greater flux decline than what was 
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observed in the first hours of the filtration. This observation 
is opposite to what has been found in this Chapter, where it 
was demonstrated that the BSA formed a monolayer on the 
PA-coated sensor and no more adsorption is detected when 
increasing its concentration in the solution. The authors re-
fer to previous studies where BSA fouling was studied for mi-
crofiltration (MF) and ultrafiltration (UF) membranes [22,23]. 
However, these types of membranes have pores and there-
fore pore-clogging could occur due to the hydraulic pressu-
re. This would explain the greater flux decline in comparison 
with RO membranes. Thus, the flux decrease observed in 
the cited work may not be related to a multi-layered BSA 
fouling based on strong BSA-BSA interactions but a possible 
explanation could rather be that physical aspects such as 
concentration polarization in the hydrodynamic membrane 
boundary layer could contribute to a flux decline [18]. 

From a process point of view, studying fouling interactions 
may be of limited value. There are several studies focusing 
on mixtures of foulants in order to understand which would 
be the potential of the combined compounds to foul the RO 
membrane. A synergistic effect was observed when mixing 
different foulants such as BSA, ALG and HA creating a higher 
flux decline than that caused by individual foulants [1,25,26]. 
This demonstrates that in the common case that the feedwa-
ter contains many different compounds, predicting the fou-
ling propensity if virtually impossible. 
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4.3. Conclusions

QCM-D and MP-SPR are complementary and highly useful 
methods for monitoring and predicting membrane fouling 
based on chemical interactions. Both techniques measure on 
real-time the chemical interactions between the functional 
groups of the aromatic polyamide and those of model fou-
lants. Therefore, this analytical combination is very power-
ful to elucidate membrane fouling phenomenon. However, 
QCM-D has a limitation: together with the adsorbed mass 
per area it also measures intrinsically the associated water 
molecules that contribute to an additional mass thus leading 
to an overestimation of the mass adsorbed per area. In this 
sense, the MP-SPR seems to allow a more robust characteri-
zation of fouling layers if it is the “dry” mass per area that is 
of interest. For porous membranes, however, it might be very 
useful to measure the hydrated mass as it would possibly 
describe pore clogging more accurately.

While QCM-D could potentially provide useful information 
on the viscoelasticity of the adsorbed fouling layers thanks 
to the dissipation parameter, experimental data of dissipa-
tion for the adsorption of BSA, ALG and HA on the aromatic 
polyamide-coated sensors did not reveal any significant in-
formation. MP-SPR/QCM-D mass ratios were more illustrative 
in this sense. 

Finally, the combination of QCM-D and MP-SPR is a useful 
way for measuring the real adsorption equilibrium of com-

CHAPTER 4
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mon foulants on an aromatic polyamide as both methods 
measured on real time. However, although having a ther-
modynamic understanding of the adsorption process is im-
portant, from a process point of view this may not be very 
relevant. What is really important is to rapidly detect critical 
limits of fouling such as to  take timely action based on this 
information. 

Study of the interactions between common foulants and membrane surface using QCM-D and MP-SPR
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CHAPTER 5
MEMBRANE CLEANING MONITORING 

USING QCM-D AND MP-SPR

5.1. Introduction

The use of membrane processes for water production such as 
reverse osmosis (RO) has been exponentially increasing and 
nowadays they comprise 80% of the total desalination plants 
around the world. This number is expected to increase as RO 
is becoming a more cost-effective and energy-efficient method 
day by day [1]. However, the main limitation of membrane-based 
processes is membrane fouling which in turns strongly affects 
the permeate water flux and the membrane lifespan [2]. Great 
efforts have been made to minimize the negative impact of 
membrane fouling: while some studies focus on improving the 
antifouling properties of membranes by chemical modifications 
or by incorporation of new membrane materials such as carbon 
nanotubes [3,4], others adapt the operational conditions such 
as water flux [5]. In any case, it has become clear that all these 



154

approaches are not efficient enough to entirely mitigate mem-
brane fouling. For that reason, additional measures are neces-
sary such as improving feed water quality by pre-treatment and 
optimized membrane cleaning strategies. 

If the installation of pre-treatment stages is discarded for eco-
nomic reasons, then the focus lies on optimizing the membrane 
cleaning strategy in order to maintain a highest possible RO-ba-
sed water production efficiency. 

Reversibly adsorbed fouling layers can be removed to a certain 
extent from the membrane surface by physical methods such 
as hydraulic flushing, osmotic backwashing, pulse feed flow, air 
scouring or ultrasound [6]. However, these methods are usua-
lly not efficient enough to completely recover the original water 
permeate flux. At that point chemical cleaning using detergents 
must be employed. For organic fouling, the type of detergent 
used depends on the chemical nature of the fouling layer, but 
most commonly used chemicals can be grouped into alkalis, 
acids, metal chelating agents or sequestrants, surfactants, salt 
solutions, and enzymes [7,8]. 

Alkaline solutions (hydroxides, carbonates and/or phosphates) 
remove organic fouling by hydrolysis and solubilization due to 
the electrostatic repulsion generated between the negatively 
charged foulants and the membrane surface due to a pH increa-
se [9]. Metal chelating agents destabilize the fouling layer as 
they remove those divalent cations (such as calcium) that cause 
severe fouling especially with polysaccharides such as alginates 

CHAPTER 5



155

[10]. Due to their amphiphilic nature, surfactants are very useful 
for removing organic fouling as they form micelles around the 
organic molecules which then may be carried away by flushing 
with water [8]. Solutions of salts such as sodium chloride (NaCl) 
can be very efficient to eliminate gel-forming organic foulants 
due to ion-exchange reactions [11]. Salts solution produce struc-
tural changes and deformation of the gel-layer due to the osmo-
tic pressure difference between the bulk solution and the inter-
nal structure of the gel-layer. This difference leads to swelling 
of the gel network and consequently an ion-exchange reaction 
between the calcium attached to polysaccharides and the so-
dium of the cleaning solution occurs, thus destabilizing the gel 
fouling layers [12]. 

The cleaning efficiency is determined by the type of chemical, 
dosage sequence of the chemical and contact time [13]. These 
parameters can be optimized in order to avoid excessive waste 
being discharged into the environment and to ensure the best 
performance of the cleaning process in terms of costs, efficien-
cy and sustainability [11]. Furthermore, cleaning agents can be 
used either individually or in combination. In fact, most of the 
commercially available cleaning products are based on mixtures 
of the abovementioned compounds. For example, an alkali solu-
tion debilitating an organic fouling layer may be combined with 
a surfactant that helps dislodging foulants. Yet, in most cases the 
exact chemical composition of commercially available products 
is unknown which makes it difficult for the end-user to unders-
tand in depth the underlying cleaning mechanisms and predict 
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the product efficiency. On the other hand, also the composition 
of the actual fouling layer is often an unknown. This results in 
either having to find the optimum cleaning strategy by a trial and 
error approach or putting adequate fouling monitoring techni-
ques in place. 

A wide range of physical and chemical cleaning strategies have 
been studied in order to efficiently recover the membrane surfa-
ce after fouling [for example, 13,21–24]. Although these approa-
ches are very useful to further understand the mechanisms that 
are involved in membrane cleaning, in most cases there are not 
completely conclusive. For that reason, fast-screening monitoring 
tools for testing different membrane cleaning protocols would be 
highly useful. In this context, this chapter presents an approach 
on combining both QCM-D and MP-SPR to test different membra-
ne cleaning strategies in a time-efficient and material-extensive 
manner. Three different chemical membrane cleaning protocols 
were investigated in order to study if the proposed combination of 
QCM-D/MP-SPR was capable of testing the efficiency in removing 
fouling by those detergents both on-line and off-line. 

5.2. Results and Discussion 

5.2.1. Reproducibility and thickness of pure PA ultra-thin 
films
Prior to studying the effect of detergents on the polyamide (PA), 
the PA-deposition itself was first characterized by QCM-D in or-
der to warrant that only sensors would be used that bear a simi-
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lar PA layer. Spin-coating was chosen as a quick and easy meth-
od to deposit PA onto QCM-D and MP-SPR sensor according to 
the protocol described in Chapter 2. 

QCM-D is able to characterize the resulting PA films as for their 
mass and viscoelasticity. As can be observed from Figure 5.1A, 
the mass of deposited PA on the gold sensor and the viscoelas-
ticity of the resulting ultra-thin PA films was highly disperse. The 
average shift in the frequency upon PA deposition was 420 ± 138 
Hz. There was no obvious correlation between the mass of PA 
deposited and the energy dissipation of the resulting film. This 
scatter within the ΔD-ΔF plot could be attributed to slightly vary-
ing solvent evaporation conditions during spin-coating which in-
variably occur when using a basic spin-coating set-up. However, 
as has been discussed in Chapter 3, this was not a limitation for 
studying surface-sensitive phenomena as long as coating of the 
sensor by PA could be warranted.

Figure 5.1. A: Dissipation ΔD represented as a function of the frequency 
ΔF of the PA ultra-thin film; B: Violin-plot of the variation of the ΔD/ΔF ratio 
of the unmodified PA ultra-thin films.
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As depicted in Figure 5.1B, the ΔD/ΔF ratio of the deposited PA 
ultra-thin films remained above 0,4 Hz-1. Because for a 5MHz 
QCM-D sensor a layer could be approximated as rigid for ΔD/ΔF 
values lower than 4x10-7 Hz-1 [18], this suggested that the PA films 
formed could be considered as rigid films. As a consequence, 
the thickness of these ultra-thin PA films could be estimated ac-
cording to the Sauerbrey equation (Equation 2.5, Chapter 2). The 
average film thickness calculated was 75 nm for the polymer de-
posited with the major part of films having a thickness between 
55 and 90 nm (Figure 5.2).

The minimum film thickness measured was 16 nm and still yiel-
ding a robust coverage of the QCM-D sensor with PA. Never-
theless, for the subsequent cleaning studies only sensors with 
a film-thickness between 50-90 nm were used in order to avoid 
any possible artefacts (e.g., pinhole formation in the PA-film). 

Figure 5.2. Violin-plot of the variation of the thickness of the PA ultra-thin 
film deposition on QCM-D gold sensor surface.
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5.2.2. Fouling and chemical cleaning measurements 

Carrying out a correct membrane cleaning protocol is essen-
tial for maintaining membrane properties such as permea-
bility and selectivity [16]. Three different cleaning protocols 
were tested to study how the generated organic fouling was 
removed from the unmodified PA-coated sensor surface. The 
cleaning process was monitored using both QCM-D and MP-
SPR. The representative foulants used were bovine serum 
albumin (BSA), sodium alginate (ALG) and humic acid (HA), 
respectively. Cleaning agents comprised both a commercial 
(CAS1) and a custom-made alkaline solutions (AS2) as well as 
a commercial enzymatic solution (CES) specifically formula-
ted for protein removal (for details, see Chapter 2). 

5.2.3.	 Study of the effect of cleaning agents on the pristine 
PA

Cleaning agents do not only act on the fouling layer but may 
also alter the physical and chemical properties of the membra-
nes, thus affecting the subsequent membrane performance 
[19,20]. Therefore, it was investigated by both QCM-D and MP-
SPR in a first set of experiments whether the cleaning agents 
caused any change or damage into the PA layer. These measu-
rements were carried out with all the aforementioned cleaning 
agents. 
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5.2.3.1.Interaction between the custom-made alkaline solu-
tion (AS2) and PA

Figure 5.3 depicts the raw data of a measurement performed 
with QCM-D using the AS2 detergent and a PA-coated QCM-D 
sensor. This measurement is shown as a representative example 
of four identical independent measurements.

From Figure 5.3 it can be observed that after the rinsing step 
(after 40 min), the frequency remained about 10 Hz above the 
baseline and the dissipation decreased slightly. This is indicative 
for a loss of material. Hence, detergent AS2 apparently dama-
ged the PA deposited on the QCM-D sensor surface.

Figure 5.3. Raw data of the QCM-D measurement performed to study the 
interaction between the AS2 cleaning detergent and the unmodified PA. 
Steps of the experiment: stabilization of the baseline in ultra-pure water 
for 10 minutes; injection of the AS2 detergent for 30 minutes; rinsing with 
ultra-pure water after 40 minutes of experimentation.
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After the rinsing step with ultra-pure water, an average frequency 
shift of 8,1±1,9 Hz was measured. Considering that the average 
amount of the PA deposited on the QCM-D sensor surface was 
661,1±39,1 Hz, the calculated percentage of the PA removed was  
1,2±0,3% (Table 5.1). The average frequency shift of 8,1±1,9 Hz of re-
moved PA corresponds to approximately 143±34 ng·cm-² or about 
1,3±0,3 nm. However, it should be borne in mind that this value 
might be overestimated because QCM-D does not only detect re-
moval of PA but also the respective removal of water absorbed in 
PA. The latter might amount to about 10% in weight of the PA [21].

Interestingly, also the bulk response was positive for the fre-
quency and negative for the dissipation (Figure 5.3). Owing to 
its composition, AS2 will have a slightly higher density than wa-
ter which should consequently generate a negative and positive 
bulk response in the frequency and the dissipation, respectively. 
The opposite occurred which may be explained by the apparent 

QCM-D test Deposited PA Removed PA Removed PA 

 [Hz] [Hz] [%] 

Test 1 (PA-AS2) 645,3 10,3 1,6 

Test 2 (PA-AS2) 672,4 9,1 1,3 

Test 3 (PA-AS2) 718,2 6,4 0,9 

Test 4 (PA-AS2) 628,6 6,7 1,1 

Average Tests 1-4 661,1±39,1 8,1±1,9 1,2±0,3 

 

Table 5.1. Comparison between the deposited PA on the QCM-D sensors 
and the amount of PA removed after the rinsing step.
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bulk response observed being the sum of the negative frequen-
cy change due to a change in bulk density and the positive fre-
quency change due to removal of polyamide. These two pheno-
mena cannot be distinguished within the QCM-D measurement 
and only the net change is measured. 

The same experiments were therefore carried out using MP-
SPR as a complementary technique. In this case, three identical 
measurements were performed of which the raw data of one are 
depicted as an example in Figure 5.4. As can be observed, after 
the rinsing step (starting at 50 minutes), the change in the reso-
nance angle measured by MP-SPR remained below the baseline 
for all wavelengths. The latter means that the PA layer deposited 
onto the sensor was partially removed. This observation agreed 
with data from QCM-D (Figure 5.3).

Figure 5.4. Raw data of the measured interaction between the AS2 cle-
aning detergent and the unmodified PA considering the contribution of 
the bulk change due to the exposure of PA to the detergent (left) and 
without the bulk contribution (right). Steps of the experiment: stabilization 
of the baseline in ultra-pure water during 15 minutes; injection of the AS2 
detergent for 35 minutes; subsequent rinsing with ultra-pure water. Diffe-
rent curves represent measurements of different wavelengths (blue and 
green: 670 nm; red: 785 nm; purple: 980 nm).
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Different sensors of varying amount of deposited PA were then 
prepared for investigating a possible relationship between the 
deposited PA film thickness and the PA removed after exposure 
to AS2 cleaning agent. It would be expected that the PA removal 
rate were independent of the thickness of the PA layer. As can 
be seen from Table 5.2, this was in fact the case. The average 
amount of the PA removed was 28,6±6,5 mdeg (Table 5.2) irres-
pective of the thickness of the PA layer. It corresponded to a per-
centage of PA removed ranging from 0,7 to 16,7% of the original 
amount of PA deposited.

Hence, both QCM-D and MP-SPR proved that upon exposure to 
the detergent AS2 the PA was damaged. This is in line with some 
studies in literature that have reported that thin-film composite 
polyamide-based RO membranes are very sensitive to high pH 
solutions such as AS2 while they are very resistant to low pH 

MP-SPR test Deposited PA Removed PA Removed PA 

 [mdeg] [mdeg] [%] 

Test 1-1 4520 30 0,7 

Test 1-2 3580 40 1,1 

Test 2-1 1110 25 2,3 

Test 2-2 1140 25 2,2 

Test 3-1 

Test 3-2 

180 

140 

30 

21,5 

16,7 

15,4 

 

Table 5.2. Comparison between the deposited PA onto the MP-SPR sen-
sors and the amount of PA removed after the rinsing step. For each test, 
two results were obtained for the same wavelength of 670 nm (channel 1 
and 3 of the MP-SPR).
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cleaning agents [22]. The PA removal of 28,6±6,5 mdeg as me-
asured by MP-SPR would correspond to approximately 24±5 
ng·cm-² or 0,2 nm which is significantly lower than what was 
measured with QCM-D (143±34 ng·cm-² or about 1,3±0,3 nm), 
even if allowing for the contribution of water in the latter. Ne-
vertheless, with the thickness of the selective PA-layer of a TFC 
membrane used in reverse osmosis ranging typically from 20-
200 nm [23–25], this clearly illustrates how repeated exposure 
to cleaning agents can significantly reduce membrane lifetime. 
Indeed, the AS2 solution is considered to represent a harsh 
cleaning regime [26].

Similarly to what was observed with QCM-D, also in MP-SPR 
the bulk response was the opposite of what would be expected: 
as the refractive index of the NaOH/SDS-based solution is hi-
gher than that of water, it should generate a positive SPR-angle 
change. What is more, the negative SPR-angle of the bulk chan-
ge is significantly more pronounced than during subsequent 
rinsing, as opposed to what was detected with QCM-D (Figure 
5.3). A possible explanation is that during cleaning AS2 acts on 
the PA-layer as a swelling agent, reducing locally the refractive 
index which in turn results in a temporary lower SPR-angle. This 
would be in line with considerations made before on the results 
obtained by QCM-D where an additional uptake of water by PA 
(swelling) along with the bulk response would be perceived as 
a negative frequency change contribution overcompensated by 
the PA removal.
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5.2.3.2.Interaction between the commercial alkaline solution 
(CAS1) and PA

CAS1 is a cleaning agent of high pH (11-12) which is commercia-
lized for the removal of organic fouling and particularly proteins 
as it promotes their hydrolysis. CAS1 contains pyrophosphates in 
order to control scale formation, to act as a dispersant agent and 
to control the final pH of the solution.

Figure 5.5 shows raw data of a QCM-D measurement perfor-
med with the CAS1 commercial detergent and a PA-coated sen-
sor. First, the PA sensor was stabilized in ultra-pure water for 10 
minutes before injecting the CAS1 detergent. The injection of 
CAS1 was followed by a rinsing step with ultra-pure water in or-
der to see whether exposure to CAS1 would also damage the PA 
layer as was seen with AS2.

Figure 5.5. Raw data of the interaction of CAS1 cleaning detergent with 
PA as measured by QCM-D. Steps of the experiment: stabilization of the 
baseline in ultra-pure water (about 8 min), injection of the CAS1 detergent 
(about 15 min) and rinsing with ultra-pure water (about 20 min).
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A high bulk response was observed in both the frequency (≈ 200 
Hz) and dissipation (≈ 45) during the injection of CAS1 cleaning 
agent, as opposed to cleaning agent AS2 (Figure 5.3). However, 
attention is drawn to the fact that CAS1 was significantly more 
concentrated than AS2 (see Chapter 2). After rinsing, it beca-
me apparent that constituents of the detergent had adsorbed 
on the PA layer surface. In fact, a significant average frequency 
shift of 19,6 ± 1,7 was observed in all these measurements co-
rresponding to an average adsorbed mass per area of 347 ± 30 
ng·cm-². Taking into account the composition of CAS1, one may 
conclude that pyrophosphate molecules that are present in this 
commercial cleaning product could interact via their cation with 
the PA surface. The latter should be borne in mind when eva-
luating the foulant removal capacity of CAS1 in Section 5.2.5. It 
was furthermore speculated whether the apparent adsorption of 
pyrophosphates could possibly mask damage to PA that might 
occur concurrently. Pyrophosphates can be expected to have a 
high degree of hydration and since QCM-D measures surface-la-
yer associated water, the adsorption could overcompensate re-
moval of PA.

The same experiments were therefore carried out with MP-
SPR. Figure 5.6 reveals that the PA deposited onto the MP-SPR 
sensor was apparently damaged due to its exposure to CAS1 de-
tergent as the resonance angle remained below the baseline for 
all the wavelengths after rinsing (Figure 5.6B).  This observation 
was opposite to QCM-D data (Figure 5.5). A possible explanation 
is that water molecules associated to highly hydrated pyrophos-

CHAPTER 5
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phates contributed to an additional mass big enough such as to 
generate an overall decrease in the frequency despite removal 
of PA. This corroborates one more time the complementarity of 
both techniques for studying membrane surface phenomena.

The amount of PA apparently removed from the PA surface was 
in this case about 400 mdeg for channel 1 and 210 mdeg for 
channel 3 (which would correspond approximately to 333 and 
175 ng·cm-², respectively). These values are much more higher 
than those obtained with AS2 detergent (an average of about 
28,6 mdeg, see Table 5.2) which is, however, in line with the fact 
that CAS1 was a far stronger alkaline solution than AS2 resulting 
in an expectedly higher damage of PA.

Figure 5.6. Left: raw data of the adsorption of CAS1 cleaning detergent 
on the unmodified PA measured by MP-SPR and considering the contri-
bution of the bulk. Right: same experiment without the contribution of the 
bulk. Different curves represent measurements of different wavelengths 
(blue and green: 670 nm; red: 785 nm; purple: 980 nm). Steps of the ex-
periment: stabilization of the baseline in ultra-pure water (about 15 min), 
injection of the CAS1 detergent (about 30 min) and finally rinsing with ul-
tra-pure water. 

Membrane cleaning monitoring using QCM-D and MP-SPR
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5.2.3.3. Interaction between the commercial enzymatic solu-
tion (CES) and polyamide

Enzymes can specifically degrade biological macromolecules un-
der milder cleaning conditions as regards pH and temperature, 
bearing furthermore the advantage of being biodegradable and 
biocompatible cleaning agents [12]. As can be observed in Figures 
5.7 and 5.8, the exposure of PA to a commercial enzymatic clea-
ning solution (CES) caused an expected high bulk response due 
to a density change followed by a final decrease in the frequency 
of 35,1 Hz (corresponding to about 621,3 ng·cm-²), indicating that 
enzymes remained adsorbed on the PA surface.

This observation was not very surprising because it is commonly 
known that enzymes can be adsorbed on polyamide membranes by 
hydrophobic interactions and act as a substrate to promote further bio-

CHAPTER 5

Figure 5.7. Raw data of the adsorption of CES cleaning detergent on the 
unmodified PA measured by QCM-D. Steps of the experiment: stabiliza-
tion of the baseline in ultra-pure water for about 30 minutes, injection of 
the CES detergent for about 40 minutes and rinsing with ultra-pure water.
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fouling development [27]. Besides, as was shown in the Chapter 3 (Fi-
gure 8B), BSA as a model protein adsorbed to a similar amount on PA.

MP-SPR confirmed this observation (Figure 5.8). As can be seen, af-
ter an expected positive bulk change the change in the resonance 
angle after the rinsing remained above the baseline indicating an 
adsorption of enzymes onto the PA-coated sensor. The SPR-angle 
change for the 670 nm wavelength was 300 (blue line) and 237 
mdeg (green line), corresponding to 250 and 197 ng·cm-², respec-
tively. Also in this case these data agree well with the adsorption 
measured for BSA in Chapter 3 (Figure 12B). As a conclusion, the 
commercial enzyme solution might be an efficient cleaning agent 
but it generates fouling itself on the PA membrane surface. Its use 
would therefore most probably only be justified if it manages to eli-
minate thick fouling layers. In this case residual detergent adsorbed 
to the PA surface would be the lesser of two evils.

Figure 5.8. Left: raw data of the adsorption of CES cleaning detergent on 
the unmodified PA measured by MP-SPR and considering the contribution 
of the bulk. Right: same experiment without the contribution of the bulk. 
Different curves represent measurements of different wavelengths (blue 
and green: 670 nm; red: 785 nm; purple: 980 nm). Steps of the experiment: 
stabilization of the baseline in ultra-pure water (about 30 min); injection of 
the CES detergent (about 55 min) and finally rinsing with ultra-pure water.
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5.2.4.	 Monitoring of membrane cleaning in real-time

From a membrane-process point of view, on-line monitoring of 
membrane cleaning is very relevant in order to observe its efficien-
cy in real time and in this way optimize the duration of the cleaning. 
For verifying the actuation of cleaning detergents or determining in 
how far they damage the membrane polymer, off-line monitoring is 
sufficient and more suitable. For both cases, QCM-D and MP-SPR 
are compared for complementarity but emphasis is put on the po-
tential of using either or both techniques as on-line membrane fou-
ling detection techniques.

5.2.4.1.	Toward on-line monitoring of cleaning using QCM-D

The fundamental frequency (f0) of a QCM-D sensor refers 
to the lowest frequency where the crystal can be exited to 
resonance and it depends among other parameters on the 
sensing depth. For a 5 MHz QCM-D sensor the amplitude of 
the base harmonic can penetrate about 250 nm into the li-
quid [28]. This means that although QCM-D is a surface-sen-
sitive technique, the measured signal can be affected by 
bulk responses. 

During a cleaning experiment, the detergent generates a 
change in the bulk properties of the liquid which is in contact 
with the sensor surface, amongst which density and viscosi-
ty. QCM-D is sensitive to changes of the latter. Therefore, as 
density and viscosity of the liquid entering into the QCM-D 
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microfluidic module increase during cleaning, there will be 
an inevitable bulk response in both frequency and dissipa-
tion which generally decreases and increases, respectively 
[29]. Thus, the question arises whether despite such a bulk 
response to the cleaning agent QCM-D maintains its surfa-
ce-sensitivity of whether surface phenomena are masked by 
the bulk (Figure 5.9.). In the former case, it would be possible 
to detect cleaning and related phenomena already during 
the bulk response and one could in this way monitor its effi-
ciency in real-time.

In order to verify the effect of the bulk response on measuring 
the cleaning efficiency, on both QCM-D and MP-SPR the two pa-

] ]ΔFBSA
ΔΘBSA

ΔFBSA
ΔΘBSA

ΔFbulk
ΔΘbulk

Figure 5.9. Schematic illustration of bulk effects when measuring with 
QCM-D or MP-SPR. Left: the adsorption of a monolayer of BSA protein ge-
nerates a shift in frequency or SPR-angle during measurement; the bulk is 
“invisible” as it represents reference conditions. Right: during a change of 
the bulk solution, the measured overall shift in frequency or SPR-angle is 
the contribution of both the adsorption of BSA and the bulk change due 
(density and viscosity for QCM-D, refractive index for MP-SPR).
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rameters were compared (Figure 5.10): on one hand, ΔFcleanin-
g,buffer or ΔΘcleaning,buffer comprises the removal of foulant 
(and also possibly polymer) and is measured in reference condi-
tions before and after the bulk change due to cleaning. On the 
other hand, ΔFcleaning,bulk and ΔΘcleaning,bulk comprises the 
removal of foulant (and also possibly polymer) but is measured 
during the bulk response, i.e. cleaning.

As an example, Figure 5.11 illustrates an experiment performed 
by QCM-D using BSA as a model foulant and AS2 alkaline solu-
tion as a model cleaning detergent.

Figure 5.10. Schematic illustration of a typical fouling and cleaning experi-
ment by QCM-D (left) and MP-SPR (right). The different intervals are adsorp-
tion of foulant after baseline (reference) measurement, “ads.”; desorption of 
loosely bound foulant under reference conditions, “des.”; injection of clea-
ning agent going along with a bulk change, “cleaning”; final rinsing under 
reference conditions, “rinsing”.
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Figure 5.11. Raw data of the adsorption of BSA foulant on PA-coated 
QCM-D sensor and subsequent cleaning measurement using AS2 alka-
line solution as a model detergent. Measurements steps: (1) Stabilization 
of the baseline in PBS buffer; (2) adsorption of BSA protein; (3) desorption 
of reversibly bound protein molecules after rinsing with PBS buffer; (4) 
injection of AS2 detergent and (5) rinsing with PBS buffer.

As can be observed, the BSA adsorbed irreversibly with about 
18 Hz onto the PA-coated QCM-D sensor. After the rinsing step 
with buffer, another decrease in the frequency occurred during 
injection of detergent AS2. This frequency decrease correspon-
ded to a bulk response generated by the detergent. It could be 
observed that ΔFcleaning,bulk was smaller than ΔFcleaning,bu-
ffer. The latter means that apparently the bulk response masks 
to some extent surface phenomena. 

In order to investigate deeper the effect of the bulk on the re-
moval of fouling layer, 26 identical independent measurements 
were performed. In all these experiments it could be seen that 
the ΔFcleaning, bulk was always smaller than ΔFcleaning,buffer . 
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However, both parameters were linearly correlated (Figure 5.12).

The fit of these 26 parameters yielded the empirical correlation 

This means that the sensor maintained its surface sensitivity des-
pite the additional contribution of the bulk response due to the 
detergent injection, but with a threshold of 3,7 Hz (in the case 
of AS2 solution). Hence, membrane cleaning can be monitored 
in real-time by QCM-D and so can the fouling removal. With the 
above equation, it is possible to fit the steady state values of 
Figure 5.11 using the values for fouling, bulk response, and clea-
ning efficiency (Figure 5.13):

Figure 5.12. Correlation between the BSA removal determined based on 
reference conditions (ΔFcleaning,buffer) and the BSA removal measured 
in real time during the cleaning process in presence of a bulk change 
(ΔFcleaning,bulk); data refer to QCM-D.

ΔF!"#$%&%',)*++#, = ΔF!"#$%&%',)*"- + 3,7	[𝐻𝐻𝐻𝐻] 
 

Equation 5.1
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With this simple empirical model, different scenarios can be si-
mulated in order to primarily predict how different degrees of 
cleaning efficiency, attack of the PA polymer layer and fouling 
by the detergent itself would generate different patterns of the 
fouling-cleaning curves.  Figure 5.14 illustrates that the resulting 
patterns during the bulk response are very distinct and recogni-
zable for two cleaning efficiencies, namely 50% and 100%, res-
pectively, and as such permit a quick evaluation of the progress 
and nature of the cleaning process in real time.

Figure 5.13. Comparison between cleaning experiment using BSA as a 
model foulant and AS2 as cleaning agent (data as in Figure 5.11, blue cur-
ve) and a predicted experiment based on steady-state values of the most 
relevant events (dashed red line). The transient regimes were not mode-
lled but simulated for illustration purpose.



176

CHAPTER 5

One important feature of QCM-D is that it allows measuring different 
frequency overtones or harmonics which can be useful for studying 
the viscoelastic properties of a material. Each harmonic acquires 
information from a different perspective of the same material as 
they measure with different sensitivity and penetration depth. The 
crystal oscillation is focused to the part of the sensor where the two 
electrodes overlap. As a consequence, the maximum oscillation 
amplitude is reached in the middle of the sensor and it decreases 
in a Gaussian manner towards the edges [30]. The width of the bell 
curve varies depending on harmonic number “n”. By increasing the 
harmonic number “n”, the oscillation amplitude and, hence, pene-
tration depth at the sensor surface decreases (Figure 5.15). In addi-
tion, the higher the harmonic, the sharper is the Gaussian curve [31]. 
This means that lower harmonics are more sensitive than higher 

Figure 5.14. Upper row: 100% cleaning efficiency; bottom row: 50% cle-
aning efficiency. A,B: neither fouling nor PA attack by detergent (ideal); 
C,D: no fouling but PA attack by detergent; E,F: no PA attack but fouling 
by detergent equal in amount to the initial adsorption step.
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ones because their bell curve is wider and therefore collects more 
information on the phenomena occurring at the sensor surface. On 
the contrary, higher harmonics have a smaller amplitude (sharper 
Gaussian) and cover less sensor surface being therefore less sensi-
tive to surface phenomena [32,33]. 

Thus, taking into account that both the sensitivity and the pene-
tration depth of all the harmonics differ, the question arises whether 
any differences would be observed  between the 5th harmonic (data 
of which are reported throughout this thesis) and a higher overtone 
(for example 9th, 11th, or 13th) during the bulk measurement of the 
cleaning step. The underlying hypothesis is that since the higher 
harmonic has a lower amplitude and penetration depth, it could be 
possibly less affected by bulk effects (Figure 5.15).

]ΔFBSA ]ΔFBSA

ΔFbulk

Figure 5.15. Schematic representation of the change in the penetration 
depth and sensitivity of different harmonics. Green curve represents the 
higher harmonic, the orange curve the lower one. The grey shade at the 
bottom represents the polyamide layer on the sensor surface. Left: The 
adsorption of a monolayer of BSA on PA generates a frequency shift during 
measurement. Right: The measured frequency shift is the contribution of 
both the adsorption of BSA on PA and the bulk change due to the injection 
of the cleaning agent. The hypothesis depicted is that the higher harmonic 
is less affected by changes in the bulk due to a reduced penetration depth. 
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Figure 5.16 compares the response of higher harmonics (9th, 
11th and 13th) with the 5th which it is usually considered for data 
interpretation.

As can be observed, the bulk response in the cleaning step is 
highest for the 3rd harmonic (F3, dark blue curve) and lowest for 
the higher harmonics, as was the initial hypothesis. However, it 
can also be seen that higher harmonics still have a bulk response, 
even though to a lesser degree. In fact, there is a decrease of bulk 
effect from the 3rd to the 9th harmonic (F3 to F9), but then both 
11th and 13th harmonics (F11 and F13) are practically identical with 
the only difference that the 13th harmonic has much more noise. 

Furthermore, the difference between the measured frequen-
cy at the beginning and the end of the bulk response (equal to 
what is denoted ΔFcleaning,bulk in Figure 5.10) is practically the 

Figure 5.16. Comparison between different harmonics measured by QCM-D 
for fouling-cleaning experiment performed with BSA as a model foulant and 
AS2 as cleaning agent. Each color represent a different harmonic. 
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same for all the harmonics. This means that the bulk affects all of 
them equally. Thus, there is apparently no point in using higher 
harmonics. 

5.2.4.2. Toward on-line monitoring of cleaning using MP-SPR

MP-SPR was used as a complementary tool for monitoring cle-
aning experiments. The aim was to study whether the cleaning 
can be followed during the bulk response similarly as studied 
with QCM-D. Figure 5.17 depicts raw data of a typical fouling-cle-
aning experiment performed by MP-SPR measured with the wa-
velength of 670 nm (channel 1 and 3). As in QCM-D, the model 
foulant employed was BSA protein and the cleaning agent was 
the AS2 alkaline solution.
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Figure 5.17. Raw data of the adsorption of BSA foulant on a PA-coated 
MP-SPR sensor and subsequent cleaning measurement using AS2 alkali-
ne solution as a model detergent. Measurements steps: (1) Stabilization of 
the baseline in PBS buffer (20 min); (2) adsorption of BSA protein (until 70 
min); (3) desorption of reversibly bound protein molecules by rinsing with 
PBS buffer (until 85 min); (4) injection of detergent AS2 (85-120 min); (5) rin-
sing with PBS buffer. Both curves correspond to a wavelength of 670 nm in 
channel 1 (blue curve) and channel 3 (green curve), respectively. 
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As can be observed, after the desorption step (at 85 minutes) the 
BSA that had remained irreversibly adsorbed on the PA surface 
yielded an angle change of 320 and 330 mdeg for channels 1 
and 3, respectively. During subsequent injection of detergent 
AS2, a Δθcleaning,bulk of 60 mdeg and 100 mdeg was measured 
for channel 1 and channel 3, respectively. However, after rinsing 
with PBS buffer the amount of BSA removed (Δθcleaning,buffer) 
was 120 and 160 mdeg for channels 1 and 3, respectively, i.e. on 
average 1,75 times more. This agrees with previous QCM-D me-
asurements, namely that Δθcleaning,bulk is smaller than Δθclea-
ning,buffer. Therefore, the bulk response measured with MP-SPR 
apparently also masks to some extent surface phenomena but 
real-time monitoring of the cleaning remains possible. Based on 
various experiments, also for MP-SPR a correlation between the 
change in peak minimum angle generated due to BSA removal 
(Δθcleaning,buffer) and during the bulk response (Δθcleaning,-
bulk) was found for the wavelength of 670 nm (Figure 5.18).

Figure 5.18. Correlation between the measured BSA removal after the cle-
aning step (Δθcleaning,buffer) and the measured BSA removed during the 
cleaning process in the bulk (Δθcleaning,bulk) for the wavelength of 670 
nm (channels 1 and 3).
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The simple empirical correlation between Δθcleaning,bulk and 
Δθcleaning,buffer  was: 

Hence, very similarly to what was observed with QCM-D, bulk 
changes affect the MP-SPR signal (peak minimum angle) but 
membrane cleaning can be monitored in real-time although with 
a perception threshold of 61,9 mdeg. 

Interestingly, the thresholds of 3,7 Hz (QCM-D) and 61,9 mdeg 
(MP-SPR) correspond to very similar approximated surface den-
sities (mass per area): 65,5 and 51,6 ng·cm-², respectively. This 
reveals that at least in terms of sensitivity both QCM-D and MP-
SPR are equally suitable to monitor membrane cleaning in real-ti-
me and under changing bulk conditions.

Conceptually not unlike the harmonics of QCM-D, MP-SPR uses 
different wavelengths of different energy and penetration depth. 
The energy accumulated in the glass/gold interface of the sen-
sor due to the total internal reflection (TIR) phenomenon gene-
rates the so-called the evanescent field or wave (see Chapter 2). 
The amplitude of the evanescent wave decreases exponentially 
with increasing distance from the interface surface [34] and by 
varying the wavelength the penetration depth of the evanescent 
wave will change. Hence, the wavelength of 980 nm (channel 4) 
protrudes more than that of 670 nm (channels 1 and 3) into the 
bulk while the latter is of higher energy than the former. Similar-

Δq!"#$%&%',)*++#, = 0,8 ∙ Δq!"#$%&%',)*"- + 61,9	[𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚] 
 

Equation 5.2
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ly to investigating with QCM-D whether certain harmonics are 
less prone to be affected by bulk changes, it was investigated 
whether any of the three wavelengths of the MP-SPR would be 
more suitable than others to monitor membrane cleaning in re-
al-time, i.e. when the bulk conditions differ significantly from the 
reference.

Figure 5.19 compares the change in the resonance angle Δθ-

cleaning,bulk measured by the wavelength of 980 nm (channel 
4) and that of 670 nm (channels 1 and 3).

As can be observed, channel 4 (980 nm) has in general a lower 
sensitivity. The change in the resonance angle generated due 

Figure 5.19. Comparison between channels 1 and 3 (670 nm, blue and 
green curves) and channel 4 (purple curve) for the adsorption of BSA fou-
lant on a PA-coated MP-SPR sensor and subsequent cleaning measurement 
using AS2 alkaline solution as a model detergent. Measurements steps: (1) 
Stabilization of the baseline in PBS buffer (20 min), (2) adsorption of BSA 
protein (75 min), (3) desorption of reversibly bound protein molecules after 
rinsing with PBS buffer (90 min), (4) injection of AS2 detergent (95 min) and 
(5) rinsing with PBS buffer (120 min). 



183

Membrane cleaning monitoring using QCM-D and MP-SPR

to the irreversible adsorption of BSA was 110 mdeg, while chan-
nels 1 and 3 yielded a signal on average three times higher, 320 
and 330 mdeg, respectively. The approximately same ratio could 
be observed during the injection of AS2 detergent (Δθcleanin-
g,bulk(980nm) = 26 mdeg and  Δθcleaning,bulk(670nm) = 60 
and 100 mdeg in channels 1 and 3, respectively) and after rinsing 
with PBS buffer for the total amount of BSA removed (Δθclea-
ning,buffer(980nm) = 50 mdeg while Δθcleaning,buffer(670nm) 
= 120 and 160 mdeg for channels 1 and 3, respectively). Thus, the 
wavelength of 980 nm shows a lower peak minimum angle for 
the bulk but to the same extent also for the detection of surface 
phenomena. Similarly to what was observed with different har-
monics in QCM-D, there is hence no advantage in using other 
wavelengths than the most sensitive one which in this case is 
the one of 670 nm.

Summarizing, both QCM-D and MP-SPR are powerful tools for 
measuring membrane cleaning in real-time and under changing 
bulk conditions without the need to operate under reference 
conditions.

5.2.5.	 Monitoring of membrane cleaning off-line

Off-line studies of membrane cleaning are useful to validate the 
cleaning efficiency of a detergent. As an example, Figure 5.20 
shows the removal of BSA from nitrocellulose by using the sim-
plest possible cleaning agent, 0,1% (w/w) NaOH as measured 
by QCM-D (5.20A) and MP-SPR (5.20B). Nitrocellulose is a very 
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common polymer for bioanalytical applications (for example, la-
teral flow devices) while NaOH is a common surface regenera-
tion/cleaning agent.

Nitrocellulose had been deposited on the sensor surface according 
to Chapter 2 followed by adsorption of BSA. The cleaning efficien-
cies determined by QCM-D and MP-SPR were calculated as

with ΔF,θ*foulant referring to the foulant adsorbed on the surface 
before cleaning and ΔF,θcleanedfoulant indicating the amount 
remaining after cleaning. The values obtained were 49% ± 7 and 
46% ± 10, respectively, in four independent measurements and 
thus agreed well.

Figure 5.20. Adsorption of BSA foulant on Nitrocellulose-coated QCM-D 
(A) and MP-SPR sensors and subsequent cleaning step using 0,1% NaOH 
as detergent. Different colors represent different MP-SPR curves of varying 
wavelengths (B).

cleaning	efficiency	[%] =
ΔF, q!"#$%&'

∗ − ΔF, q!"#$%&'
)$*%&*+ 	

ΔF, q!"#$%&'
∗ · 100 

 Equation 5.3
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Figure 20 mainly demonstrates two aspects: first, QCM-D and 
MP-SPR are both suitable for studying the efficiency of cleaning 
agents for removing membrane fouling. Second, it clearly de-
monstrates that cleaning can be little efficient such that the rege-
neration/cleaning of a polymer surface might be incomplete. In 
this case, about 50% of the fouling could not be removed during 
cleaning.

Subsequently, the efficiency of three different membrane cle-
aning agents (AS2, CAS1, and CES, see Chapter 2) to remove 
three different foulants (BSA, ALG, and HA) from a PA surface 
was determined. From interviews with desalination plant opera-
tors it was known that membrane cleaning can be highly variable 
and inefficient. One operator even stated that from all cleaning 
agents available on the market, a simple alkaline solution (such 
as the detergent “AS2” in this work) yielded best results. The 
results depicted in Figure 5.21 for both QCM-D and MP-SPR en-
tirely confirm this empirical observation.

Figure 5.21. Violin-plot of the cleaning efficiency on removal of BSA of cle-
aning agents AS2, CAS1 and CES measured by QCM-D (left) and MP-SPR 
(right). 
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Despite a significant scatter in some of the data sets (par-
ticularly in CAS1 of QCM-D and CES in MP-SPR), which will 
be subject to further investigation, the alkaline solution AS2 
yielded on average a cleaning efficiency of about 45-50%. 
It is emphasized that “cleaning efficiency” comprises both 
removal of foulant and possible PA membrane attack (see 
Section 5.2.3.1) which could explain the scatter observed. 
Future studies will focus on elucidating this further. On the 
other hand, CAS1 not only yielded the highest scatter in the 
QCM-D data but even reached during the latter to a signifi-
cant part negative values which possibly result from adsorp-
tion of pyrophosphate and overcompensated foulant remo-
val, if it occurred at all.

The worst performance of all three agents was CES, supposed-
ly formulated particularly for organic fouling removal. CES did 
apparently not remove any BSA but rather adsorbed on the PA-
BSA surface thus aggravating fouling even further. This is in line 
with what was found in Section 5.2.3.3. 

Similar observations were made with the two other organic 
foulants, ALG and HA. With AS2, cleaning efficiencies were si-
milar to what was found for BSA namely , 50% ± 5 and 36% ± 13 
for QCM-D and MP-SPR, respectively, for alginate and 44% ± 9 
and 38% ± 17, respectively, for humic acid. Scatter in the data was 
far more pronounced for the detergent CAS1 which did not yield 
reproducible results. A possible explanation is that fouling by al-
ginate and humic acid had not reached steady-state during the 

CHAPTER 5
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experiments, as opposed to BSA (please see Chapter 4, section 
4.2.2 and 4.2.3.). As a consequence, the degree of fouling prior 
to cleaning was not only less than with BSA but the non-steady 
state conditions might have contributed to less reproducible fou-
ling layers. Both aspects can be expected to detrimentally affect 
cleaning reproducibility.

5.2.6.	 Proof-of-concept of minimizing membrane fouling 
by an optimized cleaning strategy

The ultimate aim of using QCM-D and MP-SPR for membrane 
fouling monitoring is to have a tool which enables the optimi-
zation of a membrane cleaning strategy such as to mitigate 
as far as possible membrane fouling and furthermore minimi-
ze the use of detergent, process downtimes, and membrane 
damage.

For this reason, a proof-of-concept experiment was conduc-
ted using QCM-D during which a conventional cleaning stra-
tegy was compared with a predictive strategy, using BSA as 
a model foulant. The conventional cleaning was characterized 
by a fouling interval with a total duration of Δtfouling followed 
by a cleaning interval with a total duration of Δtcleaning (Figu-
re 5.22). In both intervals stationary state was obtained. The 
membrane fouling remaining after conventional cleaning was 
then considered in this experiment to represent 100% of the 
irreversible membrane fouling.

Membrane cleaning monitoring using QCM-D and MP-SPR
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In a second set of experiments, a repetitive series of nine shorter 
fouling and cleaning intervals were conducted equaling, howe-
ver, in their sum the time intervals of the previous (conventional) 
experiment, such as:

and

The aim was to verify the hypothesis that early-stage detection 
of fouling and predictive cleaning can restrain membrane fouling 
without increasing overall process downtimes needed for clea-

CHAPTER 5

Figure 5.22. Schematic representation of a conventional cleaning measu-
rement by QCM-D. 

!∆𝑡𝑡!"#$%&%',)
*+#,&!-&.# +∆𝑡𝑡!"#$%&%',/

*+#,&!-&.# + ⋯+ ∆𝑡𝑡!"#$%&%',0
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Equation 5.4
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ning (see Figure 1.5). The target was, hence, to remain below the 
conventional target of 100% of membrane fouling. 

As can be seen in Figure 5.23, the predictive cleaning maintai-
ned membrane fouling repeatedly and throughout all nine cycles 
at a level approximately at 50% of what would be the level of 
fouling using the conventional strategy.

The steady-state fouling layer of BSA in a conventional cleaning 
experiment can be considered a relatively compact monolayer 
(Figure 5.24A). It is assumed that by cleaning the membrane be-
fore reaching the steady-state fouling, the fouling layer was not 
given time enough to consolidate and compact. Repeated clea-
ning cycles could possibly create a “patchy” fouling layer (Figure 
5.24B) which can be, at least in part, more easily removed.

Figure 5.23. Degree of fouling after repeated predictive cleaning cy-
cles. Blue dots represent the remained fouling degree after each cle-
aning step.
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5.3. Conclusions

QCM-D and MP-SPR are capable of providing a fast screening 
on the cleaning efficiency of detergents both on-line and off-line. 
Off-line studies of membrane cleaning also revealed that some 
detergents attack the membrane polymer or even aggravate 
fouling. On-line monitoring of membrane cleaning is possible 
despite of the bulk response caused by the detergents. During 
these bulk changes, QCM-D and MP-SPR maintained their surfa-
ce sensitivity, but with a perception threshold. 

A proof-of-concept study performed for predictive cleaning de-
monstrated and confirmed that early-stage detection of fouling and 
resulting optimization of the cleaning strategy can keep fouling at 
significantly lower levels than during conventional operation.

A

B

Figure 5.24. Schematic representation of the structure of the remaining 
fouling layers after the conventional cleaning process (A) and predictive 
cleaning process (B).
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CHAPTER 6
REAL-TIME MONITORING OF 
MEMBRANE FOULING AND 

CLEANING BY QCM-D FROM LAB TO 
INDUSTRIAL-SCALE: PROOF OF CONCEPT

6.1. Introduction

Although RO is an efficient desalination technology worldwide 
applied, its efficiency and economics is strongly affected by 
membrane fouling which is still one of the major process limita-
tions that the field encounters [1]. The direct consequences of 
membrane fouling are, on the one hand, an increased energy 
demand, cleaning frequency and consumption of chemicals, 
and, on the other, a shortened membrane lifetime leading to 
higher membrane replacement costs [2]. Research in this field 
has done great effort in order to understand the underlying 
fouling mechanisms [for example, 3–7] and attempts have been 
and are being made to develop monitoring protocols that could 
help the desalination industry in reducing membrane fouling or 
detect it at an early-stage. 
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Different approaches are used in order to detect, control and try 
to mitigate membrane fouling in industrial desalination plants. 
Fouling propensity of the feedwater is extensively studied by 
analysing off-line the water quality entering to RO membranes 
focussing on different standard parameters such as turbidity, pH 
or total and dissolved organic carbon (TOC and DOC) [2,8]. The 
most applied measurement as a standard in this sense is the 
Silt Density Index (SDI) which consists on filtering the pretreated 
feedwater by a microfiltration (MF) membrane (with 0,45 μm of 
pore size) at dead-end configuration under constant pressure. 
The time needed to filtrate a specific and known volume of feed-
water is recorded and a SDI percentage is calculated which must 
be above 5 [2]. However, SDI indexes may not provide reliable 
information due to the fact that several foulants have a smaller 
size than the MWCO of the MF membrane and are consequently 
not rejected by the MF membrane resulting in underestimating 
the fouling propensity. Furthermore, as the feed water is a dy-
namic system which can continuously change its composition, 
occasional SDI measurements may be of limited value. For this 
reason, it is essential to use techniques that allow monitoring 
membrane fouling in real-time and in a non-invasive manner.

In the past decades, different more advanced techniques have 
been investigated in order to monitor and control membrane fou-
ling. Some of the more commonly reported monitoring methods 
are direct observation trough membrane (DOTM) [9], electrical im-
pedance spectroscopy [10], laser triangulometry [11], fluorescen-
ce spectroscopy [12,13] synchrotron IR spectroscopy [14], optical 
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coherence tomography (OCT) [15], RAMAN spectroscopy [13,16] 
and FTIR mapping [17]. These methods are indeed very useful to 
study membrane fouling and all of them provide valuable insights 
into fouling mechanisms. However, they are not sensitive enough 
for detecting fouling in a very early-stage and, hence, anticipative 
way. In order to achieve this, the detection limit should be as low 
as starting from the very first adsorption layers that are formed in 
the range of nanometers, roughly three orders of magnitude lower 
than the detection limit of common detection techniques. In addi-
tion, the industrial implementation of some of the aforementioned 
techniques is limited as they are not robust enough for enduring 
the sometimes harsh conditions in industrial desalination plants. 

Taking the latter into consideration, this Chapter investigates 
the implementation of the QCM-D equipment into an RO system.

6.2. Results and Discussion 

Once it had been verified that combining both QCM-D and 
MP-SPR offer a promising membrane fouling monitoring tool, 
a proof-of-concept study was carried out in order to further 
investigate if the proposed methods were capable of detec-
ting membrane fouling when connected to an RO unit. This 
section describes first data obtained from an integration of 
the QCM-D into a bench-scale RO unit and then an imple-
mentation in an industrial-scale RO plant installed in a local 

Real-time monitoring of membrane fouling and cleaning by QCM-D from lab to industrial-scale: proof of concept
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multinational manufacturer from the paper sector (see Chap-
ter 2). In order to simplify the integration, only QCM-D was 
used. The commercial MP-SPR was particularly sensitive to 
air bubbles and it needed an in-line degasser which made 
the connection to the RO plant potentially less robust from 
an industrial application point of view. However, since it was 
demonstrated in previous chapters that QCM-D and MP-SPR 
widely coincided in their capacity of membrane fouling de-
tection, the sole use of QCM-D was considered to be a valid 
proof-of-concept.

6.2.1. Connection of QCM-D equipment with a lab-scale RO 
unit

The QCM-D equipment was connected to laboratory RO sys-
tem (Chapter 2) after the pump in order to warrant a constant 
flux through the sensor module (Figure 6.1). The RO system 
operated in a recirculation regime. As a consequence, gra-
dual heating of the feed occurred during operation and along 
time. The temperature control of the QCM-D was therefore 
disabled as it was observed that with the installed Peltier tr-
ying to maintain the temperature constant (the system was set 
to a default temperature of 23°C) the system would overheat. 
Besides, as membrane fouling could possibly be affected by 
the feed temperature, the monitoring should occur under the 
same conditions.

CHAPTER 6
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Figure 6.1. Schematic representation of the QCM-D connection to the la-
boratory RO system. The feed is recirculated via a pump situated after a 
shut-off valve V1. Retentate and permeate also are returned to the feed 
tank. The QCM-D was connected via a flow-regulating valve V2 in a by-
pass mode to the feed line of the RO system and its outflow also returned 
to the feed. “T” and “P” indicate temperature and pressure measurements, 
respectively. Other basic technical specifications of the RO system were 
reported in Chapter 2. 

One of the first concerns was to see whether a stable signal 
could be reached at all when connecting the microfluidic modu-
le of QCM-D to the RO system. The water flux that entered the 
QCM-D module was two orders of magnitude higher than the 
usual liquid flow applied. In fact, the QCM-D equipment used is 
designed to operate at low liquid flows (no more than 100 μl/min) 
and highly controlled and stable laboratory conditions [18]. The 
operating conditions of the QCM-D where therefore drastically 
different from experiments reported in previous Chapters.

Real-time monitoring of membrane fouling and cleaning by QCM-D from lab to industrial-scale: proof of concept
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Indeed, a first trial was unsuccessful due to excessive noise in 
the signal. Figure 6.2 depicts the change in the frequency and 
the dissipation measured for two hours and half by QCM-D when 
connected to the feed stream of the RO system.

As can be observed, the noise in the frequency (ΔF) is around 50 
Hz, almost double as high than the change generated by the ste-
ady-state adsorption of a model foulant such as BSA protein. In 
this context, the measured noise was therefore far too high and 
unacceptable considering that only water was flowing over the 
PA-coated sensor. The pump of the RO system was identified as 
the most probable source for the noise. The pump operated at a 
speed which resulted in a recycling of the whole feed volume in 
less than a minute. High turbulence could therefore be expected 
in the feed line which in turn affected the QCM-D signal. QCM-D 
usually operates at very small Reynolds-numbers (below Re<10).

Figure 6.2. Left: Measured change in the frequency (blue) and dissipation 
(red) for the 5th harmonic when water of RO permeate flowed through a 
PA-coated QCM-D sensor. Right: measured change in the frequency (tur-
quoise) and dissipation (orange) for the  3rd  harmonic; measured change in 
the frequency (blue) and dissipation (pink) for the 13th harmonic.
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In order to solve this problem a custom-made flow damper be-
tween the RO feed line and QCM-D was installed. As a conse-
quence, the noise in the signal was considerably reduced, as 
can be seen in Figure 6.3.

The ΔF obtained for the noise was below 5 Hz which could be 
considered an acceptable level considering the non-conventio-
nal environment to which the QCM-D microfluidic module was 
subjected. 

However, a considerable increase in the frequency of about 55 
Hz and corresponding decrease in dissipation occurred during 
the 10 hours of experimentation as depicted in Figure 6.3 (left). 
This suggested a partial removal or abrasion of PA deposited on 
the QCM-D sensor possibly caused by the continuous high wa-
ter flow coming from the RO feed line. Yet, as Figure 6.4 clearly 

Figure 6.3. Left: Change in the frequency (blue) and dissipation (red) me-
asured for the 5th harmonic due to the contact of RO feedwater with the 
PA-coated QCM-D sensor after the installation of the custom-made flow 
damper. The operation time was 10 hours. Right: Amplification of time inter-
val of 10 minutes from the same experiment. 
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demonstrates, the underlying reason was the change of the tem-
perature of the RO feed water.

The frequency increase correlated almost perfectly with the 
change in of the temperature with a ΔF of about 55 Hz for a ΔT 
of about 8 °C. The source for this increase in the feed temperatu-
re was again the recirculation pump which generated significant 
heat during operation.

With the aim of being able to disregard the effect of tempera-
ture on the measured frequency and therefore be able to obtain 
a stable baseline as a reference for further fouling experiments, 
a temperature correction was applied where necessary in sub-
sequent studies. Figure 6.5 (left) illustrates that there existed a 
linear relationship between the frequency and the feed tempe-

Figure 6.4. Correlation between the measured frequency for the 5th har-
monic (blue) and the feed water temperature of the RO (orange). 
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rature. The respective empirical frequency-temperature correla-
tion (Eq. 6.1) allowed to consecutively apply a temperature co-
rrection. Figure 6.5 (right) shows that this resulted in diminishing 
the frequency variation down to less than 5 Hz and that a practi-
cally stable signal was achieved.

The empirical linear correlation resulted from the fit was                   

On the other hand, it was observed that when the RO plant had 
been operated for more than 12 hours, the feed temperature va-
ried only 0,5°C (between 28,9°C and 29,4°C) which did not gene-
rate a significant frequency variation within almost 7 hours (Figure 
6.6) and was therefore acceptable during following experiments.

Figure 6.5. Left: Correlation between the measured frequency change for 
the 5th harmonic (blue) and the temperature of the RO feed. Data were 
fitted with a linear regression (dashed black line). Right: Original frequency 
data (blue) and the temperature-corrected frequency (green).

𝐹𝐹(𝑇𝑇)	[𝐻𝐻𝐻𝐻] = 6,83[𝐻𝐻𝐻𝐻 ∙ °C!"] ∙ 𝑇𝑇[°C] − 154,44[Hz]	   Equation 6.1
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6.2.2. Proof of concept study: on-line monitoring of the ad-
sorption of a model protein and subsequent cleaning

Once a stable signal was achieved and after proving that the mi-
crofluidic QCM-D withheld the high liquid flow over time, a proof 
of concept study was carried out in order to investigate whether 
the QCM-D could detect the adsorption of a model foulant on-line. 
Due to the large feed volume of the RO system, casein protein 
(CAS) was used as a model foulant instead of BSA because of its 
significantly lower cost (Chapter 2). For this reason, first off-line 
measurements with the QCM-D were performed as a reference 
Figure 6.7 illustrates the initial stabilization of the baseline using 
PBS buffer, followed by an adsorption of CAS from a solution of 
100 ppm (m/m) onto the PA-coated QCM-D sensor surface, a rin-
sing step with PBS buffer in order to remove reversibly or loosely 

Figure 6.6. Variability of the measured frequency (blue) and dissipation 
(red) for the 5th harmonic when operating the RO for almost 7 hours. The 
change in the temperature did not generate a significant instability of the 
signal in the context of the experiments envisaged.  
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bound CAS molecules, a cleaning step using AS2 cleaning de-
tergent as an alkaline cleaning agent (see Chapter 5) and a fi-
nal rinsing step with PBS buffer. All experimental conditions were 
identical to those in Chapter 5.

As can be seen, the overall adsorption of CAS (interval “ads”) 
reached 65 Hz while the irreversible adsorption of CAS on the 
PA-coated sensor generated a frequency shift of 57 Hz (interval 
“des”) and 24,5 Hz (last interval “r”) before and after cleaning, 
respectively. The calculated cleaning efficiency was 57%. 

For on-line measurements, an adequately concentrated CAS 
stock solution was to be added into the water tank such as to 
enable rapid mixing. The addition of CAS would require tempo-

Figure 6.7. CAS adsorption onto PA-coated QCM-D sensor and cleaning; 
r: reference; ads: adsorption step; des: desorption step under reference 
conditions; cl: cleaning with detergent AS2; r: flushing under reference 
conditions.  
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rary closing of feed valve V1 (see Figure 6.1) in order to allow for 
good mixing of feed solution. As this would bring the RO Feed 
line to a hold, so would the by-pass flow toward the QCM-D. 
Figure 6.8 shows that upon valve closing (arrow) a sudden fre-
quency decrease of about 35 Hz occurred due to the decrease 
in flow pressure. However, most importantly, the baseline was 
recovered afterwards, from which it could concluded that actua-
ting the valve V1 was not limiting the online monitoring.

Consecutively, an on-line fouling experiment was conducted. 
An adequately concentrated CAS stock solution was prepared 
considering both the total volume of the tank and an estimated 
volume of the liquid circuit such that an approximate final CAS  
concentration of 100 ppm (m/m) would be obtained. 

Figure 6.8. Effect of repeated closing/opening the feed valve V1 tempo-
rarily (arrow) on the measured QCM-D frequency signal. 
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Figure 6.9 shows raw data of the measured frequency during the 
on-line measurements of the adsorption of CAS.

As can be observed, shortly after the CAS stock solution had 
been added to the feed (visible by the short downward peak 
due to actuation of the valve V1), an adsorption of CAS onto the 
PA-coated sensor surface was detected. After recirculating the 
CAS feed solution during about 100 min, the frequency had sta-
bilized at about 28 Hz. The off-line CAS adsorption had yielded 
about 65 Hz. Thus, QCM-D successfully detected on-line the 
presence of CAS in the feed but the measured amount adsorbed 
was 43% of that measured during off-line studies. A possible ex-
planation could be that the total volume of water was underesti-
mated and therefore the final CAS feed concentration was less 
than 100 ppm (m/m). Additionally, it must be taken into account 
that although RO membranes were polyamide-based TFC mem-

Figure 6.9. Detection by QCM-D of the adsorption of CAS protein (added 
at the point indicted by arrow and dotted line) in the feed. 
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branes, the polyamide used on the QCM-D sensors and that of 
the membranes was not identical. It is therefore possible that the 
CAS adsorbed to slightly different degrees on these both surfa-
ces. For practical applications this would not be a limitation as a 
simple initial calibration would eliminate this difference.

The recirculation of the CAS feed solution was continued for ano-
ther 11 hours and concurrently the water permeate flux of the RO 
unit was measured. As can be seen in Figure 6.10, both the frequen-
cy and the permeate flux remained at a stable average value of 
about 24 Hz and around 1005 g·min-1, respectively, until 8,5 hours.

Only after this period of time, a the permeate flux suddenly de-
creased in two steps down to 790 g·min-1. Hence, an overall flux 
decline of about 20% occurred due to the injection of CAS pro-
tein into the RO feedwater. There is no obvious explanation for 
why the permeate flux decreased stepwise. But most important-

Figure 6.10. Permeate flux measured of RO (pink) and QCM-D frequency 
data (blue) during a 13 hour-long RO run with CAS fouling. 
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ly, as can be seen, QCM-D detected fouling well before permea-
te flux was apparently affected. This corroborates the early-sta-
ge detection of fouling using this system. 

On the other hand, frequency remained virtually constant du-
ring a subsequent flushing step on a level where the previous 
experiment had finished (Figure 6.11). Also the permeate flux re-
mained after 15h constant, within a certain degree of variation, 
at a level equal to the first step decrease at about 11h in Figure 
6.10. The second step decrease in Figure 6.10 might therefore 
not be of chemical origin. In general, QCM-D data and process 
data agreed satisfactorily.

Similar to the off-line measurement (Figure 6.7), subsequently an 
on-line cleaning experiment was performed in order to monitor 
how the CAS foulant would be removed from the RO membrane 
surface. The cleaning detergent used in this case was a simple 

Figure 6.11. Permeate flux measured of RO (pink) and QCM-D frequency 
data (blue) during another 6 hour-long RO run with water flushing.
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alkaline solution composed of 0.1% NaOH instead of previously 
used AS2 which also includes SDS in its formulation (Chapter 2). 
SDS was not added due to the large feed volume and resulting 
costs. As is depicted in Figure 6.12, during cleaning step the per-
meate flux dropped quickly from about 900 g/min to 770 g/min 
and remained virtually constant at this value. This observation 
was unexpected because it was anticipated that the cleaning 
would result in a gradual permeate flux recovery. In fact, as re-
gards the interaction of NaOH with polyamide, it was hypothe-
sized in Chapter 5 (section 5.2.3.1) that NaOH causes a swelling 
of PA which would result in an increase of the permeate flux. 
Hence, the reason for the rather constant lower water permeate 
flux during the cleaning interval remain unclear.

An important observation is that the response to the NaOH solu-
tion had been successfully detected as a change in the QCM-D 

Figure 6.12. Permeate flux measured of RO (pink) and QCM-D frequency 
data (blue) during 6 hour-long RO run with cleaning with 0.1% NaOH as 
cleaning detergent.
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signal. As can be seen, the cleaning takes almost 4 hours until 
reaching steady state. This time was significantly above the time 
needed in cleaning experiments performed in Chapter 5. Never-
theless, data shown in Figure 6.12 agreed well with those clea-
ning experiments discussed in Chapter 5 where it was shown 
off-line that cleaning can be monitored during the bulk response 
while QCM-D is exposed to the cleaning agent. 

The generated bulk signal during cleaning reached in this case 
about 18 Hz. Hence, it seems from the bulk data that about 6 Hz 
of 24 Hz CAS irreversible fouling (Figure 6.11)  had been removed 
which would correspond to a cleaning efficiency of only about 
25%. However, as was discussed in Chapter 5, during the clea-
ning cycle the cleaning efficiency is underestimated due to the 
contribution of the bulk change. 

First and foremost, it can clearly be seen how the system was 
capable of monitoring fouling removal during the cleaning pro-
cess and determine when exposure to the cleaning agent (here: 
NaOH) did not have any further effect. This is highly valuable in 
a process as it allows reducing cleaning times to the absolute 
necessary. As a consequence, process downtimes and use of 
cleaning agents can be optimized and membrane life-time will 
be enhanced to a maximum in view of the general operating 
conditions.

Finally, after cleaning with 0,1% NaOH solution the RO system 
was purged with water as a final rinsing step in order to study de-
termine the true cleaning efficiency and in order to verify to what 

Real-time monitoring of membrane fouling and cleaning by QCM-D from lab to industrial-scale: proof of concept



212

extent the permeate flux would be recovered after cleaning. For 
this purpose, the feed solution was changed which required  an 
interruption of the monitoring for about 20 minutes. Figure 6.13 
shows the QCM-D monitoring and permeate fluxes after this 
short break with water flushing through the system in a one-pass 
mode such as to warrant removal of the NaOH solution.

Some variation in both permeate flux and measured frequency 
could be observed but they were not considered to be signifi-
cant. This means that the recovery of the permeate flux was al-
most instantaneous once the NaOH solution had been replaced 
by water. In fact, permeate flux remained at around 950 g/min 
which is about 95% of the initial average water flux. 

The QCM-D signal remained at about 14 Hz which means that 
10 Hz of CAS fouling had been removed from the irreversibly 

Figure 6.13. Permeate flux measured of RO (pink) and QCM-D frequency 
data (blue) during about 13 hour-long RO run with rinsing after cleaning 
with NaOH.
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adsorbed 24 Hz of CAS protein. This corresponded to a cleaning 
efficiency of about 42%. This value was slightly lower than what 
was measured off-line (Figure 6.7) but it must be considered that 
in this case SDS was not present in the cleaning solution. Still, 
QCM-D data agreed with water permeate flux data: the permea-
te flux obtained during the rinsing step after CAS adsorption (Fi-
gure 6.11) was about 900 g/min, thus being a 10% lower than the 
initial water flux. The measured frequency was about 24 Hz in 
these step. During rinsing after cleaning (Figure 6.13), the per-
meate flux was 5% lower than initial flux while QCM-D gave  a 
frequency of 14 Hz. 

6.2.3. Pilot study: Membrane fouling monitoring on an in-
dustrial RO plant 

A pilot study on a relevant industrial environment was performed 
in a local multinational manufacturer from the paper sector in co-
llaboration with OTARI Ingeniería del Agua S.L. (Irún, Spain). The 
principle technical aspects of the industrial RO plant are repor-
ted in Chapter 2. The QCM-D microfluidic module was connec-
ted using the same configuration as described in Figure 6.1 and 
the connection was made after the booster pump using additio-
nally a pressure reducer that yielded a final pressure of 1 bar(g). 
The sensors used were covered with the PA-PEG0 polyamides 
(Chapter 2) as a membrane model polymer and representative 
for the RO membranes of the plant.
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Figure 6.14 presents the obtained results from the pilot study du-
ring an experimentation time of more than one month.

As can be seen, a gradual and clear decrease in the frequen-
cy was measured which was indicative for fouling occurring on 
the RO membranes. The feed water source of the RO system 
was brackish water which passed through a sand filter prior to 
the RO. This means that a significant amount of organic foulants 
should be expected. This is reflected by a frequency shift of 100 
Hz reached already during the first day and lasting for the first 
7 days of operation. After day 9 an abrupt decrease in the fre-
quency of 300 Hz was observed. After this surprising jump and 
wondering whether it was a technical problem of the monitoring 
device or the RO system, the operator of the RO was contacted. 
He stated that the RO was operating as usual. However, the next 

Figure 6.14. QCM-D frequency data (blue) during a pilot study on an in-
dustrial RO plant. The duration of the pilot test was of 1 month. The tem-
perature (red) was also monitored during the pilot. Frequency is related 
to the degree of fouling occurring onto the surface of the RO membrane. 
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day their permeate flux drastically decreased due to unknown 
reasons. This corroborated in an industrial environment that the 
QCM-D can detect at an early stage the fouling of the RO plant 
and anticipate its detrimental effects. 

Figure 6.14 also shows that temperature decreased along the 
monitoring which would also result in lower frequencies. Howe-
ver, this temperature effect is not enough to explain the mea-
sured fouling. In fact, a change of ΔT= -5 °C would result in a 
frequency change of about ΔF= 30 Hz (Figure 6.5, left) which is 
far less than the fouling detected.

6.3. Conclusions 

The QCM-D microfluidic module was successfully connected to 
both bench-scale and industrial RO plants. A noise level of the 
signal was reached which enabled membrane fouling and clea-
ning monitoring. The experimental set-up allowed a simple plug 
and play connection to the RO units. QCM-D can therefore be 
used as a monitoring tool in an industrial environment. 

Using a bench-scale RO system, the adsorption of CAS model 
foulant could be monitored by QCM-D as well as the cleaning 
step. Cleaning efficiency could be monitored on-line despite of 
the bulk response of the cleaning agent. 

Finally, the successful industrial implementation of the QCM-D 
equipment opened an opportunity toward the development of 
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a monitoring device with an hitherto unprecedented sensitivity. 
Such an early-stage fouling detection device would be expected 
to contribute, in combination with common conventional analyti-
cal techniques, to a more sustainable water production process.
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CHAPTER 7
VALUE PROPOSITION FOR AN 

EARLY-STAGE FOULING MONITORING 
DEVICE

Throughout this thesis it has been demonstrated that the combi-
nation of both QCM-D and MP-SPR is a strategy to efficiently de-
tect membrane fouling at an early-stage. This chapter analyzes 
the market need for a monitoring device that helps mitigating 
membrane fouling and thus potentially increases the RO pro-
cess efficiency on industrial desalination plants. A perspective 
of RO-based desalination market will be presented and the im-
plementation of the monitoring device will be critically discus-
sed according to the main lacks and needs of the desalination 
industry. Finally, the creation of a spin-off company based on this 
thesis is shortly presented.
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CHAPTER 7

7.1. Target market: membrane-based desalination by RO 

Desalination of water by RO processes is a well-established 
market worldwide. Its growth potential is very high due to the 
fact that water is a basic and essential resource for the develop-
ment of our society. Growing water scarcity generates a funda-
mental need to optimize the efficiency of water production and 
treatment processes [1]. Nowadays 15.906 desalination plants 
produce 95,37 millions m3/day [2]. Desalination plants can be 
classified as large (from 10.000 to 250.000 m3/day), medium 
(from 500 to 10.000 m3/day) and small (from 100 to 500 m3/
day) plants. Large desalination plants comprise a 18% of the to-
tal plants worldwide, while medium and small plants represent a 
36% and 46%, respectively.

Figure 7.1 shows the geographical distribution of the RO-based 
desalination market by country as a function of the water volume 
produced.

Seawater

Brackish water

Mm3/day
5.0 10.0 15.00.0 20.0

Saudi Arabia
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UAE
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Kuwait
China
Japan
Qatar
Algeria

Australia
Other countries

Figure 7.1. Geographical distribution of the desalination market based on 
RO process [3].
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Spain is the fourth largest producer of desalinated water worldwide 
after the Middle East and USA. It ranks first in European as it manages 
all the phases of the integral water cycle, including membrane-based 
water treatment [4]. Moreover, 7 of the 20 largest desalination com-
panies in the world are Spanish and most of them are linked to large 
construction business groups such as ACCIONA, Ferrovial, FCC and 
Sacyr, all of which build and manage desalination facilities.

In Spain there are more than 750 desalination plants with a 
maximum production capacity of 5 million of m3/day. 13% of the 
plants are considered large plants (from 10.000 to 250.000 m3/
day), 68% medium-sized plants (from 500 to 10.000 m3/day) and 
32% small plants (from 100 to 500 m3/day). Currently, the actual 
production amounts to 3 million of m3/day. 80% of these produc-
tion is shouldered by only 50 plants distributed throughout the 
Mediterranean arc and the Canary Islands. [4]. 

7.1.1. Evolution of the desalination market and trends 

Water treatment industry is growing at an annual rate of 15.3% 
and the market size reached 6.780 M US$ in 2020. In the case 
of membrane-based desalination, this growth is explained by 
fact that water scarcity is continuously increasing [5]. Therefore, 
there is a strong need to build new plants to increase the pro-
duction of drinking water. 

The growth potential of the desalination market for human con-
sumption is high, especially in those regions which are sensitive 
to desertification processes as well as in regions where due to 
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a rapid population growth, in a very few years, the capacity to 
supply drinking water by natural resources will not be enough. 

In the Middle East, where the population is increasing annually 
up to  8% in some regions [6], intense activity in the construction 
of new desalination plants is expected in countries such as Saudi 
Arabia, Oman, the United Arab Emirates and Qatar. On the other 
hand, in Latin America, specifically in Chile, the total investments in 
water infrastructure calculated for the next 11 years is estimated to 
be 1,169 M US$, of which a 62% will be used for the production and 
distribution of drinking water [7,8]. Another growing market is India 
where the approximate size of the water market is 3.500 M US$ [9].

Figure 7.2 depicts the growth forecasts for the desalination market 
at a global level from the year 2000 to 2030. The data are based 
on the annual production capacity of desalinated water.

Figure 7.2. Annual growth of desalination market based on the annual 
production capacity from the year 2000 to 2030.  
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Planned investments into the desalination market mainly focus 
on optimizing the operation of existing desalination plants in or-
der to reduce the costs associated to water production and mak-
ing the desalination process more environmentally friendly [10]. 
On the other hand, the European legislation regarding the water 
treatment for discharge and reuse is becoming more and more 
strict [11,12]. Thus, an exponential growth of new small and medi-
um-sized water treatment facilities which include RO processes 
can be expected. 

7.2. Feedback from the desalination industry

Membrane fouling can seriously affect membrane filtration pro-
cesses. As fouling cannot be completely avoided, focus lies on op-
timizing membrane cleaning strategies in order to lengthen mem-
brane lifetime and reduce process downtimes and cleaning-costs. 
For this purpose, it is crucial to detect membrane fouling at an 
early-stage. As described in previous Chapters, several methods 
have been proposed for membrane fouling detection but until to-
day none has proven to be sensitive enough to handle membrane 
fouling in an anticipative way. In fact, nowadays the fouling is de-
tected in a fairly conventional way: either by a significant drop in the 
filtered water flux or an increase of the transmembrane pressure 
(TMP). At this point, the degree of membrane fouling is so high that 
membranes must be cleaned using protocols which in most cases 
are based on aggressive chemical detergents. As a consequence 
of those cleaning protocols, process downtimes are prolonged and 
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the amount of harmful cleaning agents used increases considera-
bly, which in turns accelerates the membrane deterioration due to 
the repeated chemical abrasion during cleaning cycles. Therefore, 
early-stage membrane fouling detection seems to be highly desir-
able as it would allow reducing these negative effects. Yet, in order 
to understad the real needs of the industry regarding membrane 
fouling, interviews were conducted with desalination companies. 

7.3. Summary of interviews with desalination plant 
operators

Four out of the seven most important Spanish desalination com-
panies were interviewed. These interviews were carried out un-
der confidentiallity agreement which is why the names of the 
companies will be not mentioned. The goal of this section is to 
describe the feedback obtained from the companies interviewed 
regarding the relevance of fouling, current applied methods to 
detect fouling and the needs that a more advanced monitoring 
device should fulfill in order to be attractive enough to consider 
its implementation and/or commecialization. 

All the interviews revealed that until today operators lack a 
method sufficiently sensitive for monitoring and predicting criti-
cal levels of membrane fouling. All companies claimed that in fact 
there is a strong need to detect membrane fouling early enough 
in order to optimize membrane cleaning cycles, increase mem-
brane durability and improve the process performance in terms 
of efficiency and sustainability. 
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7.3.1. The relevance of membrane fouling from a process point of 
view

All the companies agreed that membrane fouling is an undesir-
able phenomenon which results in frequent membrane cleaning 
procedures and in the most serious cases in membrane replace-
ment. It was stated that although membrane fouling is a problem 
of highly variable caracteristics, the quality of the water feeding 
into the RO is key to the extent of the fouling problem. Indeed, 
the cleaning costs were reported to be directly related to the 
initial water quality and resulting the degree of fouling. 

Company 1 stated that in general water quality in Europe is 
of a high standard. Across its plants located in Europe the pre-
treatment step is usually efficient enough to mitigate fouling thus 
causing lower membrane cleaning and replacement costs. They 
revealed that severe fouling mainly occurs in plants located 
outside Europe, especially in those countries of Latin America 
and Asia where the water sources are of poorer quality. As an 
example they mentioned a water treatment plant located in the 
Philippines where membrane cleaning is performed biweekly re-
sulting in cleaning costs of around a hundred thousand euros 
per month. 

All companies agreed that membrane fouling clearly has a sea-
sonal behaviour. Company 3 suffered most from this: during the 
winter season, some of their RO plants do not need cleaning for 
two months. In this situation their cleaning costs are the 3% of 
the total water production costs which they stated range from 0,2 
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to 0,6 €/(m3 produced water). However, these costs soar during 
the summer season due to the need of a weekly cleaning of the 
membranes. This confirms that water composition and quality is 
decisive for how fouling develops. During the summer season, 
they have tested many different cleaning detergents to fight mem-
brane fouling but unfortunately the water flux was never succes-
fully recovered. This confirms our laboratory data presented in 
Chapter 5. This company uses up to 100 kg of chemical products 
for membrane cleaning to make between 15 and 20 cleaning pro-
cedures per RO rack in one year. Therefore, they are interested 
on reducing the generated residues as nowadays the focus is to 
move towards a circular economy. 

Company 4 mentioned that one of their most common prob-
lem is membrane scaling caused by some salts such as alu-
minum silicate. The inability of detecting these compounds 
results on a membrane disabled to operate correctly. In this 
sense, they considered an on-line monitoring device to be 
very useful.

7.3.2. Current applied strategy to deal with membrane fouling in 
the industry

All the companies interviewed determine when the membranes 
should be cleaned using in-line presure sensors in order to 
detect pressure drops in the system. When this pressure drop 
reaches a preset value, the membrane is cleaned. 
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From the point of view of Company 2, the most negative effect of 
membrane fouling may be the increase in the energy consump-
tion that occurs prior to membrane cleaning as the pumps work 
harder to maintain the transmembrane pressure. In some cas-
es they clean the membranes preventively before the pressure 
drops. They reckon that pressure-drop measurements are very 
conventional and rudimentary as they are not capable of predict-
ing membrane fouling in an effective way. Therefore, Company 
2 stated that it would be very beneficial to have a monitoring de-
vice that allows monitoring fouling in advance in order to prolong 
membrane cleaning intervals.

All companies claimed that nowadays the most applied meth-
od to deal with membrane fouling is the corrective method (Fig-
ure 7.3). The latter means that fouling is detected by measuring 
changes in the filtered water flux (a common limit is a decrease 
of around 15%) or by measuring pressure drops. However, at this 
stage process efficiency is already detrimentally affected and 
membrane fouling has already developed to a stage that it will 
be more difficult to completely recover the membrane surface 
after the cleaning step.  

Some companies are trying to apply preventive methods based 
on the knowledge they have about the process. They continu-
ously measure different parameters related to feed water qual-
ity (temperature, pH, conductivity, TOC and DOC) and correlate 
them with membrane fouling using a plant management software 
(Figure 7.3). The main limitation of this type of solutions is that the 
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water parameters measured may not be representative for what 
how fouling will develop on the membrane. All of these methods 
are based on indirect measurements in water although it would 
be essential to measure directly on the membrane surface.

One commercially more advanced technique seems to be spec-
troscopic impedance [8,9] but its industrial implementation does 
not seem to be straightforward and very limited today. 

As for predictive methods, artificial intelligence (AI) is increas-
ingly used in order to maximize plant efficiency and possibly 
forecast fouling detection by feeding different process param-
eters into an optimization algorithm. As data used in AI systems 
are based on indirect measurements in the feed water, and tak-

Direct measurement
on the membrane

Predictive
method

Indirect measurement
in water 

Corrective
method

Plant management
software 

Preventive
method

Artificial Intelligence
Changes in 

flux/pressure

Impedance

Figure 7.3. Industrial trends regarding the existing methods for detecting 
membrane fouling and the Gartner´s magic cuadrant (upper right) where 
new technologies should focus on. 
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ing into account that the composition of feedwater could sud-
denly change, even these more advanced predictive methods 
are prone to fail. Thus, Gartner´s magic quadrant in Figure 7.3 
is defined by being able to measure fouling on the membrane 
surface where it actually occurs, and by using a system sensi-
tive enough to allow a high-confidence prediction of damaging 
fouling levels. 

7.3.3. Needs which the fouling monitoring device should fulfill

The companies showed great interest when they were pro-
posed to install a new sensoric device in their plants that mon-
itors and detects fouling at early-stage. However, they made 
recommendations that were carefully to be taken into account 
before starting to design the mentioned device and implement 
it on an industrial scale.  

First, as for the economic aspect, the savings provided by the 
device should exceed the investment in a reasonable period of 
time (2-3 years). Second, the device should be easy to use be-
cause some RO plants are already maintenance-intensive such 
that plant operators do not wish to increase this burden even 
further. Specifically Company 4 mentioned that the device could 
eliminate operation variability due to the human factor which 
they had determined to be the reason why similar facilities can 
run differently. Third, the device should be integrable into plant 
management as all companies were very interested on com-
pletely automating their desalination plants in the future. 
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The only critical comment received was from Company 1 who 
was afraid of losing the membrane warranty established by 
membrane manufacturers as they are the ones who recommend 
when and how the cleaning protocols should be carried out.

7.4. Toward a QCM-D/MP-SPR based fouling monitoring 

Based on the results of this thesis and feedback from industry, 
a minimum viable product (MVP) of a fouling monitoring device 
was designed to solves the lack of sensitivity on detecting ear-
ly-stage fouling by combining a surface-sensitive sensor system 
with ultra-thin membrane material films. The device is connected 
by a by-pass configuration to the feed-water inlet (“1”, Figure 7.4) 
such that it does not interfere with the process and can be easily 
installed also in existing plants. Using a by-pass configuration, it 
is warranted that the device is exposed at any time to the same 
feed water as the RO process, including during the cleaning cy-
cles. In this way, it truly mimics the fate of membranes along their 
lifetime.

Data are acquired and sent by 2G/3G to a cloud where they 
are processed (“3”, Figure 7.4) and correlated with data provid-
ed by the plant operator, e.g. from pressure sensors. After an 
initial data training, operators of the RO plant can in this way 
receive an anticipative alarm when critical fouling conditions 
are approaching.
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Figure 7.4. Schematic of the instalation and concept of the fouling mo-
nitoring device. 1: RO unit; 2: monitoring sensorial device (schematic); 3: 
software for data acquisition and visualization.

7.5. Spin-off SURPHASE 

The entrepreneurial idea of producing a commercial fouling 
monitoring device dates back to 2016 when a Proof-of-Concept 
Grant of the European Research Council validated the general 
technical viability of the concept. Based on the research con-
ducted during this thesis, SURPHASE, a spin-off of the University 
of the Basque Country (UPV/EHU) and the Basque Excellence 
Research Centre for Macromolecular Design and Engineering 
(POLYMAT) was founded (initially under the name INGENIOUS 
MEMBRANES S.L.) in 2018. In 2020, the company was selected 
by the Spanish NEOTEC programme of the National Centre for 
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Technical and Industrial Development (CDTI, Spain) for funding. 
This programme generously finances the creation of technolo-
gy-based companies. The funding obtained was crucial for the 
design and fabrication of the first prototypes of the device and 
also allowed the incorporation of two more staff. In 2021, a busi-
ness angel from the agri-food sector joined the company as a 
business partner which made it possible to produce a number of 
devices for the first industrial field tests. 

Currently, an industrial test (TRL 9) is so far successfully being 
conducted in one of the biggest desalination plants of Spain lo-
cated in the South of the country. 
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CHAPTER 8
GENERAL CONCLUSIONS 

AND OUTLOOK

The main propose of this thesis was to demonstrate that QCM-D 
and MP-SPR are complementary and feasible techniques for 
characterizing the build-up of the very first fouling layers at the 
nanoscale, and that their combination is a powerful and disrupti-
ve monitoring tool capable of detecting membrane fouling at an 
early-stage.

Considering the general objective of this thesis, the following 
main conclusions can be drawn: 

1.	 The combination of QCM-D and MP-SPR allowed measu-
ring the adsorption of BSA on PA-PEG membrane polymers 
accurately and data obtained could be correlated with fou-
ling phenomena in the respective filtration process. 
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2.	 Although fouling layer thickness can be obtained by both 
techniques, multiple wavelength MP-SPR provided more 
reliable results than QCM-D.

3.	 QCM-D and MP-SPR are complementary for measuring 
and elucidating the adsorption of common foulants such 
as BSA, ALG and HA on a PA membrane polymer model. 

4.	 Although the dissipation parameter of QCM-D provides 
useful information on the viscoelasticity of the adsorbed 
layers which can subsequently be correlated with the 
density of the membrane fouling layer, experimental data 
of dissipation for the adsorption of BSA, ALG and HA on 
the aromatic PA-coated sensors did not reveal any signifi-
cant information. MP-SPR/QCM-D mass ratios were more 
meaningful in this sense.

5.	 QCM-D and MP-SPR are fast screening techniques for 
elucidating the cleaning efficiency of different detergents. 
They yielded also information on whether detergents da-
maged the PA membrane model polymer.

6.	 A proof-of-concept study performed for predictive clea-
ning demonstrated and confirmed that early-stage detec-
tion of fouling and resulting optimization of the cleaning 
strategy can keep fouling at significantly lower levels than 
during conventional operation.



7.	 	The  QCM-D microfluidic module was successfully con-
nected to both bench-scale and industrial RO plants, de-
monstrating that it can be used as a monitoring tool in an 
industrial environment. 

8.	 Using a bench-scale RO system, the adsorption of CAS 
model foulant could be monitored by QCM-D as well as 
the cleaning step. Cleaning efficiency could be monitored 
on-line despite of the bulk response of the cleaning agent. 

9.	 The successful industrial implementation of the QCM-D 
equipment opened an opportunity toward the develop-
ment of a monitoring device with a hitherto unpreceden-
ted sensitivity. 

10.	 During this thesis and based on the results presented, 
the spin-off company SURPHASE was founded and a mi-
nimum viable product (MVP) of a membrane fouling mo-
nitoring device produced. The prototype is currently ope-
rating in one of the biggest Spanish desalination plants. 

As an outlook and future work, the studies presented in this 
thesis will continue to be deepened in order to optimize the de-
sign and operation of the monitoring device with the ultimate 
goal of commercializing it and achieving a consolidation in the 
RO-based desalination market. 

General Conclusions and Outlook
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