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Neutron scattering patterns for a clean and scaled RO membrane. Scale is shown as green domains resulting in enhanced scattering (green arrows). The pathway
of neutrons entails a scattering vector Q oriented parallel to the membrane surface.
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We introduce a new method for real-time studies of membrane scaling and biofouling on thin film composite
membranes (TFC) in reverse osmosis and nanofiltration water treatment using in-situ small-angle neutron scat-
tering (SANS). SANS delivers information on nano and microscopic structures that support the interpretation of
relevant engineering parameters such as membrane permeability and water flux. A flow cell high pressure SANS
is described, followed by SANS characterization of TFC membranes finding ~0.5 μm large cavities and ~300 Å di-
ameter large rod-like cavities inside the non-woven polyester and micro-porous polysulfone layer, respectively.
In-situ desalination experiments in cross-flow mode at an applied pressure of 6 bars and feed flow velocity of
0.2 cm/s are followed. The scattering cross-section times sample thickness (μt = Σt × DS) derived from the trans-
mission coefficient shows an overall enhancement due to newly formed scattering centers which is accompanied
by a reduced membrane permeability measured simultaneously. This observation is supported by enhanced
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scattering of themembrane due to μm large domains ofmass fractal structure. The addition of the protein BSA to
the feed after desalination of 30 h effectuates strong enhancement of the permeability accompanied by a about a
50% decline of μm large scattering centers.

© 2016 Published by Elsevier B.V.

Effect of bovine serum albumin (BSA) on
scaling

1. Introduction

The strong demand for potable water in arid areas around the globe
is leading to an increasing number of sea, brackish and wastewater de-
salination plants using reverse osmosis (RO) and nanofiltration (NF)
technologies. Despite this vast activity, fresh water supply in many
countries, especially those that are remote from the sea, is still a serious
problem. In these cases, recycling of impaired water such as municipal
wastewater to a level of unlimited application is a reasonable solution.
In fact, this is done today in several locations around the globe such as
in Singapore,Windhoek (Namibia), Orange County (CA, US) andKuwait
and is considered by many other countries. Another, not less important
aspect of recycling is protection of the environment. Membrane-based
technologies are extensively used today in these respects.

A serious problem in RO/NF desalination of municipal wastewater is
biofouling and scaling of themembranes, limiting membrane efficiency
and lifetime [1–3]. Ning et al. [4] reported that calcium phosphate and
organic matter accumulated on the RO-membrane, suggesting that
nanoparticles pass through microfiltration and ultrafiltration mem-
branes, ending up on RO-membranes as a cake-layer fouling. In particu-
lar scaling by calcium phosphate in municipal wastewater treatment
systems is a severe problem as no efficient antiscaling agents are cur-
rently available [5].

Calcium-phosphate mineral formation during RO wastewater desa-
lination was studied using surface pressure –area isotherms and spec-
troscopic analyses of a solution simulating the ionic profile of
domestic secondary-treated wastewater effluents (termed simulated
secondary effluent - SSE); it was found that calciumphosphatemineral-
ization was accelerated by organic chemical groups that are present on
biofouledmembranes [6]. In this respect the issue of biofouling-induced
scaling is, to a large extent, strongly linked to bio-mineralization [7]. In
addition, recent small-angle neutron scattering (SANS) experiments
by the authors showed strong influence of organic molecules present
in biofilms on mineralization in a model synthetic salt solution [8,9].
Proteins such as BSA, lysozyme and the polysaccharide alginate (AA)
added to the solution, induced within a few seconds strong precipita-
tion of nearly μm large composite particles composed of organic compo-
nents as well as calcium phosphate and carbonate. In another study
gold-nanoparticles were used as templates for studying surface miner-
alization by SANS in model solutions for wastewater desalination [9,
10]; for example it was found that BSA-gold nanoparticles induced
fast precipitates of 0.2 μm that were composed of 50%–80% minerals,
identified as calcium phosphate.

In this study we report on developing of a new cell for in-situ SANS
studies of fouling and scaling at thin film composite (TFC) RO/NFmem-
branes. Application of SANS to polymeric TFCmembranes appears ratio-
nal, as static and kinetic properties of polymers are studied with
neutron scattering methods [11,12]. Similar in-situ SANS experiments
on ceramic ultrafiltration membranes are reported in [13]. Typically,
as schematically shown in Fig. 1 TFC RO-membranes are composed of
an aromatic polyamide film of 100 to 250 nm thickness on top of a
~40 μm thick porous polysulfone layer. These two layers are supported
by a third layer of a ~100 μm thick non-woven fabric made of polypro-
pylene or polyester. The aromatic polyamide skin layer is highly cross-
linked whereas the fraction of the cross-linked polyamide repeating
units from total polyamide units is about 65% [14–16]. Filtration of
aqueous BSA solutions of different pH values was explored and com-
paredwith the permeate flux [17]. Another in-situ SANSmeasurements
studied the formation of a cake layer at the surface of an ultrafiltration

membrane which was exposed to a 0.48% aqueous Laponite solution
at a transmembrane pressure of 0.5 bars [18].

Currently, several non-invasive real-time methods are presented in
literature and demonstrated their application in membrane processes.
Greenberg and coworkers developed the ultrasonic time-domain reflec-
tometry (UTDR), where themembrane surface is monitored by sensing
the reflection of ultrasonic radiation from themembrane [19]. TheUTDR
was proved efficient in studying membrane characteristics, as well as
monitoring membrane fouling and biofouling [20,21]. However the de-
tection of biofilm and scaling on membrane surfaces is still a significant
challenge for UTDR due to the small difference in acoustic properties at
the fouling/membrane and fouling/feed solution interfaces [20]. Electri-
cal impedance spectroscopy (EIS) was also demonstrated as a mem-
brane monitoring and characterization technique, as was applied for
studying membrane fouling [22–26]. Nevertheless, unlike UTDR or
SANS it is in essence an invasive technique that requires special arrange-
ments to provide the proper electrical connections. SANSmight be out-
standing with respect to other methods mentioned above as it enables
basic studies of membrane phenomena and distinguishing between in-
organic and organic fouling via contrast variation and their evolution
during desalination on a level of microscopic length scale under most
realistic real-time conditions. It is themain goal of this effort to elucidat-
ing the influence of fouling on scaling using in-situ SANS monitoring at
conditions that are close to those prevailing in actual membrane
processes.

2. Theoretical background of SANS

Scattering of photons and, as in our case, neutrons occurs inmomen-
tum (P-) space in contrast to optical, electron (TEM) and atomic force
(AFM) microscopies which are reproducing their results in real (R-)
space. This implies that scattering methods do not provide pictures of
our real world but rather of the so-called reciprocal or the momentum
space [27]. The coordinates of the reciprocal space are formed by the
components of the scattering vector Q which corresponds to the mo-
mentum transfer ΔP (the symbols Q and ΔP are representing vectors)
of the neutrons and are interrelated via the well-known de Broglie rela-
tionship ΔP ¼ ℏQ (ℏ, Planck constant h divided by 2π). The absolute

Fig. 1. Schematic design of a thin film composite RO membrane as related to neutron
scattering. The three layers are of aromatic polyamide (100–200 nm thick), porous
polysulfone (about 40 μm thick), and polyester (about 100 μm thick). The overall
thickness of the present membrane is ~140 μm.
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Image of Fig. 1
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