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Abstract

Ultrafiltration and microfiltration operations amagplied intensively in the
dairy and water cleaning industries. The main ciépdititing factors of
such operations are the flux and efficiency dechgerreversible adsorption
of foulants onto the membranes and the efficiengyhich the reversible
fouling can be removed/cleaned. The aim of thisitheés to investigate the
residual fouling that is deposited on ultrafiltcati and microfiltration
membranes after usage. The membrane surfaces waestigated using
infrared spectroscopy with an attenuated reflee@a@mpling unit and this is
thesis work highlights the strengths and weaknessesising infrared
spectroscopy to investigate residual fouling on tme@mes and in particular
the challenges with the infrared penetration deptien layering in the
samples occurs.

Real size production membrane cartridges at diftestages of use from
Danmark Protein, Arla amba were the target of twestigations. However,
in order to obtain samples sizes that fit in thenglang interface of the
infrared instrument the membranes were dissectedsmaller pieces named
coupons. In total four ultrafiltration membrane tddges and two
microfiltration membrane cartridges were invesgghtwith Attenuated-
Total-Reflection Fourier-Transform-Infrared (ATR HR) to map the
residual fouling on both types of cartridges. Thght of the characteristic
amide peaks from proteins were used to determine thlative
concentrations.

The first investigation (Paper 1) describes the cemtration development
over the membrane leaves as a function of therdistérom the feed inlet
and the distance from the center permeate tube.oA-homogenous
concentration distribution of residual fouling walsserved with the highest
concentration of residual fouling present at thetee tube decreasing in
concentration outwards in #amelike shape. The relative concentration
calculations are based on the height of the anligedk (1500-1550 ct})




which was chosen because it unlike the amide | thasdho interference with
adsorbed water and other membrane constituentcémainterfere with the
computation.

Based on the findings of the first investigatiorwias decided to develop a
new method to evaluate the concentration of thielwuatfouling on real size
production membranes as current best practice mgthely on univariate
height measurements that supply only informationttoa targeted residual
fouling peak(s). In a second study (Paper Il),aswlecided to investigate the
infrared data of the membrane by applying multaigicurve resolution
(MCR) in order to resolve the residual fouling frothe membrane
components. Indeed the result showed that the M@Remneeded three
factors to describe the system, one describing rttembrane material
(polyethersulfone, PES), and two describing thadued fouling that is
present on the membrane. The MCR method improvedntierpretation of
the models considerably compared to e.g. PCA or uhwariate data
analysis. However, it also became evident thatpieetration depth of the
infrared beam creates additional complexity whenasueng semi-solid
layered samples.

In order to obtain an overview of the different lgss methods and data
analysis methods that have been employed by othkeearchers when
studying residual fouling on ultrafiltration and erofiltration membranes a
literature review was conducted (Paper Ill). ATR-IRTturned out to be a
commonly used spectroscopic method to evaluatefiltitation membranes.
The data analysis is most commonly performed uratarby calculating

height of selected peaks along with identificatioh different chemical

entities especially when investigating graftingftgd membranes. Paper Il
gives an overview of these different approaches datd analysis methods
and their results.

In conclusion, the research in this thesis has shioaw the application of
multivariate infrared spectroscopy combined withvrdata analysis methods
has augmented the knowledge about residual foaimgeal size production
membranes. The information obtained can be usewéstigate and monitor




residual membrane fouling and help in the desigmex¥ membranes and
membrane grafting that can be optimized for thgppse.




Resumé

Ultrafiltrerings- og mikrofiltrerings-membraner bér i hgj grad brugt af
bade mejeriindustri og vandrensningsindustrien. dberste begreensende
faktorer for disse enheder er flux og nedgang ekdifiteten som falge af
irreversibel fouling pa membranerne og samtidig eéektivitet hvormed
den reversible fouling kan fiernes/rengares. Foetnaled denne afhandling
er at undersgge residual foulingen (tilbageveer@ndiin, fedt og mineraler
efter endt rengering) som er deponeret pa ultrafitigs- og
mikrofiltreringsmembraner efter brug. Membranowei##rne er undersggt
ved at bruge infrargd spektroskopi i kombinationdne: attenuated total
reflectance prgveenhed. Denne afhandling undgestrele styrker og
svagheder der opstar nar infrargd spektroskopi thesyil undersggelse af
residual fouling pd membraner og i seerdeleshed rdufigerne med
lysgennemtraengningen af den infrargde lysstraleorg@rerne bestar af flere
lag.

Produktionsmembraner der har veeret benyttet | &lligk stadier hos
Danmark Protein, Arla amba, var malet for voreseusdgelser. For at opna
den korrekte prgvestgrrelse der passer ind i pnréacen pa det infrargde
spektrofotometer dissekeres membranerne i mindfekest som herefter
kaldes kuponer. Fire ultrafiltreringsmembraner og o t
mikrofiltreringsmembraner blev malt med Attenuafieatal-Reflection
Fourier-Transform-Infrared (ATR FT-IR) saledes gidual foulingen kunne
kortleegges. Hgjden pa de karakteristiske amid-tajgwestammer fra protein
blev brugt til at bestemme den relative koncerdgrasf fouling.

Den farste undersggelse (Paper ) beskriver hvorlancentrationen
udvikler sig over membranbladene som en funktiordiafancen fra fade-
tifgrslen og distancen fra permeat-centerrgret.iifromogen fordeling af
koncentrationen af residual foulingen blev obsevemed den hgjeste
koncentration af residual fouling teettest pa cemtet med en faldende
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koncentration udad i enflammelignende struktur. Den relative
koncentrationsberegning bygger pa hgjden af amidpipen (1500-1550 ¢cm

1) som er valgt fordi, i modsaetning til amid I-topper der ingen interferens
fra absorberet vand eller andre membrankomponesder kan forstyrre

beregningerne.

Baseret pa resultaterne fra den farste undersgdpdse det besluttet at
benytte en ny metode til at evaluere koncentratioaeresidual fouling pa
produktionsmembranerne. Som det forholder sig péeamande tidspunkt
benyttes univariate metoder hvor hgjden af toppeéakes, hvilket kun giver
information om de specifikt udvalgte residual fogltoppe. | det andet
studie (Paper II) blev det besluttet at undersada fita de infrarade malinger
pa membranerne ved at benytte multivariate cursgeludon (MCR) for at
kunne adskille residual fouling-toppe fra membratemale-toppe. Faktisk
viste resultatet at MCR-modellen bruger tre kompoeee til at beskrive
systemet, en til at beskrive membranmaterialetygibersulfone, PES) og to
der beskriver den tilbageveerende fouling pa mengmamMCR metoden
forbedrede fortolkningen af modellerne betragtedigtnmenlignet med f.eks.
PCA eller wunivariat dataanalyse. Dog blev det tgigbrt at
lysgennemtraengningen af den infrarade lysstraldajail yderligere
kompleksitet nar prgverne bestar af halv-fastedtiggraver.

For at danne et overblik over de forskellige arahystoder og

dataanalysemetoder der er blevet benyttet af afatekere, nar residual
fouling pa ultrafiltrerings- og mikrofiltrerings-mebraner er blevet
undersggt, er en litteraturgennemgang blevet udRaper Ill). ATR FT-IR

viste sig at veere den mest almindelige spektroskepinetode til at evaluere
ultrafiltreringsmembraner. Dataanalysen er mesiraleligt udfgrt univariat

ved at beregne hgjden af udvalgte toppe i komlmnatied identifikation af

forskellige kemiske enheder, saerligt nar membramdsat for grafting

(kemisk modifikation) undersgges. Paper Il givéroserblik over disse

forskellige metoder, dataanalysemetoder og resuttataf disse.

Afslutningsvis, har denne forskning vist hvordarvamdelsen af multivariat
infrargd spektroskopi kombineret med nye dataaeatgtoder har gget vores

VI



viden om residual fouling i produktionsmembranenfofmationen kan
bruges til at undersgge og overvage residual fgubig kan bidrage til

udformning af nye membraner samt grafting af memdrasom kan
optimeres til specifikke formal.

VI
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Chapter 1

Introduction

1.1 Background

The food and the water cleaning industry, alondhvaitsmaller but growing
area the pharmaceutical industry, represent afgignt part in the turnover
of the membrane manufacturing industry worldwideed&®a et al., 2014,
Maruyama et al., 2001). In food processing, 45%th& applications of
membrane units are in the dairy industry (mainlyewprotein concentration
and milk protein standardization) followed by beages (wine, beer, fruit
juices, etc.) and egg products. The most common breame application is
ultrafiltration (UF). Ultrafiltration is used in éhdairy sector to concentrate,
fractionate and purify dairy proteins with high @tional, biological and
nutritional properties. An example is the recovand the purification of
valuable milk constituents, changing a cheap bypecbthat was mostly used
for animal feed, whey, into a source of high ecoitogain (Regula et al.,
2014).

At Arla amba, the largest Danish dairy processodpcer, whey products
make up 3.4% of the total product line and in 2@t produced 2.4 mill
tons of whey. As can be seen in Figure 1.1 thenaelof whey has steadily
increased since 1981 to 2012, and their projedoor2017 is an increase to
5.7 mill tons.
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Figure 1.1— The volume of whey produced 1981-2013 for Arizba.
(http://www.barjordtilbord.dkaccessed 24-01-2015).

Organic membranes are the most common type of namabworldwide and
80-90% of the membrane area installed is organicature despite the
drawbacks that they have such as limited chemitdt@emperature resistance
and reduced lifetime (2-3 years); the main reasdhe price. The annual cost
of cleaning in a full scale production is 17-24 €kvhile additional costs for
electricity, cooling, heating, water, waste wateratment, man power and
membrane wear typically amounts to 33-43%(Berg, 2014).

Regardless of the industrial fields in which th&aflltration membranes are
applied fouling remains an inherent problem. Flugclthe caused by
irreversible adsorption of foulants is the majousza and one of the reasons
why it is not used in a wider range of industriBegula et al., 2014). As a
result reduction of fouling and cleaning of fouletembranes has been
investigated in various ways since 1980. Theseietudclude optimization
of filtering conditions, production of membranesttwreduced adsorptive
conditions (Ran et al., 2014), backflushing (Tragar1989), and cleaning
and disinfection using harsh chemical agents (Reguél., 2014)

The process of removal of the fouling — the clegniis of great interest due
to the considerable volumes of water and chemibasare used every day.
The resources that are used are of course expesivéhe most important
factor is the production down time that is requirgden the systems are
cleaned with cleaning-in-place (CIP) procedureseACIP the used water is




led back to the waste management facility whiclpedeling on the state of
the water, can be a costly and energy demandingepsoas well. In the
Danish dairy industries a substantial effort is enéol minimize the use of
water, time and costs for cleaning — minimizing secalledwater footprint
In light of this effortthis thesis research will bring increased knowledge
the cleanliness state of the spiral wound (SW)atfiltration (UF) and
microfiltration (MF) membrane cartridges that anetmely used in the whey
processing.

1.2 Aims and scope of the thesis
The main aims of this thesis work are:
+~ To characterize the residual fouling on ultrafitien and
microfiltration real size production membranes witimfrared
spectroscopy
~ To develop novel data analysis methods that beter provide an
overview of the residual fouling
~ To investigate new spectroscopic methods to medsuliag on real
size production membranes

Analyzing real size production membranes has oanlscarcely reported in
literature (Kimura et al., 2004, Bégoin et al., 880Bégoin et al., 2006b).
Often pilot or lab scale model systems are usedhvhnfortunately do not
give the full, and complicated, picture of the oimgp processes during
industrial whey filtration. Our whish was to measufouling as it is

happening during full-scale production, but thecwmstances around the
membrane do not allow for in-situ measurements. €amples originate
from spiral wound membranes that are impossibleprabe during use.

Furthermore, the conditions inside the steel haudinat contains the
membranes are relatively harsh, with high pressw@netimes high

temperatures during CIP and low and high pH-val(@gin during CIP)

making it a harsh surrounding for a spectroscopib@/process analyzer. It
was therefore decided to investigate used membtaken out of the process
right after CIP.

Measuring the cleaned and unwound membrane caefidgth infrared

spectroscopy results in a large data set with nsgamgples and even more




variables — and this information should be used dgtracting relevant
information. Assignment of the peaks was a necgdaak in order to know
which peak is investigated. But when looking inke titerature the most
common data analysis of membranes is univarisgemeasuring the height
of one single peak and relating that to a calcdlatacentration. The driving
force behind this investigation is the fact thag #timount of whey produced
each year has been increasing worldwide and fyitedictions promise an
even larger increase due to the development irepraddition to foods.
What makes fouling of great interest in both resleand industry is because
it is the largest uncontrollable factor in dairy eyhprocessing when using
membrane technologies (Berg et al., 2014, Kiefemlet 2014). Gaining
knowledge and understanding about the residuainigukill prove useful
when optimizing the cleaning procedures and desgymew membrane
systems. Several studies has previously been agplATR FT-IR to
membrane/fouling system (Belfer et al., 1999, RabBaudry et al., 2002),
but almost exclusively on membranes fouled (unséeadlly) in a laboratory
scale set-up (Berg et al., 2014).

1.3 Outline of the thesis

The thesis consists of a main body which is dividgd into different
chapters:Chapter 2 provides an introduction to the theory behind the
filtration processes in the dairy industr€hapter 3 gives a thorough
introduction to infrared spectroscopy and the @mges with the penetration
depth of the infrared beanChapter 4 provides an introduction to the
different data analytical methods that have beempleyed. Chapter 5
describes the principles behind process analyteainology (PAT) which
has been the mental framework of this thesis wQtkapter 6 describes
some unsuccessful experiments using fluoresceneetrspcopy to probe
residual fouling. FinallyChapter 7 contains a discussion of the thesis results
and their future perspectives. These chaptersgivié an introduction to the
theory that is used in the scientific papdtagers | & 1l). The third paper is
the basis of this thesis consisting of a literatergew (Paper IlI) .




Chapter 2

Filtration

2.1 Membrane filtration and cleaning

Membrane separation processes have become a lpgsetion for process
design and product development and spiral wound bmeme cartridges
account for the vast majority of the membrane areause worldwide

(Wagner, 2001). These processes are used in aywafieseparation and
concentration steps in the dairy industry but aamahallenge related to
these operations is membrane fouling by proteirtsather biomolecules in
the feed stream demanding regularly cleaning ofntieenbranes to remove
both the foulants deposited on the surface anditw the membrane.
Cleaning is a vital step in maintaining the pernil@gand selectivity of the

membrane which in the end will lead to a plant thats at almost optimal
capacity throughout the production time and, atsdmme time, minimize risk
of bacterial contamination - of utter important ke safe products and
keep up standards (Regula et al., 2014). Fouliag sults in flux decline,

which increases the energy demand to maintain ptmducapacity constant.
Also to counteract this problem membranes are elafnence for cost-
optimization), and when cleaning becomes ineffectthe membranes must
be replaced, a second important aspect of ovgratating costs.




Box 2.1 —Technical terms commonly used in the dairy filtrat

Permeate is the portion of the feed that passes througmtembrane
Retentateis the portion of the feed that is retained inrttembrane

Transmembrane pressure(Pr) is a factor that describes the difference

pressure between the retentate and permeate sitie aiembrane. It is the

driving force for flux. In cross-flow systems su@s ultrafiltration ang
microfiltration it is measured as the average @f itilet and outlet pressur
minus permeate back-pressure (Cheryan, 1998).

1%

Inlet pressure + Outlet pressure
Py = 5 — Permeate back pressure

Flux (J) is defined as the amount of fluid travelling thgh the membrang.
The unit of flux is liters/hour (LMH) taking volume, area of tHe

membrane and time into consideration. For an idsamipermeabl¢
membrane flux is calculated as such:

J = A(Pr — )

whereJ is the flux,A is the membrane permeability coefficieRt; is the

transmembrane pressure, atidis the osmotic pressure of the feed solutjon.

14

Flux requires a positive driving force which infareat B must always b
larger thanme (Cheryan, 1998). Flux is commonly used as meastithe
effect of the CIP, flux should be restored afteracling.

2.2 Protein recovery by filtration
The protein recovery from whey with filtration amdthis case ultrafiltration
consists of four unit operations:

» Filtration
* Evaporation
e Drying

* Bagging/Packaging

in



The process is initiated when feed (whey) is punmiptathe process line and
each following step increases the total proteinteain The first step is the
filtration unit, it will hold several loops and datoops several housings with
several UF membrane cartridges (Figure 2.1). Infith@ation unit whey is
separated into permeate and retentate where retectatains the protein
fractions and other large molecule solids. Permeat¢ains water and all the
molecules that are small enough to pass througm#érabrane: lactose and
amino acids. Both liquid streams are transferredatge separate tanks.
During filtration the solids content is increasedapproximately 25%. The
retentate is transferred to the evaporators wherst mater is removed and
finally transferred to the spray drier after whitche final product is
bagged/packaged. The permeate contains fractiaisatie useful but less
valuable than the protein, these fractions folldve tsame recipe as the
retentate resulting in lactose powder (Tetra PaGR5)

Figure 2.1— Production module for UF processing (Tetra RAR5).

Membrane cartridges in UF and MF steel housingsaparated and kept in
place by so-called Anti Telescoping Devices (ATDos)sometimes Energy
Saving Anti Telescoping Devices (ESA’s; Figure 2.2& frequently

encountered configuration would have three membrangs per steel
housing, with several housings andops per UF/MF production unit
(Bylund, 2003). The ATD (or ESA) ensures that thenmbrane cartridge




does not partially unfold, but also functions asseparator keeping the
permeate flowing throughout the process, in thatrahannels. The overall
design (in case of three membrane cartridges pesihg) creates a pressure
drop on the retentate side from tube inlet (apprnaxely 4-5 bar for UF) to

tube outlet (approximately 1-2 bar), maintainingoaerpressure in the cavity
between the membrane surface and the inner sudadde membrane

housing(personal communication, 2013; Figure 2.2b).

- (O 0 93} 0% <6

Housing

0 = Outlet Flow 8

Figure 2.2 — a) the configuration of the membrane cartridggysarated by ATD’s
(ESA’s) in the steel housing (Tetra Pak, 1995), po¢ssure drop over three
membranes in one steel housing (numbers are in batrce: personal
communication (2013)).

This pressure differential can still create a deftion in the membrane
cartridges that is very distinct when the membrawesdeconstructed (Figure
2.3). The membranes primarily exhibit deformatiorthe exit section of the
spiral wound membranes, and the intensity of tHerdetion is always more
severe at exit end.




Figure 2.3 -a) Deformation of full leaf, b) detail of deformari on leaf.

The morphology of the membrane and pressure psoiiiehe cartridge and
cartridges-plus-tube ensemble can give rise to rgelavariation on the
membrane and residual fouling. It is assumed thit tesidual fouling is
inversely proportional with membrane capacity, perfance and/or energy
demands.

2.3 Filtration membranes

Filtration membranes exist in a large variety of tenals, sizes,
functionalities and brands. There are four maim@ples within filtration:

microfiltration (MF), ultrafiltration (UF), nanofiftation (NF), and reverse
osmosis (RO), where the materials can be eitheanicg(polymers) or
inorganic (ceramic); see details in Table 2.1.




Table 2.1— Overview of the most common traits for differemembrane processes

Microfiltration  Ultrafiltration Nanofiltration  Rev erse
Osmosis
Thickness  110-150 150-250 150 150
(Hm)*
Pore size 0.2-4 0.02-0.2 <0.002 <0.002
(um)
Rejection of Particles Macro molecules Proteins Proteins
Bacteria Proteins Short chained  Salts
Polysaccharides saccharides Glucose
Vira Amino
acids
Membrane  Polyvinylidene- Polyethersulfone Cellulose Cellulose
material fluoride (PVDF) (PES), acetate (CA) acetate
(support- & Polypropylene  Polysulfone (PS), (CA)
work-layer) (PP) Polyvinylidene-
Polyether- fluoride (PVDF),
sulfone (PES) ceramic
ceramic
Membrane  Spiral wound Spiral wound Tubular Tubular
module Tubular Tubular Spiral wound Spiral
Hollow fiber Hollow fiber Plate-and-frame wound
Plate-and-frame Plate-
and-
frame
Operating <2 1-10 5-35 15-150
pressure
(bar)

*) Total thickness of the membrane including suppeyer and active layer.

Organic membranes are most often employed in tirg tkration industry
and are made from hydrophobic materials such agspidbne and
polyethersulfone due to their thermal, mechanioal ehemical stability, low
purchase prices and wide knowledge/understandingthef production
principles. The disadvantage of this type of memérs the hydrophobicity
that promotes membrane fouling (Van der Brugge®920There are also
different structures of the membranes and unit atpmrs: plate and frame,
tubular, hollow fiber and spiral wound. The latieithe most common in the
dairy industry and the focus in this thesis. A alivound membrane consists
of several envelopes and each envelope consistgahembrane leaves that
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are glued together with the service area facingvards. The open ends of
the envelopes are glued to a perforated centerthaideads permeate away
from the membrane (frequently assisted by a wigacer net tightly wound
around the center tube). The two leaves are sepghraternally by a
permeate spacer that ensures a good flow towaedsdhter tube. Between
each envelope a second type of spacer is utilizaaely the feed (retentate)
spacer that serves as a channel for the retainetcbmalecules (Figure 2.4).
All this is rolled into a spiral and closed with anter mesh of rigid plastic.
The number of envelopes depends on the thicknegw afifferent spacers in
the membrane and the desired cartridge diameter.

Perforated Central Tube

Y

Feed Channel
Spacer

”_ <& Membrane

Anti-Telescoping
Device

Permeate Collection
Material

Membrane

Feed Channel Spacer

Outer Wrap

Figure 2.4— Composition of spiral wound membrane.
(http://civilenggseminar.blogspot.daccessed 05-02-2015).

In this project ultrafiltration (PES) and microfation (PVDF) spiral wound
membrane cartridges have been investigated. Inofiltcation ideally only
suspended solids, primarily fat and bacteria, ataimed, while proteins pass
freely (Wagner, 2001). This is the reason why niiltration is often used
prior to ultrafiltration in order to remove largearncles, decreasing the
propensity of the ultrafiltration membranes to folihe characteristics of the
ultrafiltration membrane is that high molecular grgi component such as
proteins and fat are retainestdy in the retentajewhile the pores of the
membrane cartridges are too large to retain mond-di-saccharides, salts,
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and amino acids that all exits the membrane as ¢rerand are discarded or
go to downstream processing (Wagner, 2001).

The membranes possess an overall stability busueseeptible to change and
degradation due to several parameters that areideved extreme.
Temperature plays a large role during cleaning,@gdnic membranes often
have an upper temperature limit of 55°C. All memiesa are sensitive to
pressure, and compaction is often used to destirbareversibleflattening
of a membrane due to pressures resulting in desulethisx explained as a
reduced volume of the membrane pores (Gekas, 19&8ner, 2001).
Extreme pH can damage the membrane and decreaselif¢tiene
significantly (Regula et al., 2014); especially th@embranes that use
polyester as support material are sensitive towargs pH with an upper
limit of 11.5 (Wagner, 2001).

2.4 Sample description

A common method for detecting membrane fouling ¥ Wsing IR
spectroscopy. The membrane cartridges we have tigaesd are both
ultrafiltration and microfiltration membranes anidey have been used in
industrial settings for variable periods of timehey are standard spiral
wound units and consist of a varying number of ésafdable 2.2). To get an
overview of the full membrane area samples weréecteld in a specific
pattern remaining statistically certain that theetrpicture is delivered.
Measuring the full membrane cartridges would beosarwhelming task
which is the reason for dissecting the membrangidges ensuring a spatial
measuring point distribution over the full membrdRaper I, Figure 1).
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Table 2.2 — Membrane cartridge details. Sample set A: Ontafiltration

membrane cartridge made of polyethersulfone (PE®mple set B: Three
ultrafiltration membrane cartridges made of PESjindting from the same steel
housing. Sample set C: Two microfiltration membraceatridges made from
polyvinylidene fluoride (PVDF). Figures at the lmwtt show a sample from each

sample sets.
Sample set
Cartridge A B1, B2, B3 Ca, Cb
Membrane type UF UF MF
Dimensions
Diameter 6.37/160 mm 6.37/160 mm 6.37/160 mm
Length 387/965 mm 387/965 mm 387/965 mm
Spacer thickness 31 mil/0.79 mm 80 mil/2.04 mm 46 mil/1.17 mm
No of leaves 11x2 7X2 8x2
App. leaf length?  367/920 mm 357/900 mm 437/1100 mm

Membrane area®
Material
Cut off
Product
Loop
Tube
Age

Leaves investigated
Size of coupon

228 f£121.2 nf
PES

10 kilo Dalton
Sweet whey
3

5

2 years, 3
months
1,4,11

70 x 100 mm

117 f£/10.9 nt
PES

10 kilo Dalton
70k whey

8

3

5 months, 3 days

1,2,5
100 x 100 mm

171 €/15.9 nf
PVDF

800 kilo Dalton
WPI
1 (Ca), 4 (Ch)
7 (Ca), 4 (Cb)

1 year, 9 months

1,2,5
100 x 100 mm

% Based on our observations/measurements made duitrgige dissection.
®) Based on specifications of the manufacturers.
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The membranes have three distinct layers; a memabsapport layer that
consists of polyester (PE), an active layer thathes filtering part of the
membrane which consists of polyether sulfone (PES) ultrafiltration
membrane cartridges and polyvinylidene fluoride FY for microfiltration
membrane cartridges, finally a residual foulingelathat consists of build-up
(e.g. protein, minerals and fat) from the procésgure 2.5).

a b
PE membrane support layer PE membrane support layer
PES membrane PVDF membrane
Residual fouling Residual fouling

Figure 2.5 — Schematic overview of the structure of a fouled fMmeme, a)
ultrafiltration membrane, b) microfiltration membea PE: polyester, PES:
polyether sulfone, PVDF: polyvinylidene fluoride.

2.5 Macro components in whey and membrane fouling

The whey that is used for producing whey powdea discarded bi-product
from cheese production and it therefore holds gelaariety of the chemical
components found in processed milk. Whey is theareder when fat and

the majority of the protein is removed/used anddsaideally) only soluble

milk salts, milk sugar (lactose) and the remainafethe milk proteins. The

two liquids naturally resemble each other with mlatose, and less protein
and fat in the whey due to them being used durimgese production (see
Table 2.3).

Table 2.3— Chemical composition of cow’s milk and cheesewh

Milk Whey
Component Range (%) Mean (%) Range (%) Mean (%)
Water 85.5-89.5 87.0 89.4-93.0 90.1
Total solids 10.5-14.5 13.0 6.7-10.6 9.8
Fat 2.5-6.0 4.0 0.03-0.06 0.05
Proteins 2.9-5.0 34 0.65-1.5 1.3
Lactose 3.6-5.5 4.8 5.2-7.9 7.5
Minerals 0.6-0.9 0.8 0.6-0.7 0.6
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2.6 Fouling

Fouling is the general term applied to the accutianeof soil or foulant on
the surface or within the pores of a membrane. iRgushortens the total
hours of processing time, increases energy ancdiolgacosts, decreases
separation efficiency and if severe it may leadtrteversible clogging of the
membrane rendering the them useless (Brans @08/4,).

In this thesis | will differentiate between two &g of fouling, namely
reversible and irreversible. The reversible foulingn be removed by
cleaning the membranes while the irreversible faulis fixed to the
membrane after cleaning has taken place, hensenibtias damaging as the
irreversible clogging but it will change the conaiit of the membrane. The
fouling consists of a build-up of protein and minaslumes of fat and
minerals and can be attributed to different foulimgechanisms. A
concentration polarization will occur during filtran, this means that a large
number of molecules will be in close vicinity toethmembrane surface
(Figure 2.6, a). It arises due to the static atitvtadoetween molecules and the
membrane and is not a large problem during cleaamgt is completely
reversible. Four concepts have been put forwartb dow the proteins are
irreversibly fixated to a membrane: adsorption f@ke layer formation (c),
pore blocking (d), and depth fouling (e) (Bransilet2004). In adsorption the
foulant adheres to the membrane primarily on théase but also in the
pores, narrowing them and reducing the flux. Calggerd formation arises
when the whey molecules aggregate and form bridgespiles that cover
sections of the membrane. Pore blocking occurs wdndarge molecule
blocks a pore. This can further develop into ddptiling when the larger
molecule is forced into a pore.
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Figure 2.6— Schematic overview of the four fouling mechargsm

This study will not distinguish between the four ndmned fouling
interactions but rather the total residual foulitige foulants present right
after a cleaning-in-place (CIP, see below). Thigdgtinvestigates used
membrane cartridges from full scale dairy UF and bferations for the
processing and up-concentration of sweet whey.nfitited total reflection
Fourier-transform infrared (ATR FT-IR) spectroscoyd multivariate data
analysis is employed to identify and quantify -semi-quantify in a relative
sense - protein and fat residues. Based on theasumsnents the residual
fouling load over a wide range of different memlerdeaves and cartridges
can be compared.

2.7 Cleaning In Place (CIP)

Cleanliness of ultrafiltration membranes is definadthree ways two of
which are destructive rendering the membrane usétedurther production

and one that keeps the membrane intact but raadkss information on the
fouling. The physical-chemical cleanliness is dwmieed by employing

spectroscopic methods which detect the moleculeéb®@membrane surface;
ATR FT-IR is most often used for this purpose. Ehemethods give

information on fouling distribution but not diregtbn the permeability of the
membrane. It is a destructive method that is npt@wiate for an industrial
setting. The microbiological cleanliness is detggtmicroorganisms on the
membrane surface and is a destructive method ash&akce most commonly
this cleanliness parameter is determined indirdaylyanalyzing the effluent
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from the production. The hydraulic cleanlinessasdd on restoring the flux
(during production or the so-called clean-watexflafter a cleaning cycle
and builds on restoring the permeability of the rbeame under controlled
conditions. It is the method used as standard enindustry (Regula et al.,
2014) as the two others give too little day-to-dt@prmation in comparison
with e.g. costs of changing membranes.

The cleaning performed at a full scale dairy ftitva operation is complex
and involves several consecutive steps. The clgahat takes place is a CIP
which infers that the membranes remain in theintmes while all cleaning
agents are pumped through the system. The cleaemqmgres a lot of clean
potable water, several types of chemicals and laojemes of these and -
most importantly - a lot of time; 6-7 hours is noicommon in downtime.
The chemicals are almost always supplied by digipecialized businesses
with no (direct) connection to the dairy, and oftdrese companies are
involved in designing CIP programs (in cooperationith the
equipment/hardware vendors and diary managers).cheenicals that the
CIP encompasses are recirculated for various periofd time. During
downtime no product is being produced making iegpensive, unavoidable
demand. Cleaning is required approximately everh@drs due to a rise in
pressure in the membrane cartridges caused byottes getting blocked by,
mostly, protein but also fat and minerals buildsomphe membrane, plus for
hygienic reasons.

The elaborate cleaning procedure employed in Galeswhey production can
vary considerably, but is frequently as complexthees following nine-step
program (Figure 2.7; Berg et al., 2014; Poste01,2):

F|USI'>AIkaIir> Flus> Enzymc> FIusr> Acid>FIus> H,0, >Flush>

Figure 2.7 —Overview of the cleaning procedure in whey prodarcti
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2.7.1 Membrane Flushing

The flushing consists only of water (either freaph/tvater, or process water
cleaned on-site by reverse osmosis). Flushingwagpurposes depending on
the cleaning step. The first flushing is to remawy loose deposits (which
will be recovered), further along in the cleaningsialso used to wash out
any residual cleaning agent along with the foulthgt has been released
from the membranes into the waste water treatnfemiroper flushing step
prior to initiating the chemical cleaning can pb$sreduce the cleaning time
and the usage of chemicals making the cleaningpenesnd faster.

2.7.2 Alkaline treatment

When applying alkaline to the cleaning processefens to two different
chemicals: NaOH or KOH. Along with the active indient a composite
detergent systems and pH buffering/control is addé& NaOH and KOH
are highly alkaline substances that rapidly hydsislyproteins and other
organic residues and also it saponifies fats arsl especially at raised
temperatures (>50°C). Hydroxide solutions of higH pH 11-12) are
recommended for removing protein foulants and tbleaning power is often
enhanced by sodium hypochlorite addition (D’Souzil&vson, 2005).

2.7.3 Enzyme treatment

In the case where a membrane is heavily fouled pititein as is the case
with whey filtration units enzymatic cleaning shog@od results (D’'Souza &
Mawson, 2005). The main cleaning component is glpicproteases, but a
combination with lipases can increase the effedtig/fet al., 2003). The

enzymes play a vital role when cutting specificp®iin the protein, this will

decrease the average size enabling them to eximémbrane together with
the permeate stream.
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Use of enzymes offers several advantages (D’'SouzMavson, 2005,
Regula et al., 2014)
» Biodegradable and thereby posing fewer polluticzbjfgms
» Less aggressive to the membrane as they are hgyldgtrate and
reaction specific
* Rinsing volume is decreased leading to waste watkrction
« Improve cleaning efficiency
* Reduce energy costs by working at decreased tetnpera
* Low concentration
* Prolonging membrane cartridge lifetime
and disadvantages
* Narrow tolerance of pH and temperature for its raptn activity
(beyond specific values the enzymes will denature)
* Low tolerance for surfactants and detergents
 The action of enzymes is limited to organic matterth great
specificity
e Slower cleaning rate
* Enzymatic activity can be carried over to the paidu
* The necessity to employ a deactivation step (exrph, heat shock
or oxidation)
The price of the enzyme used to be a disadvantapevith the decreasing
prices of the enzymes along with prolonged lifeh&f membranes due to less
harsh treatment an economical balance has beenecéRabiller-Baudry et
al., 2009).

2.7.4 Acid treatment

Acids are used to dissolve precipitates of inorgaaits or oxide films. Nitric
acid or phosphoric acids are commonly used. Ciwoed is gaining in
popularity due to its mildness and the fact thainses easily and does not
corrode surfaces (e.g. the stainless steel housinge membrane cartridges;
D’Souza & Mawson, 2005). The acidic treatment & way to deactivate
the enzyme step ensuring that there is no carrytovine product (Regula et
al., 2014).
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2.7.5 Disinfectant/sanitizer

Disinfectants (as such officially not a part of 88 program) are applied to
a membrane filtration unit in order to prevent ralmal growth. It is not

sufficient for the disinfectant to be effective, should also have limited
short- and long-term effects on the membranes #lso important that the
disinfectant can reach all parts of the membrarsurgmg that no bacterial
growth will occur (D’'Souza & Mawson, 2005). Hydrogeeroxide and

hypochlorite are often used and have proven effectHypochlorites are
membrane-swelling agents thus assisting in flusldnog material that has
become lodged within the pores. However this oftecreases the lifetime of
the membrane unit (Cheryan, 1998). Many more dstaihts have been
investigated but with varying success (Bohner &dBeg, 1992).

The cleaning procedure removes the main foulingr®yregenerating the
capacity of the filtration unit operation, albeibnse irreversible residual
fouling is left even after such a sophisticated @i®gram. The cleanliness is
assessed based on indirect evidence; the compositithe cleaning/final

flushing water but also appearance and smell caeateif the optimal

cleanliness is achieved. More technical methods$ sag water flux is a
common optimization strategy, as it can be evatudtem the process
operators office and compares the flux from thevipres cleaning to the
current cleaning (Bohner & Bradley, 1992).

Each step has its own specific purpose and in sostances not all steps are
necessary. Most CIP cycles are run recipe wiseuseceeal-time control is
considered too complex (Lyndgaard et al., 2014) mmgathat the cleaning
procedures are standardized from the manufactufecleaning agents.
Investigation of the membrane and cleaning perfoean laboratory scale
rarely offers any final solution (Berg et al., 201Mlo risk should be taken
when cleaning a filtration production as it canrbther costly to dispose a
batch of bacteria contaminated whey protein. At shene cleaning costs
should be considered as this is a large expensa daily basis and an
optimized cleaning procedure could potentially sav&ubstantial amount of
money. There are a lot of variables and interastiowolved in membrane
performance and residual fouling: the membrane @gebined with the
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short- and long-term product history of the membraartridges, the (often
varying) whey feed stream composition, etc. Fors¢hereasons, a
fundamental understanding of CIP and residual mguin full-scale dairy
membrane production is highly desired (Linkhorst&wis, 2013)

2.8 Grafting of membranes

Fouling is a big issue in the filtration industrywcais one of the most
important challenges faced in ultrafiltration mearie operations. A lot of
thoughts and resources are spent to minimize fguduring production. Of
the operating costs of a typical UF plant, 30-5@%spent on membrane
replacement, 10-30% on membrane cleaning, and 2080 energy.
Membranes that resist residual fouling, therefaee one of the most
important solutions leading to more feasible UF rbeme processes
(Asatekin et al.,, 2007). The surface of the membraan have different
interactions that increase the fouling propensitthe membrane such as van
der Waals, electrical, hydration, hydrophobic @ristforces but also surface
properties such as hydrophilicity, charge and serfaughness that all affect
the membrane fouling (Kochkodan et al., 2014). Qvey to avoid the
fouling (albeit not completely) is to use membrattest are modified. These
modifications can be inflicted on the membrane lBn8ing (mixing of two
(or more) polymers achieving the required propsy)tigrafting (monomers
are covalently bonded to the polymer chain) orrauriphysical forces are
applied to ensure that an oligomer mixture coatidgeres to the substrate;
Figure 2.8). The most commonly used method whedifying filtration
membranes is grafting.
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Figure 2.8 — Schematic representation of polymer modificatiomthods
(Bhattacharya & Misra, 2004).

The most used method currently is photochemicalftigga where the
modification happens when a chromophore on a mademuale absorbs light
(e.g. UV) and goes into an excited state which wliagociate the backbone
into reactive free radicals through bond rupturbe Trree radicals on the
backbone react with the free radicals in the mondimening a grafted co-
polymer. Sometimes the release of free radicalshenbackbone does not
occur and sensitizers can be introduced to theepsocThe sensitizers extract
hydrogen atoms from the backbone producing thecaadites required for
grafting (Bhattacharya & Misra, 2004). The monomd#rat are used in
modification of the membranes are selected dubdo themical reactivity.
The modified polymers are very useful as they afered to facilitate the
requirements of specific applications/separation.

From a scientist point of view working with graftetembranes and IR can
be challenging due to the proprietary nature in moeancially available

membrane cartridges. No prior knowledge exists oeadily available on the
grafting molecules that have been used to modié rtitembrane possibly
resulting in unknown peaks in the spectrum. Thigiragnight interfere with

gualitative or quantitative studies, a strong argomfor the use of
chemometric/multivariate analysis.
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2.9 Visualization of membrane fouling

To better understand the fouling distribution ahdréby the measurements
performed with IR the membranes were stained. Prataining is a simple
method where a color, in this case amido blackhemically and selectively
attached to the protein. A method described byt Blad Nystrom (2007) has
been used for this purpose. The experiment by BtattNystrom (2007) was
performed on membranes that are fouled in a beoglstale unit and are
little relatable to the large productions, but thethod exhibits the strength
of visualizing the residual protein fouling in thwesent experiment. The
method was initially used to investigate if it wpessible to develop a
calibration curve from the coloration on the memieraand therefore
experiments were tested in laboratory scale, ugiggad-end filtration unit
with a volume of 50 ml (Figure 2.9). The unit hdwek toption of stirring if
needed. This method could potentially be a soluttwrguantification of the
fouling in combination with imaging equipment, etlge Videometer (Ropodi
et al. 2015).

Figure 2.9— Dead-end filtration unit for staining experiment

The membrane pieces used for this investigatiore wkee same type as the
membrane cartridges (PES) but originally intended plate and frame
filtration. Smaller pieces were cut to fit the fiition unit (area 16 cfhand
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care was taken not to touch the membrane withowring gloves as the
residue from skin could affect the staining resutgjuantitative calibration
set was made with reconstituted whey with concénftradilutions ranging
from 20 to 10,000, the stock solution was not d pathe experiment. They
are made from a stock solution containing 1 pl nstituted whey in 5 ml
water with a calculated protein content of 0.9%h(€2.4). The experiments
are run with stirring as the pressure in the filinra unit did not have enough
force to push the water through the membrane afigal fouling. Figure
2.10 shows the fouling distribution of the eighppeximents and there is a
clear decrease in protein content on the membrtragscorrelates with the
protein concentration.

Table 2.4— Dilution and concentration of whey calibratiaiugions.

Dilution Protein
concentration (%)
1 0.9
20 0.045
50 0.018
100 0.009
500 0.0018
1,000 0.0009
2,500 0.00036
5,000 0.00018
10,000 0.00009
Dilution
100x 500x 1000x 2500x 5000x 10000x
00es -
@D E
0.045 0.018 0.009 0.0018 0.0009 0.00036 0.00018 0.00009

Concentration

Figure 2.10 —Distribution of fouling, stained with amido bladiar the eight dead-
end filtration samples.
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It was the intent to determine the amount of blneeach pixel on the
membrane by image analysis (Videometer, Videomieddr A/S, Denmark)
and correlate the concentration to color intendityfortunately the variation
in the blue is too large to be used and the sgrdisturbed the distribution
making it difficult to determine the correct bluerfthe specific protein
concentration. This method also has issues withardsg to protein
concentration as the intensity of the blue (randgmugn the lightest to the
darkest blue) at some point cannot get any darkélewhe concentration of
the protein could (in principle) still increase.igIproblem can be compared
to the non-linear response of a spectroscopic regidn curve where
concentration no longer has a linear relationshtp the light intensity (thus
violates Lambert-Beers law). Further it was essteld that these
experiments did not resemble the reality of memdbréhration; the real
process is much more complex and the membraneegadifteractions play
a significant role in fouling.

A method for determining protein concentration wad achieved but it
provided a method to visualize and describe thdirfgudistribution on the
real size production ultrafiltration membranes (Fegy2.11). To describe the
distribution of the fouling a set of spatially dibuted samples over a full
leave were investigated. The membrane (after im@dlsTIP) exhibits only
little fouling prior to staining and it can mosthe seen close to the center
tube where some discoloration following the shaiph® spacer mesh is seen
(Figure 2.11a). After staining according to the moet reported above it is
obvious that the residual fouling is present amtberease of fouling towards
the outer edge is also very apparent (Figure 2.10Hi$ image also gives an
explanation as to why IR measurements measurectiosa vicinity to each
other can exhibit large variations — the spacertaediow creates a distinct
pattern that cannot (and should not) be avoidednwheasuring random
sample points. The inhomogeneity is a distinct pérthe membrane and
should be included and discussed.
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DFF1 DFF2 DFF3 DFF 4

Figure 2.11- a) Fouling of one membrane leaf, b) fouling oeanembrane leaf,
stained.

The binding of the deposits, the construction ef $pacer, and the design of
the cartridges resulted in inhomogeneous membrami@aces and large
variations within the data, as illustrated by pmotstaining. Despite this
observed inhomogeneity the findings on the distidmuof residual fouling
using ATR FT-IR measurements are in good agreemithtthe conclusions
from earlier studies based on thickness measurani8ohwinge et al., 2004,

Figure 2.12), with the added benefit of a direteipretation of the identified
chemical species.

Figure 2.12 - Results from the thickness measurements perfobyefSchwinge et
al. (2004)
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Chapter 3

Infrared Spectroscopy

Theory, Materials and Samples

The electromagnetic spectrum is the range of gledyof electromagnetic
radiation, reaching from low frequency long wavejénradio waves to high
frequency short wavelength gamma rays. It inclutdesvisual light we use in
our houses and the microwaves we use to heat odr (leigure 3.1). This
study uses infrared light to investigate membramdirig. The infrared light
is sufficiently energetic to resonate with molecwiérations and can thus
provide a fingerprint of the molecular compositidine infrared region can
be further divided into three section: near infdat&4,000-4,000 cif), mid
infrared (4,000-400 cif) and far infrared (400-10 ¢hy in this thesis all the
IR-measurements are performed with mid infraredatazh and will from
now on be referred to as infrared.
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Figure 3.1- Electromagnetic spectrum, red square indicalesvorking range; mid
infrared. fittp://www.pion.cz accessed 02-02-2015).
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Infrared spectroscopy can be used to study a wadge of sample types
either in bulk or in microscopic amounts over aavidnge of temperatures
and physical states. As the photons in the infraseaf relative low energy
infrared is a non-destructive method and as allecwdes exhibit molecular
vibrations in principle all components of a sampés be measured in one
spectrum. Infrared spectroscopy is thus a multataranalytical method that
with benefit can be analyzed using complex matheaathemometric tools.
Infrared spectroscopy is one of the most frequeptlyployed analytical
methods along with near infrared (NIR), Raman angcldar Magnetic
Resonance (NMR) (Chalmers & Griffiths, 2002).

All molecules exhibit molecular vibrations and diént molecular bonds
vibrate with their own specific frequency. The bowdbrations occur as
symmetrical and asymmetrical stretching vibratitret vibrate at nearly the
same frequency but many other types of moleculamnations exist. The CH
group in poly-methylene exhibit for example six feient molecular
vibrations: asymmetric stretch, symmetric stret&ejssoring, wagging,
twisting and rocking. (Figure 3.2The precise wavenumbers of absorption
bands depend on inter and intra molecular efféaté)ding bond angles and
hydrogen bonding patterns.

el
o _H JHY
v N LI
H H /)
\
Symmetrical stretch Scissoring Wagging
(ca.2853 cm™") (ca.1450 cm™") (ca.1250 cm™")
/
. _H W HD)
,C C
AN | \H/‘
N
Asymmetrical stretch Rocking Twisting
(ca.2926 cm™) (ca.720 cm™) (ca.1250 cm~")
In-plane Out-of-plane
Stretching vibrations Bending vibrations

Figure 3.2— Molecular vibrations of poly-methylene (@Hjroups (Miller, 2001).
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The number of vibrational normal modes (degreeseafdom) for non-linear
molecules i3N-6, where N equals the number of atoms in the mtdeeund
the number of normal vibrations thus increases witheasing complexity of
a molecule. By illuminating samples with infraradht the vibrations that
naturally occur in the molecule will resonate arnusab the incoming
photons. It has to be noted that not all molecalesable to absorb infrared
light, but only those that have a dipole momenaminduced dipole moment
during the molecular vibration. Few molecules drastunable to interact
with infrared radiation including diatomic molecslduilt with the same
atoms such as 4 N, and Q (Figure 3.3a). Fortunately, all relevant
biological molecules such as water, carbohydrgtesteins and fats have
dipole moments and are thus detectable using edreadiation.

| Ge |
Figure 3.3— Dipole moment, a) IR inactive, b) IR active.

In principle all atoms in a polyatomic molecule rearing a normal
vibration. While polyatomic molecules have manymal vibrations,
assignments of infrared spectra rely on the conaegtoup frequencies. A
group frequency is a normal vibration that is rdtargd primarily localized to
a specific functional group for example the carb@tyetching vibration
(C=0) is called group frequencies. Figure 3.2 sheavae relevant group
frequencies for fats, other prominent examplesrofig frequencies are the
ester carbonyl stretch of triglycerides (C=0) a43 ¢mi* and the carbonyl
stretch (C=0) of the peptide bonds in proteinsé&0lcni* also called the
Amide | band.
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3.1 Attenuated Total Reflectance

IR is traditionally difficult to measure due to thegh absorbance levels and
thus the very small path lengths required, but mamblems were solved
when Attenuated Total Reflectance (ATR) samplingisuwas introduced.
ATR offers an alternative solution to the tradibtransmission IR sampling
for measurements of materials which are eitherttock or too strongly
absorbing to be analyzed by transmission spectpgsoco when only the
surface of the material is of interest. Using thERAsampling it is possible to
obtain infrared spectra of samples that are dilffita deal with, such as
solids with limited solubility, films, threads, gas, adhesives, and powders
(Figure 3.4).

aL.“ '

Figure 3.4 — a) ATR FT-IR spectrometer at the Department obdr0SPECC,
University of Copenhagen, b) ATR FT-IR spectrometgth membrane coupon
during measurement.

ATR is based on the concept of total internal (dajmeflectance. This effect
can only be achieved if the internal reflectionnedat (IRE) typically a
crystal has a higher refractive index than the danfink selenide (ZnSe),
AMTIR (chalcogenide glas), Diamond and Germanium @mmonly used
as IRE materials due to their high refractive iedic2.4, 2.5, 2.4 and 4.0
respectively. The advantage of the diamond IREhas it is extremely hard
and largely chemically inert and thus not affectgdtreatment with high
pressures and harsh cleaning agents. Moreover iflleodd has a wide
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transmission range and a relatively large refraciidex of 2.4 (Fontanella et
al., 1977). Should the sample have a higher reb@chdex than the IRE,
then the principle of total internal reflectancellwail and the light is

transmitted resulting in missing signal to the d&te and no recorded
spectrum. ATR requires good optical/physical cantastween the sample
and the ATR crystal and to acquire reproduciblecspepressure is often
applied to bring the sample towards the IRE.

Normally a single bounce IRE crystal is used foorsgly absorbing materials
(and small sample volumes) and the multiple redlecé ATR is used for less
strongly absorbing samples. The latter is ofterddse liquids or soft, easily
deformable solids as they can achieve excellentacowith the ATR. This is
a very important caveat for the use of the ATR dargpechnique: only a
few micrometers of the sample is penetrated andtispef heterogeneous
samples with layered structures or sedimentatiayulshbe analyzed with
care. In order to achieve good contact betweensémple and the IRE a
horizontal ATR accessory is often utilized, here tbp plate is the sampling
surface and reproducible contact is achieved byarapge clamp or pin

(Figure 3.4). This way, good quality spectra canob&ined for materials
that usually present problems in conventional IRuge (Gunzler &

Gremlich, 2002). In this study a single bounce AW&s employed in order
to obtain good optical contact between the samptethe IRE which could
not be achieved with a multi-bounce unit to prodreggroducible spectra.

3.2 Total internal reflection

IR spectroscopy with ATR sampling requires totéakinal reflection and this
happens when radiation moves through a materi&l Wwgh refractive index
n; and impacts the interface with a material witltowadr refractive indexs,
at an angle greater than the critical angle (ChedreGriffiths, 2002). The
critical angle is defined as the angle of incideabeve which total internal
reflection occurs. It is calculated by finding thelue for 6; (Egqn. 3.1)
whenf, = 90° and thusinf; = 1. The resulting value of;is equal to the
critical anglef,. (Eqn. 3.2). The critical angle is thus definedhaiéspect to
the normal (dotted line in Figure 3.5) (Chalmers&éffiths, 2002).
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sin6; = %sinet (3.1)
1
6, = 6, = sin~? (Z—j) (3.2)

A necessary and useful side effect to the totadrivatl reflection is the
appearance of an evanescent wave that is forméwkeaboundary between
two different materials that have different wave timo properties. The
evanescent wave propagates beyond the boundagcsuifhis implies that,
even though the entire incident wave is reflectadkbinto the ATR crystal
(the dense medium) there is still some penetratitmthe sample (the rarer
medium) arising from a standing wave establishedh dotally reflecting

interface (Figure 3.5).

Evanescent wave

/ Decreasing
/\/\/\/\7\ intensity
Interface |

Critical

Total internal
angle

reflection

Figure 3.5 —Schematic overview of the evanescent wave.

This evanescent wave is a diffuse wave and has aoemps in all spatial
orientations. The wave exhibits exponential decag &unction of the
distance from the boundary at which the wave waséd and is thus most
intense within approximate one third of the wavgtarfrom the surface of
formation. Thus the evanescent wave is confinddedclose) vicinity of the
surface of the sample. In theory and for the e&#igeadescription of the
evanescent wave the original propagating radidéses no energy to the
sample. This is an idealized picture as it is obsithat absorption of energy
must be made in order for an IR measurement tesbtiL(Mirabella, 1993).
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The decrease of the evanescent wave can expressed a

E= Ey exp— i—” -/ (sin20 —n2,)) - Z (3.3

Where E is the electric evanescent field, i€ the decrease in the electric
field, Z is the distance from the surfaéeg,= A/n; is the wavelength of the
radiation in the denser medium andig again the refractive index of the
denser medium (IRE),.nis the ratio between the refractive indices less
dense medium (sample) and denser medium (IRE).

The properties of the evanescent field in the sardppends on the thickness
of this sample and therefore two cases have takentinto consideration:
one where the sample exists in bulk where the rdebeld amplitude
decreases to a very low value through the sampteitee second case where
the sample only exists in a very thin film in swecimanner that the electric
field amplitude remains largely constant. For teeosid case where the
sample is such a thin film that it has no contngjlieffect on the evanescent
field it would be the layer behind the sample (whitteaking index #) that
would control the decay of the evanescent fieldisTimplies that for the
equations above,ncould potentially be replaced by ng/n; or ng, = ne/ne.
Hence the penetration depth becomes less of agmollhen you have a
homogenous sample in excessive amounts, when you asaure the
thickness of sample is exceeding the calculatedmax penetration depth.
The problem arises when the sample volume is soralf the sample is
inhomogeneous. We have proven inhomogeneity in saumples and we
theoretically have two refractive indices; one thatongs to the membrane
material and one that belongs to the fouling tluatsests mainly of different
proteins, but also minor quantities of fat (plusnerals which will be
spectroscopically inactive in the IR range) anig dlue to the inhomogeneity
that we have to consideg (Figure 2.5). When working with inhomogeneous
samples or as in this case with layered samplesntiication becomes a
problem. The first layer is easily quantifiable yicbng the light penetrates
through the layer. Quantification of the secondefaypecomes more
problematic because the volume of light hitting #ample is unknown as
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some is absorbed in the previous layer. The contgléxcreases when the
previous layer has a varying thickness making tohssible illuminated
volume the limiting factor for the quantification.

Whey proteins are expected to be deposited on thmbrane as residual
fouling after the final production and cleaning leycTable 3.1 shows the
composition of the whey proteins. The main fractisfi-lactoglobulin (55-
65%).

Table 3.1— Overview of protein distribution in whey (Mar¢h& Daufin, 1995).

Protein % of whey proteins Molecular weight (kDa)
B-lactoglobulin 55-65 18.4

a-lactalbumin 15-25 14.2

Immunoglobulins 10-15 80-900

Bovine serum albumin 5-6 66.3

(BSA)

Proteose — peptone 10-20 4-80

Minor proteins <0.5 30-100

When measuring used membranes we thus have a nimwohuwo layers:
the membrane itself and the residual fouling. Dadhe ATR penetration
depth the final IR spectra is influenced by botmpgke layers. The
penetration depth in our experiment will not onbry with the wavelength
and the refractive index of our IRE, but also vilth material (sample) that is
in contact with the IRE. This means that we havather unpredictable;n
which affects what could be perceived ag the membrane material.
Fluctuations in the ican have an influence on the critical angle oidence
and thereby effect the total internal reflectionow¢ver, this is more a
theoretical speculation as the refractive indepwfsamples never increases
to the level of the diamond in the IRE with a refrae index of 2.4. The
refractive index of PES is 1.62 (Kuriki et al., 20Qvhich might be changed
due to proprietary modifications (grafting) of thrembrane material done by
the supplier. The refractive index of the proteiixtore that originates from
the whey is difficult to determine for the speci@avironment in relation to
the membrane, bup-lactoglobulin, which is the main constituent, has
refractive index of 1.46 (Bauer et al., 1999). Thealues will never surpass
the value of the IRE and thereby break one of tweditions of the total
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internal reflection. It therefore does not makesgeto use a differentor ng
as the refractive indices are relatively close.ukg3.6 shows the expected
penetration depth for PES afidactoglobulin in the working range for the
data analysis for my research; the largest difiegeis found at the lower
wavenumbers, about 0.8um.

beta —
HPES 14

| I | I | I 0
4000 3500 3000 wavenumber (cm-1) 1500 1000 500

Figure 3.6— Penetration depth for PES (green) Axddctoglobulin (red).

Previous studies have shown that there is a heteemyis spatial distribution
of fouling on a membrane leaf, hence the thickméske fouling layer varies
resulting in varying influence from the membranetenal on the spectra
(Schwinge et al 2004). These changes can obvicaféfet the coherence
with Lambert-Beers law, resulting in the intensdf the peak no longer
correlating with the concentration of fouling amgse features are relevant to
investigate.

3.3 Lambert-Beers law

Lambert-Beers law relates the attenuation of light the properties
(concentrations) of the material through which ligat is traveling. In IR
spectroscopy the amount of absorbed electromagragtiation is determined
by the interaction with the molecular vibrationsthe sample. The ratio of
the radiation intensity prior to and after passthgough the sample at a
certain wavelength is the heart of the quantitatike measurement. The
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Lambert-Beers law describes the relationship of thgectroscopic
information with sample concentration.

A= —logqo (i) =¢e-lc (3.4)

Where A is the absorbance, | andare the transmitted and the incident
radiation respectivelys is the absorption coefficient that is material and
wavelength dependent, is the (effective) path length and c is the
concentration of the attenuating species in thepgaifthe parameter that is
most often of interest) (Gunzler & Gremlich, 2002).

There are some sources of errors that can influghee concentration
calculation. Some can be attributed only to thecgpeeter such as detector
non-linearity when high absorbance is reached mscdin cause deformed
spectra, drift resulting from insufficient tempena equilibration, beam
divergence in the sample compartment. Some can tiobuted to the
chemical and physical phenomena including scattem f particulates,
interferents, molecular interactions, changes ifracéive index at high
concentrations, shifts in chemical equilibrium afsiaction of concentration,
stray light and changes in sample size/path lengthen using Lambert-
Beers law for mixture analysis it is required tthe absorbing species behave
independently of each other and that the absorpticours in a uniform
medium (Harris, 2007), that is that the absorptdnndividual species are
additive.

To make use of Lambert-Beers law in a chemistryirenment a calibration
curve is traditionally prepared over the range ohaentration that are
expected for the unknown sample and keeping therbhsce level within
the linear response of the instrument (in classspactroscopy A < 0.5).
Unfortunately this classic approach is not possibiea large variety of real
life samples e.g. because the sample materiabm & source where pure
samples are impossible to retrieve or as in thse cahere the samples
originate from a production environment where thel-product is very
different from the original feed stream. The residiouling that is the
subject of this thesis work is attached to the nramd and as a consequence
the IR spectra contain evidence of both residualiig and membrane
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materials. Removing the residual fouling from thesmbrane without
unfolding and possibly degrading the proteins airig any other molecular
component is difficult/impossible and is not withime scope of this thesis.
Whey cannot be used as a reference material asamposition of the
residual fouling is expected to be different dughe nature of the filtration
unit operation (including the CIP) where foulingaggment are selectively
removed. Nevertheless, it is assumed that LambegtBlaw can be used as
a relative, quantitative comparator of residual roeame fouling provided
that samples are measured on the same instruméet tihe same conditions.

3.4 Spectral resolution

Spectral resolution is defined by the type of imstent used and can typically
be downgraded (selected) if maximum resolutioroisraquired for the given

purpose. The spectral resolution is typically ojed according to the

maximum time that a spectral measurement must taieg the natural

linewidths of the finer spectral details in the gdenspectrum. In condensed
phase it is rare to find natural FWHM less tham®'avhich will then be the

maximum obtainable resolution. For this thesis wibrkwas decided to use
the best possible spectral resolution i.e. Z4.cm

3.5 Interpretation of IR spectrum

The IR region was measured between 4000' @and 700 cril. The IR
spectra contain many absorption bands arising fs@arious functional
groups present in water, lipids, proteins and padgkarides which makes IR
spectroscopy a valuable method for food analysis.

In this study work, the ATR IR spectra of the useémbranes contain
several peaks (Figure 3.7) that originates fromowar sources. Firstly the
spectra include bands originating from the membransterial
polyethersulfone (PES) of the ultrafiltration calie and this material can be
grafted by the manufacturer with different speci8scondly, the spectra
contain information about the fouling which consisf several protein types
plus fat and minerals. Correct assignment of thetns@nificant peaks is
crucial for the interpretation of the results.
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Figure 3.7— a) IR spectra of residual fouling and membran&ria system, b)
spectra of virgin membrane, inset: molecular stmecof PES.

At wavenumbers with values greater than 1500 énis generally possible to
assign each absorption band to a specific fundtigraup i.e. we observe

group frequencies (Figure 3.8).
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Figure 3.8 - overview of the fundamental vibrations in IR sppescopy (Modified

from http://www.wag.caltech.edu).
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The IR spectra we have obtained from the used nmemebsamples contains
proteins from the residual fouling even after clagrwhich is evidenced by
the two signals at 1650 and 1550 tihat originates from amide | and I
vibrations of proteins or peptides (Chalmers & f&hf 2002). More ranges
could be investigated as there are potentially nioienal modes of peptides:
A, B, and I-VII in order of decreasing frequencpdiieasing wavenumber).
The amide bands | (80% C=0 stretch, near 1650)camide Il (60% N—H
bend and 40% C-N stretch, near 1550 gmand amide Il (40% C-N
stretch, 30% N—H bend, near 1300 9nare generally employed to study
protein structure (Dong et al., 1990). For mapgimg fouling on membrane
leaves it is mostly the amide Il absorption banat thas been investigated
(Delaunay et al., 2008, Bégoin et al., 2006) asctilittle or no interference
from the membrane peaks in that particular rang&ofn contrast the amide
| absorption band is interfering with the water tiegy absorption band
(adsorbed moisture) and in addition we have foungksible evidence for an
unknown molecule that could be used for graftirgrtembrane.

The spectra also contain evidence of fat moleculas, very small
concentrations. This makes good sense as micatifttr membrane
cartridges usually are employed prior to ultradifion and upconcentration of
the whey (TetraPak, 1995). The fat signals from mhembrane residual
fouling appear as the ester carbonyl stretchingl k740 cnt and further
evidenced by C-H stretching bands around 2929 &6 2nm". IR is also
one of the most used analytical/spectroscopic nastho identify polymers
(Carraher, 2010). In this case it was particulanieresting to obtain an
overview of polyethersulfone (PES) (inset Figurgb3.that the spiral wound
ultrafiltration membrane cartridges are made ofe Tlost significant peaks
for this specific polymer are the asymmetric stietf the aromatic ether
group (Ar-O-Ar) appearing at 1241 &nand the absorption bands due to the
asymmetric (1323 cif) and symmetric (1159 ch) stretches of the sulfone
group (O-S-0) that are clearly identified (Nairadt, 2001). The absorption
band at 1241 cthis important when performing data analysis indfessical
sense (height measurement) as this peak is oftmhasa reference peak to
calculate protein concentration versus the membmaaterial.
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For the absorption bands at wavenumbers below &600the assignment of
peaks becomes difficult (few group frequencies) wuaore sensitivity inter-
and intra-molecular interactions and this regiomasnmonly referred to as
the fingerprint region. An IR spectrum can havedred or more absorption
bands in this region, but assigning them is diffidunot impossible and only
the most intense bands such as esters, ethers lemldola may be of

importance. The fingerprint region is mostly assjrby using a spectral
library as reference to find the most similar malec(Gunzler & Gremlich,

2002). In Table 3.2 the most important peaks fromIR spectrum of fouled
ultrafiltration membranes are listed.

Table 3.2 —Assignment of significant peaks in the IR spectramthe fouled
spectra.

Wavenumber (cm?) Assigment Chemical compound
825-875 NH bend out of plane  Amide

1550 C-N stretch, N-H bend Amide I

1640 C=0 stretch, amide Amide |

1745 C=0 stretch, ester Fat

2700-3000 C-H stretch, CH CH; Methyl, methylene
3300-3500 N-H stretch Amide

1100 Aromatic ring PES

1150 SO, PES

1240 C-O ether PES

1300 SO, PES

1325 SO, PES

1475 C=C ring PES

1575 C=Cring PES

3.6 The IR instrument

There are primarily two different main principlegtlin commercial infrared
spectroscopy instrumentation: dispersive infraneecgometers and Fourier
transform infrared spectrometers (FT-IR).

3.6.1 Thedispersive I R spectrometer
The dispersive infrared spectrometer consists wdethmain components: a
light source, a monochromator and a detector. dna-beam instrument the
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light source is divided into two parallel beams axfual intensity using
mirrors (beam splitters). The sample and the raefazeare placed in each of
the beams. After passing through the sample/referaghe light passes
through the monochromator that consists of a bealities (beam chopper)
that passes the two beams to a diffraction gratifidpe grating
spreads/diffracts the frequencies (wavelengthshefradiation before they
reach a thermocouple detector. The detector se¢hsedifferences between
the intensities of the sample and the referendedrby the chopper. This
means that the background of e.g. atmospheric géikeecarbon dioxide and
water vapor are subtracted from the final speddavia et al., 2009). The
dispersive infrared spectrometer records spectraaaBunction of the
wavenumber of infrared radiation by rotating thérdction grating selecting
through a slit only one wavenumber at a time amdneits intensity on the
detector. It is thus operating in the frequency-domor the wavenumber-
domain (Figure 3.9).

Sample compartment Monochromator
IR source Reference » Detector
o
—
Q. ©
e &
<
\-// - 3
C
=]
e
Sample (G]

Figure 3.9— Overview of the dispersive infrared spectrometer

3.6.2 The FT-IR spectrometer

The Fourier transform spectrometer in contrast wankthe time-domain, as
the interferogram is essentially a plot of intepsieérsus time or optical path
difference (se later), but it is much more intargstto investigate the
frequency-domain spectrum. Therefore a mathematipalation known as
Fourier transform (FT) is used to separate the viddal absorption
frequencies from the interferogram producing a spet that closely
resembles the spectra from the dispersive specteoniéhe mechanics in the
FT-IR spectrometer (Figure 3.10) consists of atlgurce that passes light

41



through a beam-splitter which is positioned at & d8gle to the incoming
radiation. The beam-splitter separates the lightwn beams one that is
undeflected (continuing in a straight line) and d¢hat is oriented in a 90°
angle. The latter goes to a stationary mirror andeturned to the beam-
splitter. The undeflected beam goes to a movingamiit is the maximum
displacement of the moving mirror that defines thehievable spectral
resolution). The motion of the moving mirror causes path length of the
two beams to vary. Finally, the beam is returnedgam-splitter and the two
beams recombine and due to path length differebo#s constructive and
destructive interferences occur. The beam thatssqd through the sample
contains all wavelengths and they are simultangaalstorbed by the sample
which creates an interferogram. The interferograomtains information
about the energy that was transmitted to the datedta given optical path
difference. Such interferograms cannot be eastigrjpmeted, but are instead
treated with a fast Fourier transform by a compuenverting the time-
domain to the frequency domain and thus resultingthe classical
absorbance spectra that we can recognize and igatestjuantitatively and
gualitatively. The FT-IR normally operates in a gde&tbeam mode and
therefore a background spectrum has to be recqrdedto measuring the
sample. This means e.g. that all atmosphericalbgem carbon dioxide and
water vapor have been subtracted from the sampbeebdata is collected at
the detector. The main advantages of the FT-IRunsnt is the throughput
advantage as all wavenumber are measured simulisliyeand no slits are
required to select the individual wavenumbers drafact that the moving
mirror distance can be measured very preciselytlnsl make it possible to
obtain a very accurate wavenumber calibration keeebelow).

42



Stationary mirror

IR Source

Beam splitter
/ Moveable mirror
>

| | Sample

\ 4

w
- DEteCtor

Figure 3.10- Overview of the Fourier transform infrared specteter.

Box 3.1 —Description of Fourier transform.

Advantages of the FT-IR spectrometer
There are a number of specific advantages in usiegFourier transform
spectrometer; the multiplex advantage (also cafelligett advantage) th

improves the signal-to-noise ratio in proportion/té where N is the numbe
of sampling scans (Gunzler & Gremlich, 2002). Thethod is called
multiplex because the FT-IR system measures all emambers
simultaneously. It is much faster than the dispersnfrared spectrometef
because the dispersive instrument measures ondengtte after the other
while one scanning time in an FT spectrometer israfsed to the timg
needed to move the mirror over a distance thatrapgstional to the
resolution (Wartewig, 2003).

The second advantage is the throughput advantaggUihot advantage
which gives the FT-IR-spectrum a better resolutioe to the larger volumg
of light being emitted from the circular collimatdoeam, while in a
dispersive spectrometer the light is limited by tkEt-width for the
wavenumber selection (Glinzler & Gremlich, 2002, ¥targ, 2003). A third
advantage of FT-spectrometers is the so-called €oradvantage which
defines the stability of the spectra that arisesfthe fact that the frequendly
scale of the FT-instrument can be accurately medsby a He-Ne lase
which provides an internal reference for everyrigt®gram. This results in
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an accurate frequency calibration of the spectkdoreover there are twg
more advantages of the FT-IR spectrometer nameyctimstant resolutio
throughout the entire wavenumber region and findlg interferomete
include no discontinuities related to gratings &éhers.

—4

Both spectrometer setups have the same limitatigits regard to the
sampling as it is basically limited to two typessaimple materials: liquid
that can be contained in cuvette with a path lenfitess than 1 mm or solid
that can be turned into a fine powder and diluteith ior example KBr to
create a KBr+sample-tablet for transmission expenits. Most other sampl
types require the use of an attenuated total tefbee (ATR) sampling uni
It should be mentioned that it is of course possiiol measure IR spectja
using diffuse reflectance, which for example isabsolute necessity for larde
intractable samples such as paintings and sculptimet due to the loy
energetic IR sources it is a very poor samplingoopt

vJ
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Chapter 4

Data analysis
Methods

It was previously mentioned in the spectroscopyptdra(Chapter 3) that
typically one single peak arising from the foulingaterial is investigated
when extracting information on membrane foulingainnivariate fashion. A
common method is height determination of specifeaks followed by
calculating the ratio of the fouling peak of intgrevith a reference peak;
these peaks can e.g. be the protein peak at 154Gntha peak arising from
the membrane material at 1240°tiEqgn. 4.1; Bégoin et al., 2006).

amide I1

Height ratio = (4.1)

g1240cm=1

This method is further developed by Delaunay e{28l08) where a baseline
Is subtracted from the ratio in Equation 4.1 andag¢igg corrected ratio to a
model parameter that depends on the type of memkgamultiplied with
the protein concentration (expressed in ué-.¢Ri; Eqn. 4.2).

Hamide 11

— [baseline — 4. [p] (4.2)

g1z4ocm—1

Equation 4.2 can only be realistically solved ihdeatory scale experiments
where protein concentration is predetermined, dredparameten can be
estimated based on training, as the protein rekfduling for industrial scale
membranes is unknown due to many months/years efumsler varying
conditions and multitude of CIP cycles.

Equations 4.1 and 4.2 do not give feasible solstitmsolving the fouling
distribution problem. The IR spectrum has evideforethe same chemical
compound in several regions and e.g. protein isondt found in one peak
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but in several peaks over the full spectrum. Tleigtdre is obviously not
taken into consideration when employing univaripgak-height strategies.
These equations do not take underlying features @oinsideration which
could potentially be important when investigatingc@mplex arrangement
such as the membrane-fouling-system.

In literature a second method for mathematicallytrasting the milk
component contribution from the membranes is deedr{Rabiller-Baudry et
al., 2002). The method is calldduble difference methahd is calculated as
follows:

Difference spectrum £ recorded spectrum — water spectrum
Difference spectrum 2= difference spectrum 1 (fouled membrane) —
difference spectrum 1 (virgin membrane)

The first difference spectrum calculation is pearied on both virgin
membrane and fouled membrane. This method is eadltin enhancing the
phenomena that are interesting for the fouling @sscwhile removing the
remainingbackground effectamaking the protein fouling stand out and the
follow-up univariate data analysis easier. Thisldoaid in giving a pure
spectrum of the fouling perhaps eliminating someeulying features that
originates from the membrane which could possibtgrifere with the height
measurement. This method requires some computatnah by removing
features regarding the membrane information abbositcinnot be recovered.

By applying multivariate/chemometric tools we expéc extract more
information because we perform data analysis onigemrange of the
spectrum, that way enhancing the important featames eliminating the
insignificant features by decomposition of the sgec
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4.1 Principal component analysis (PCA)

The most commonly used multivariate technique isiggal component
analysis (PCA). The method can be used for a leagety of purposes: data
reduction, modelling, outlier detection, variablelegtion, unsupervised
classification, etc. The data matrix is decomposegd a bilinear model as
shown in Equation 4.3

X=TP"+E (4.3)

WhereX is the data matrix] is the score matrix (describes the column space
or samples) and is the loading matrix (describes the loading space
variables) that captures the main variation indat, anck is the error that
contains any un-modelled variation. It is sometimesful to apply a pre-
processing to the spectra prior to data analys$is dould be mean centering
(subtraction of the mean from each variable) op adaling (subtraction of
the mean from each variable and divide with thedded variation in each
variable) that handles different data-ranges insimae measurement. We are
interested in modelling as much of the variatiopassible which is achieved
by decomposing the data into linear combinationdleda principal
components (PCs). The PCs are found from consecotithogonal vector
outer-products based on the largest variation énddita. This infers that the
first principal component describes the largestat@mn in the data. The
second PC explains the second largest variatidtheidata while at the same
time being orthogonal to the first PC, and so foffach PC is thus the
product of a score vectar) @nd a loading vectop( Egn. 4.4).

X = tlpl + tzpz + -+ tipi + E (44)

The number of PCs defines the number of sourcesaétion observed in
the data, hence the number of independent featurespectral data it is
common to observe co-variation which decreasesntimber of PCs to a
considerable lower set than the original numbewvafable. This is very
useful as we often have thousands of variablesraddcing the data to a
three of four coordinate systems simplifies andaases the interpretability.
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In PCA there is an orthogonality constraint imposedween the principal
components which simplifies the result as it fortesm to be completely
uncorrelated. Each PC describes a pattern in tkee idéerring that if two
components co-vary they cannot be resolved antb#aengs will not display
pure information (e.g. spectra) of the chemical ponents (Wold et al.,
1987). PCA is thus often used as a visual or eappoy method and the
results can be displayed in a score plot or a f@pgdiot or combined in a so-
called bi-plot. The score plot describes objectst thave similarities by
clustering the samples. This also offers the opmitt to find samples that
are significantly different from the remaining sde® (outliers). In the
loading plot detection of significant variables &ach PC is possible and can
be used for variable interpretation and selection.

We have from PCA determined that the number of §i@sild be two — one
PC that describes the polyethersulfone (PES) arel tbat describes the
residual fouling which mainly consists of proteiRigqure 4.1a). A third
principal component results in over-fitting as ibaels parts of the error
judged by its erratic/chaotic appearance (Figurgéb). Two principal
components is a qualified initial guess as we awestigating a two layer
system. But from the literature we know that thpossibly could be more
features that co-vary with either of the two cdmitors, e.g. secondary
structure in the protein fouling, presence of fag@fting used to change the
hydrofilicity of membranes.

N () PC 1, 78.4% b ( s ) PC 3, 0.54%
( )PC2,20.7%

0.4 0.4

PCA loading
PCA loading

o

-0.2

1500 1550 Wavenumber (cm?) 1650 1700 1500 1550 Wavenumber (cm™') 1650 1700
Figure 4.1 - Principal component analysis (N=100), data immeentered, a) two
component model, b) the third component in the P@@Ael.
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This implies that another method for determining tlumber of components
needed to describe the data is necessary.

4.2 Multivariate Curve Resolution (MCR)

MCR was originally developed to encompass evolatigranalytical data
from e.g. a process or an analytical measuremeawt@n & Sylvestre,
1971). The method is meant to solve the mixturdyarsaproblem; it builds
on the bilinearity and utilizing constraints to gae best resolved model,
limiting the ambiguities (Jaumot et al., 2004). Kudriate curve resolution
does not contain a build-in (intrinsic) constraont orthogonality as PCA
does and is therefore (conceptually) better at Ivesp true chemical
components, even if they co-vary. It is particylaslell suited for analyzing
and modelling spectroscopic measurements sinceuriderlying analytical
pattern in these measurement is already a bilimeatel (Egn. 4.5), namely
Lambert-Beers law (Chapter 3.3). The Lambert-B&ksis a model of pure
signal contributions, where concentrations are ctlyeproportional to the
intensity (or absorbance) of the light, hence MGR these measurements
because it precisely mimics the structure of tredydical measurement.

The model that MCR follows is

D= Y,c;sT+E=CST+E (4.5)

WhereC contains the elution (or concentration) profildsath components
andS the related pure spectia,is the matrix that expresses the error or the
unexplained variance by the bilinear model (Juaad.e014).

4.2.1 MCR algorithm
The MCR algorithm has been developed in two fortine:non-iterative and
the iterative.

The non-iterative MCR approachrhe first and most significant approaches
are Window Factor Analysis (WFA) (Malinowski, 1992pub-window
Factor Analysis (SFA) (Manne et al., 1999) or Hstici Evolving Latent
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Projections (HELP) (Kvalheim & Liang, 1992). The miberative MCR
methods combine information of small sections, timatthe literature is
referred to as subspaces, of data that are cotedrdoased on global and
local rank information to obtain pure profiles. Trseibspaces can be
concentration windows or sections of the data matrat have a particular
property. This can e.g. be the presence or abseofcecertain
components/information. For the methods to be apple the data set that is
investigated should have a sequential (or very red)e concentration
direction where concentration windows can be fixedsonably well. This
type of method requires an evolving system (prdoesstion kinetics,
chromatography, etc.) (Juan & Tauler, 2006).

The iterative MCR approachThe most commonly used approach in MCR is
the iterative form because it requires less pnformation about the system,
due to the flexibility to deal with several kind$ data structures and
chemical problems, and the ability to accommodatereal information in
the resolution process. The iterative methods arg kerative Target
Transformation Factor Analysis (ITTFA) (Vandeginge al., 1985) that
works by optimizing the concentration profile diiea under constraints,
followed by the recovery of the spectral matrixtime bilinear model by a
least squares step. Another method is Multivari@erve Resolution
Alternating Least Squares (MCR-ALS, Gampp et 4B86) which works by
optimization of both concentration profil€) and pure spectreb) in each
iterative cycle (Juan & Tauler, 2006). There ave fnain steps in the MCR-
ALS algorithm:

Building the data matri®

Determine the rank dd

Find the initial estimates for the spectral or cawtcation profiles
Initiate ALS iterations to calculate spectral athcentration profiles
Test for convergence

ok wbhPE

After building the data matrix and the determinatiof the rank by e.qg.
employing SIMPLISMA (Windig & Guilment, 1991) thaitial estimate for
the spectral profile or the concentration profdeset. Next the estimates of
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the two profiles are optimized with predeterminedstraints applied until a
convergence criterion is reached (Juan et al., R00vo different options
exist when using a convergence criterion: a preedfinumber of iterations
or a threshold value defining the difference inifiprovement between
consecutive iterations. Once convergence is reachedet of quality
parameters that are related to the model fit caeviaduated such as variance
explained and lack of fit (LOF, Eqn. 4.6).

%LOF = 100 (4.6)

Where ¢; is an element of the data matiixand ¢ is the related residual
(Jaumot et al., 2004).

4.2.2 Rank determination and initial guess

When computing a MCR model determination of thekrahsystem is vital
and often Evolving Factor Analysis (EFA, Keller & agsart, 1992) is
employed. There are some assumptions that have folfilled: the data has
to have an intrinsic order, non-negativity of camications and that the
Lambert-Beers law is valid (Keller & Massart, 1992Zhe fundamental idea
of EFA is to follow the evolution (change) of thenk of the growing data
matrix X as a function of the ordered variables. This iseddy PCA
computed from the increasing data matrix.

The EFA can be performed in two directions forwéeed, Figure 4.2) and
backwards elimination of variables (black, Figur8)4The eigenvalues (or
their logarithm) for both directions are plottechatgst the ordered variable in
the same figure. At that point in the ordered \@easequence where an
eigenvalue rises above the noise level a new sut¥stappears, increasing
the rank of the system by one. The opposite iscHs® with the backward
EFA. Thus, an EFA graph provides information onhbajppearing and
disappearing compounds/analytes and also the nuaildeactors present in
the system (Figure 4.2). In order to correctly agde the appearance of a
compound with the disappearance it is assumedhbdirst to appear is also
the first to disappear and so forth (Keller & Mass2992). When analyzing
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multiset data tables with EFA it is advised thatheasubset should be
evaluated individually (Juan et al., 2014)
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(
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Figure 4.2— Evolving factor analysis (EFA), a) full EFA fdata in Paper II, box is
presented in b, b) zoom on the lower part of thé&.EFhe red lines represents the
forward evolving factor analysis, black lines regamets the backwards evolving
factor analysis.

EFA is also utilized when determining the initisdtienates for MCR-ALS.
The initial estimates for the spectra or concemmatprofile should be
sensible guesses it is the starting point for the optimizatioo@ess and the
choice might/will influence the end-model if thepdipd constraints (and the
data) do not lead to a mathematically unique smiutiA sensible initial
estimate can be found if there is prior knowledgetlre system, e.g. pure
spectra of some of the components. MCR-ALS worksingle data matrices
by optimizing a set of initial estimates in an aieging least-squares fashion
in iterative cycles under the action of constraiotstii convergence is
reached. The EFA that detects the appearance as@ppdiarance of
components in the system, thus providing conceatrgtrofiles under the
assumption of a sequential order of appearancefuksaance for all
components. EFA is a method that was originallyetlgyed to work with
data that has a certain structure such as proeastfin-like data (Keller &
Massart, 1992). If structure in the data is ab#w®en it is common to use a set
of methods calleghure variable selectignand one of the most commonly
used is Simple-to-use Selfmodelling Analysis (SINBMA) (Windig &
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Guilment, 1991). Most of the self-modeling techraguare based on principal
component analysis. The core is to select the twstrdissimilar rows or
columns in a matrix and use these as the initiimases for spectra or
concentration profiles. Hence, SIMPLISMA does nequire any reference
spectra. There is one requirement though, the pcesef pure variables. The
first pure variable can be found by determining ¥leetor (projected onto a
subspace) with the largest length. This impliest thavariable with a
relatively high intensity will be relatively pur@ggesting that a variable with
low intensity will have contributions from seve@mponents. The variable
with the highest intensity is the first pure vatealfWindig & Guilment,
1991).

4.2.3 Ambiguities

Creating a model of data is always linked with sameertainty. In the case

of MCR it is also linked to ambiguities. This igpeoblem because different

combinations of concentration profiles and spectia reproduce the original
data with the same quality of fit. There are thréferent types of
ambiguities: permutation, intensity and rotation.

* Permutation ambiguities represent the fact thaetieeno natural sorting
order for the MCR components (unlike e.g. PCA). yitieerefore can be
mixed/reordered within the spectra and concentmatmatrix and obtain
identical results.

* Intensity ambiguities arise when dyads of profilesncentration and
spectral profile of one MCR component) have the esashape but
different relative scales between the concentrgtiafile and the spectra
reproduce the original data equally well. This Is treason why
concentration valuegc;) and pure response intensity!) profiles are
always in arbitrary units unless real concentratioalues are
available/known. To avoid intensity ambiguity itaastom to normalize
either the concentration profile or the spectratlim absence of reference
concentration values within the optimization).

* Rotational ambiguities are the most relevant ambégibecause dyads
of concentration profiles and spectra with différehapes can reproduce
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the original data with the same fit quality. Mathamoally it can be
expressed as Eqgns. 4.5 and 4.7

D=CST+E (4.5, repeated)
D= (CT)(TIS"+E 4.7)

WhereT is any transformation matrix which continues tojide profiles
that obeys specific sets of constraints when ogtimgithe MCR model. The
best way of decreasing or suppressing ambigusiés introduce constraints
with uniqueness/selectivity features, or by usingltmset structures. The
diversity of the subsets in the multiset structureakes the possible
combinations of profiles that describes the vavratiand fulfills the
constraints smaller.

Multi sets- Multi sets (augmented matrices) are frequently usédCR. The
idea is very flexible and can be based on dataiceatof different sizes and
meanings (Juan et al., 2014). They can be strtt@® a row-wise
augmented matrix (Eqn. 4.8) where data tables pperaled next to each
other, e.g. when using several instruments to roowoit investigate the same
process. It can be structured as a column-wise antgd matrix (Eqn. 4.9)
where data tables are on top of each other, effgrett batch runs of the
same process monitored or investigated. Finally thatrices can be
augmented in both the row- and column-wise direc{ieqn. 4.10). The multi
set matrices appear more complex but they obeysdinge bilinear models
under Equation 4.5 and therefore MCR can be applied

54



[Dy D, D3 - D;] = C[ST S5 85 - ST| + [Ey E; E3 -~ Ef]
= CShug + Equg (4.8)
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km,) \63) \ )= CaugST + Equg (4.9)
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= \C)[S{SE.S? SZ]+kE31 Es; Ezs - Ey

Exi Ek, Egs -+ Egg

CaugSgug + Equg (4.10)

There are some conditions that should be fulfilletien building a
meaningful multiset; data tables that are analypgdther should share some
kind of common information, and the data tabled tieve been appended
should have a common mode which can be the spexttake concentration
mode where a common profile can be established.

4.2.4 MCR constraints

MCR-ALS is very flexible and often exhibits a uneness issue and in order
to ensure that the computed model is reliable camss are commonly

applied. Constraints are not compulsory if the nhoden be resolved

uniquely but can aid in making the model more imtetable. It can be
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applied in both the row (sample) and column (vdepbpace. The flexibility
in the application of constraints explains the a#lisy of the MCR algorithm
which can be adapted to many scenarios throughepraelection of
constraints. Selecting the appropriate constrants knowing how to apply
them is the most crucial point to ensure that nregial and reliable solutions
are obtained (Juan et al.,, 2014, Juan & Tauler,6R0Many different
constraints exist and can be divided into naturaktraints and mathematical
constraints.

The natural constraints are:

Non-negativity forces the profiles to contain (abtjoonly positive
values. The negative values can be eliminated foyplgi replacing them
with zeros or softer modelling can be applied sa€mon-negativity least
squares (NNLS, Hanson & Lawson, 1974) or fast negativity least
squares (FNNLS, Bro & De Jong, 1997). This constrapplies to all
concentration profiles and many instrumental respen(absorbance
spectra, chromatograms, etc.) where negative nugrarerunexpected.
Unimodality defines the presence of one single maxn per profile.
Closure is a mass-balance constraint which is mastmonly applied to
profiles of reaction systems e.g. degradation otgin into amino acids
(Juan et al, 2014).

Known pure spectra/concentration profile is an étuaonstraint that
forces the peaks to be a certain predefined shapg.-Gaussian or
Lorentzian - or if a spectrum of a pure componexistethis can be
applied (Beyramysoltan et al., 2013). Equality ¢omsts helps avoiding
the rotational ambiguity that soft modelling meth@an suffer from.

The constraints that are related to the mathentaticalitions are:

Selectivity relates to the zones of absence ofcttraponents in some
regions in the profiles (Manne, 1995). This constrasually applies to
the concentration profiles. It can be used withimairix or subset in a
multiset structure and increases the accuracy énd#finition of the

profiles.
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» Correspondence of species is only applied to colwise augmented
matrices and expresses the correspondence andngetsesence of
components in the analyzed samples which is inglicat the algorithm
by a binary code of 0 (absent) and 1 (present)l€Fa&uBarcelo, 1993).

» Hard-modelling forces the concentration profiles le fitted by a
parametric physicochemical model (Juan et al., 20T4is can be
applied when a peak shape can be defined by a pararaquation. This
constraint implies performing model-fitting duringhe iterative
optimization process.

» Correlation constraint means application of an rmmde univariate
calibration model to the concentration profilessthllows for prediction
of concentration of unknown samples, hence the skttés separated into
a calibration set and a test set (Juan et al.,)2014

4.3 Analysis of Variance (ANOVA)

Analysis of variance is an established procedurasfaating the sources of
variability in a set of measurements. The purpede determine the extent to
which the effect of an independent variable is gomaomponent (Girden,
1992). It is used in comparative studies in ordemmalyze the differences
between group means and to determine if thesecara er not. ANOVA is
useful in comparing three or more means to teghdire is a statistical
significant difference between them. The statistisgnificance of the
experiment is determined by a ratio of two vari@cd&his ratio is
independent of several possible alterations tcettperimental observations:
adding a constant or multiplying a constant tooakervations does not alter
significance. The statistical significance of théN@VA results are thus
independent of constant bias and scaling errors.

ANOVA is built on the principle of hypothesis tesii e.g. the null
hypothesis ki, where a test result is statistically significanit is deemed
unlikely to occur by chance. A statistically sigognt result is achieved when
the probability is lower than a predetermined thadd value which justifies
the rejection of the null hypothesis. The null hymsis in ANOVA is
typically that all groups are random samples fréva $ame population and
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that the predefined treatment has the same effeatldamples (blH1 = =
3= ... = k).

ANOVA most commonly uses a linear model that redates response to the
treatment. The model is typically linear/additivetihe parameters but may be
non-linear across factor levels. The linearity bé tmodel requires some
assumptions for it to be valid:

* Independence of the observations

* Normal distribution of the residuals

* Equality (homogeneity) of variance — the variandethe data in

groups should be the same

This all implies that the errors are independendgntically, and normally
distributed.

ANOVA is derived from a splitting of total varialiif into its separate parts.
The total corrected sum of squares

$Sr = X4, ¥ (v —7)° (4.11)

is used as a measure of overall variability in dla¢ga. This equation can be
rewritten as

Y (i —7) =G -V + S Y (v - )" (4.12)

which states that the total variability in the dais measured by the total
corrected sum of squares, can be split into a susguares of differences
between the treatment averages and the grand avphagya sum of squares
of differences of observations within treatmentarfrthe treatment average.
Equation 4.12 can be shortened to

S§57 = SStreatment + SSk (4-13)
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When calculating the sum of squares the matchiggegs of freedom is an
important concept defined as the number of valbesfihal calculation of a
statistics is free to vary. $hasN-1 (N = axn) degrees of freedom when
there area levels of the factor and hene treatment which infers that
SSreatmenthasa-1 degrees of freedom. Finally within any treatmehese are

n replicates providingn-1 degrees of freedom to estimate the experimental
error (Montgomery, 2005).

Calculating if the treatments are different froncleather (rejecting k) is
based on an F-test (also known as Fisher's F-t€s8.F-test compares two
(or more) variances? andg? that has been estimated s#/ands?. The F-
value is calculated by computing a ratio betweenttto variances: dividing
the largest variance with the smallest variances@det et al., 1997). The
result is compared to a table with critical F-valughere the degrees of
freedom and significance level determines ¢hgcal F-value. If the critical
F-value is larger than the calculated F-value thk mypothesis is accepted
concluding that no effect of the treatment is obséfidentified.

Two kinds of errors may be committed when testingpdtheses
(Montgomery, 2005). If the null hypothesis is régetwhen it is true a type |
error has occurred (theerror) hence detecting an effect that is not prede
the null hypothesis is not rejected when falsepee tyf error has been made
(thep error) hence failing to detect an effect thatrssent. To minimize the
risk of these errors a significance level is defimiring hypothesis testing
and is commonly set to 0.05.

4.4 Non-linear regression

In order to move away from the univariate methott€nvmeasuring fouling
on ultrafiltration membrane cartridges non-lineagression was used to
extract information from the spectral measurements.

There are two approaches to non-linear regresammempirical approach and
a mechanistic approach (Massart et al., 1997).ehimg@rical approach tries to
model as well as possible the form of the respdnseneans of a simple
function. The choice of the functional form is sagted by the data. It is used
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when no prior information is known about the fuontl form of data. The
simplest approach is to fit a polynomial functiohaocertain degree. The
basis of this approach is the fact that any wetldved mathematical function
can be approximated by a higher-degree polynomiale mechanistic
approach on the other hand requires more understpnfithe process that is
studied and the appropriate functional form casddected beforehand or can
be derived from underlying physic-chemical phenoanenfrom theoretical
considerations. The experimental data is then nedielith this function.
The primary goal for this approach is to estimaee function coefficients by
fitting the model (and compare those e.g. for déf¢ experimental
conditions, rather than the data as such).

A combined mechanical/empirical approach has besa in this thesis in
order to develop a new method for determining tiative concentration of
residual fouling on the ultrafiltration membran€xirve fitting is often used
to fit spectroscopic and chromatographic data dred shape of the peak
indicates which model should be used. The onlyrgkimwledge about the
amide peaks in the IR-spectrum is the approximatak pshape. They
exhibited both Gaussian and Lorentzian charactesiand at times a mixture
which complicated the use of non-linear regressibo.extract the most
correct information from the data curve fitting waesformed on the peaks of
interest: amide | (1600-1700 ¢fy amide 11 (1500-1550 cif), and fat (1700-
1740 cnt). The simplest mathematical function includingseois:

N2
y = [ exp (_xﬁ_fz) + € (4.14)

where estimations of the parameters of the modkl tiee information on
peak characteristics such as peak height/giga the position of the top
inside the wavenumber intervfh] and the peak widtlf§). Several attempts
were made using the area under the curve follovlwegidea that it would
give a better estimation of the relative foulinghcentration. Unfortunately
that was not the case and eventually the pararttetedescribed height was
used for concentration determination and mappingst@® I1l) which was
merely a replicate of the original univariate measwent. The reason for the
limited success with non-linear regression can dx#ypfound in Paper II: it

60



is hard (maybe even impossible) to define the comember of absorbing
species under e.g. the amide Il band. The endisolwtill thus be very
dependent on the mechanistic model (one band, @vald) etc.) and the
right/appropriate decision on model complexity @any considerably within
one system (e.g. one UF cartridge) and even strobgiveen different
systems.
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Chapter 5

Process Analytical Technology

Process analytical technology (PAT) is a regulatoaynework defined by
the Food and Drug Administration (FDA) asnechanism to design, analyze
and control pharmaceutical manufacturing processésrough the
measurement of critical process parameters (CPHEhvhaffects the critical
quality attributes (CQA). It is no longer only impant for the
pharmaceutical industry but is also an importangldi for monitoring,
optimizing and controlling processes in the foodustry along with the
pharmaceutical industrghttp://www.fda.goy accessed 04-02-2015).

The PAT framework was developed and is promotedrater to support
innovation and efficiency in pharmaceutical devebemt, manufacturing,
and quality assurance. It is founded on proces®mstahding to facilitate
innovation and risk-based regulatory decisionsralustry and the FDA. The
framework has two main components: 1) a set ofnsifie principles and
tools to support innovation and 2) a strategy fgutatory implementation
that will accommodate innovation. A desired goaltfee PAT framework is
to design and develop well understood processésvihaonsistently ensure
a predefined quality at the end of the manufactuprocess (FDA).

62



The FDA provides four types of tools for generatiand application of
process understanding.
* Multivariate tool for design, data acquisition arahalysis that
represent a class of analysis methods
* Process analyzers are metrics that describe thedftéthe system and
can be both univariate and multivariate
* Process control tools include techniques for momigpand actively
manipulating the process to maintain a desire@ stat
e Continuous improvement and knowledge managemeid &icesses
the importance of integrated data collection analyais procedures
throughout the life-cycle of a product

The goal of PAT is to enhance understanding andtraorof the
manufacturing process and also understanding tinaity] cannot be tested
into the products; it should be built-in hence hosld be there by design
which should be done by implementing Quality by iDegQbD, Figure 5.1,
Rathore & Winkle, 2009). QbD is a systematic apphotb pharmaceutical
development. It promotes designing and developingndlations and
manufacturing processes to ensure predefined prapiadity. Some of the
QbD elements include:
» Defining a target product quality profile
» Designing product and manufacturing processes
» Identifying critical attributes, process parametensd sources of
variability
» Controlling manufacturing processes to produce rasistent quality
over time
Quality is built into pharmaceutical products thgbuunderstanding of the
intended therapeutic objectives, the chemical, ighljsand biopharmaceutic
characteristic of the drug, the design of the mactufing process using
principles of engineering, material science andlijuassurance to ensure
acceptable and reproducible product quality.
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Figure 5.1 — Schematic overview of Quality by Design (QbDxtRore & Winkle,
2009).

Before introducing the full package of spectroscopiobes in all flows,

tanks and bioreactors it is of uttermost importatacknow your process and
product, and determine what influences the finality of the product. A

process is considered well understood when théyatmlpredict the outcome
to a high degree is present. This ability origisat®m three definitions; 1)
all critical sources of variability are identifiehd explained; 2) variability is
managed by the process, and 3) product qualitipatés can be accurately
and reliably predicted over the design space astedd for materials used,
process parameters, manufacturing and environmeonalitions.

In my opinion there are three main stages in impl#ing PAT in a
production: Initiation, basic monitoring and fulhline control including
advanced monitoring with real time release as theolate goal. The
initiation requires several practical aspects tadbalt with such as e.g. the
infrastructure of the data path - it is the grelabesdle to overcome but also
very important. Automated data acquisition systedsa bases, networks
and synchronization must be in place. Many pharoézz and food
industries collect vast amounts of data and stoeentbut often the data has
never been actively used in process control becassber regulatory
environments required re-validation if using higtal data (Eriksson et al.,
2006). When the infrastructure is prepared the datquisition can be
initiated. First and foremost getting to know theqess well is of great
importance. This can be done in many ways but sseale (pilot production
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or laboratory scale) can be preferred due to ldssirastrational work with
Good Manufacturing Practic€GMP). Sampling from the process will give
understanding of the different unit operations &oav they affect the final
guality of the product. Measurements are doneioné-In the laboratory by
using spectroscopy, chromatography or other estaddi methods along with
known chemical/physical methods, to relatd quality control data to the
new spectroscopic data. An illustrative example of thiéation of a PAT
project is given by Lyndgaard et al. (2014) whetd\&VIS process analyzer
has proven successful due to its ability to monitgptophan that is a strong
UV chromophore in whey protein in the ppm range aad the ability to
measure in-line with speeds of less than a sedorslof great interest to be
able to follow the cleanliness state of the membrsystem and move from
the recipe driven cleaning to data driven cleanibgfortunately it is
impossible to monitor the membranes when they areqd the process due
to the nature of the spiral wound membrane andetber another method is
needed. Lyndgaard et al. (2014) describes the Li4&/eVIS in the whey
purification production. The UV-VIS probe was naehglemented in-line
initially but samples were extracted from differguasitions in the process
and at different important time points during clegnand were measured
off-line. As previously described in Chapter 2 therre several steps in a
CIP-cycle and after each cleaning step a flushmgnitiated to remove
released fouling debris and excessive chemicals.fllishing should return
the chemical environment in the process to purematas close as possible,
and to monitor this UV-VIS was employed. Figure 8h®»ws the evolution of
the tryptophan during cleaning and especially theyme step is crucial for
releasing proteins from the membrane. The tryptopbantent increases
during recirculation for the duration of enzymadtieaning (Figure 5.2b).
From the plots in Figure 5.2c it is obvious that theaning can be shortened
as both the enzymatic step and the hydrogen pexstep has reached water
purity levels after a few minutes leaving the remrag flushing time
redundant and a waste of water and time.
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Figure 5.2 — Figure from Lyndgaard et al. (2014), a) UV absoice spectra from
different cleaning steps, b) PCA score plot ofaer sample and samples collected

during cleaning procedure, ¢) Zoom-in on PC1 scesdsme during flushing.

It is important to determine the most optimal pssearameters in an
efficient way. This means that the knowledge spstveuld be determined
which is done by using Design of Experiments (DEEksson et al., 2008)
as processes often are multi-factorial and theitioa@l one-factor-at-the
approaches will not suffice. Determining the knadge space with DoE
determines which process parameters are signiferashtat which range they
produce products within quality specifications (kg 5.3). Second, the
design space is determined. It is a multi-dimeraioegion that encompasses
the various combinations of product design, manufawy process design
and operating process parameters plus raw matarations (Somma &
Signore, 2008). Where the product meets qualiegifpations is defined by
a model. The design space is the minimum qualitgetafor each batch.
Finally the control strategy/normal operation spacedetermined. It is where
the knowledge is gathered and refined into a cbstrategy for the process
to deliver consistent results; it addresses proogssating parameters and
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raw material quality to maintain the process witthia design space (Somma
& Signore, 2008). Within the control strategy spadleproducts are within
specifications (and quality criteria are met) and the overall target for each
batch.

Knowledge space

Figure 5.3— An overview of the knowledge space, the desfats and the control
strategy/normal operation.

At this stage the most appropriate process analyBex 5.1) for data

acquisition should be determined. The process aeedycan be traditional
univariate pH, temperature and pressure gaugesmbsit commonly already
are implemented in the process, but also more stgdiied multivariate
process analyzers/probes can be implemented that igformation on

biological, chemical, and physical attributes. Bxpents conducted with
process analyzers during product and process dawelst can serve as
building blocks of information that increases inmgaexity throughout the
life of a product.
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Box 5.1 -Process analyzers

There are several in-line (frequently called réale) process analyzers
available and only the purpose of the measuremamtdetermine which is
the correct one to implement in the process (Chan000). Design and
construction of process analyzers and their intedaare critical to ensure
that collected data is relevant and representativ@rocess and product
characteristics. Robust design, reliability, ansleeaf operation are important
aspects. The implementation of process analyzepraduction equipment
should only be initiated after risk analysis to westhat the process and
product quality is not undesirably affected. Pracesalyzers can be the
univariate gauges such as temperature, pH, andsyedut also more
sophisticated process analyzers are implementeti sisc spectroscopic
probes/process analyzers.

Process analyzers typically generate large voluafedata which requires
multivariate methodologies to extract critical pges knowledge (FDA). It
also requires minimal sample preparation as thdymtois measured in the
process, and have real-time or near real-time respas some processes ale
changing rapidly perhaps within minutes or lessr@Bet al., 2013), though
some processes do not require constant surveill@nge a fermentation
process will not need measurements every five skcas the process is slow
and takes sometimes up to days. But first and fostrthe spectroscopic
process analyzers should be applicable to the gsp@emust be suitable for
measuring the content and the molecule/compounidtefest (Berg et al.,
2013).

There are three stages at which the process amalgae be implemented
which depend on the level of PAT implementatiothi@ process:
* At-line: The sample is removed, isolated from, andlyzed in close
proximity to the process stream
e On-line: The sample is diverted from the processast, and is often
returned
* In-line: The sample is not removed from the processeam,
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measurements are performed in the current vessel.

The next step is to implement the knowledge fromiaihexperiments in
laboratory and pilot plant to the production. Upsgafrom laboratory scale
or pilot plant to production can cause problemshasconditions are never
the same. E.g. the bacteria in a fermentation tlnkot perform equally well
maybe because aeration is different or the sthieex different impellers. In
this step basic monitoring and basic control is lengented. Statistical
Process Control (SPC) is often employed in basinitoong along with off-
line multivariate analysis to ensure that the maliate process control in the
future steps is validated. The basic control cdassi$ pattern recognition
tools in the SPC regime where simple rules areieg@nd alarms will be
raised when the process is out of specificationsosé events that are
responsible for out of specification products areestigated and mapped.
The process control is not necessarily a validatesilem and actions from
operators will be required. The quality controlaigeedback system and is
mainly performed in the laboratory, which also Osilmore validity to the
calibrations from the initial step. During this sta lot of information on the
process and the product is gained that can be wked progressing to the
final step: full inline control.

In the final step all (relevant) PAT tools are aduced along with advanced
monitoring and advanced control; SPC is potentialybstituted with
multivariate statistical process control (MSPC)dee multivariate process
analyzers are implemented. This ensures the magstriant information is
extracted and used for process control.

Implementation of feed-forward in a real-time rekegroduction, ensuring
that the variations in the raw material do not éffine final product is the
highest reachable achievement within PAT in my mpin(Figure 5.4). Full
inline control is not achieved immediately afterplementing PAT and can
take several years but with persistence and deatetran it can be reached.
Reaching this final stage does not mean that th& smver; models have to
be maintained and the production should still beennquality control in
order to avoid drift/'unforeseen changes of the pctidn.
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Figure 5.4 — Overview of control strategies in food manufaicty (Figure from
Berg et al., 2013).

These are the definitions of PAT, does this projeeet up to these standards
of being a PAT project? If we take the current ustinding of PAT into
consideration then this project is probably nottiest example, as it lacks in-
line control, we are not investigating the proceggeal life monitoring, no
feed-forward or feed-backward control of the rawtenial which of course
would be important here (I think) due to e.g. seaschanges in the milk, it
originating from different farmers/herds and froiffetent cheese production
sites. But if one takes into consideration the amdntal form of PAT - get
to know your process and from that stand point geuelop your (in-line)
strategies - then this project resembles the verg of PAT. One of the
desired goals in the PAT framework is to reducedpotion cycle times by
using at-, on-, and/or in-line measurements androfsn(Box 5.1). This
project should aid in improving the cleaning byigg/a better understanding
of the fouling distribution on the membranes, giyviraluable input for novel
membrane designs (deducted to dairy/food applicgfjoand ultimately
move from recipe driven cleaning/production to datdriven
cleaning/production by taking production histortoiaccount.

A second important goal in the PAT framework is ginevention of rejects,
scrap and re-processing. In this project to prevgetts and optimize the use
of the raw material water from the filtration presecould potentially be used
for cleaning, cooling, or other purposes as a Ibtwater generally is
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consumed at a production sight and as whey consi€98% water it would
be an advantageous usage. Unfortunately the Ddawghdoes not permit
reuse of prior contaminated water all the way itite product unless it is
proved to be the same quality as drinking waterx(B@®). This potentially
means that reused water can be used for procdsstearé separate from the
production such as flushing and cooling/heatingemait

Box 5.2 - Rules regarding reuse of water in the industryafi$tated from
Foedevarestyrelsen.dk)

Water used in food productions must in principledbeking water, and there
must be access to sufficient quantities of drinkiveger in the production.
Reuse of water for processing or as an ingredéng starting point must b
of the same quality as drinking water. Water rdose@ny purpose other tha
processing, e.g. for cleaning, as a starting poinst also be of drinking
water quality. If a company wants to recycle waitemust be able to accou
for the recycling system and demonstrate that tredity of the water canno
affect food safety. The company must carry out sk mnalysis for the
processes which are reused or recycled water, arstl Ine able to docume
water quality with analysis of the relevant paraenet

A%
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Chapter 6

Fluorescence Spectroscopy

An attempt was made to quantify the residual faulam the ultrafiltration
membranes using fluorescence spectroscopy (Chal2@pg). Fluorescence
spectroscopy is a method that is commonly used wdremo acids are
present in a (liquid) sample as they are in resiflmaling due to trapped
proteins on the membrane. Initially both types adnmbranes (UF and MF)
where measured with a Bioview (Bioview® sensor, t&elDenmark)
instrument using an interface that would ensurgelameasurement areas
during data collection. By an increased total asEdhe membrane that is
measured/sampled the measurement time could besadect while also
improving the statistics. For this experiment thenmbrane leaf was not
dissected into sample coupons; instead the full bnane leaf was spread out
on a table that had markings for every ten cengnsein the first direction
and a metal rod that also had markings for evarycentimeters was used as
a guide for sampling in the second direction (Fegbirl).

Figure 6.1— Sampling of UF membrane leaf with Bioview.
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The fluorescence data was investigated with PARAK8Rilde et al., 2004)
in order to determine the characteristic featunetheé fluorescence landscape.
In Figure 6.2 a selection of the samples are showenthree first and the last
three samples of a leave, to give an impressidhethanges in fouling that
can be expected. Both UF membrane leaves and MForaem leaves have
been investigated, but in order to compare reswiith previous
measurements the UF membranes were prioritized.

| | ]| | | HEEE
350 SEREEEEE 350 BEEEEEEE
300 400 500 300 400 500 300 400 500

Figure 6.2 —Fluorescence landscapes of the three first san(ybger row) and the
three last samples (lower row) from an ultrafilvatmembrane.

PARAFAC is performed on the 90 samples that werasmesd on one UF
leaf. The number of components in the model wasrdehed to be five as
four did not seem sufficient while five componeotsild separate individual
features without separating peaks that are supposke/appear to be single
peaks. The five component PARAFAC model resolvec freasonably

distinct features (Figure 6.3).
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Figure 6.3 -The five PARAFAC components.

By additional fluorescence measurement of known pmmments that could
potentially be present in the residual fouling wed to identify the different
features of the model. As previously descrigthctoglobulin is one of the
main chemical components in the residual fouling #ime most abundant
amino acids inB-lactoglobulin are lysin and isolysin (Figure 6.4ad b).
Also evidence of the polymer (PES) in the membraheuld be present
which we should be able to identify by measuringivi membrane (Figure
6.4c).

a b Lewin
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Figure 6.4 —Fluorescent landscape of a) isolysin, b) lysin endirgin membrane
(PES).
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By comparing Figure 6.3 and Figure 6.4 it is obednthat the first
component in the PARAFAC model fits well with thérgin membrane
(PES, Figure 6.4c) as they arise in the same sediothe fluorescence
landscapes. The second component in the PARAFAC:huash probably be
attributed to the lysin present in tidactoglobulin from the residual fouling.
The third component of the PARAFAC model could pttely be iso-
leucin, but the placement of the pure sample inflingrescence landscape
and the placement of the component in the fluordgdeadscape in the model
is slightly off and could potentially be anothereafical compound of which
there is no knowledge. Identifying the fourth arnithfcomponent in the
PARAFAC model has not been possible.

The fluorescence data was also investigated byubmintensity of the peak
of interest as was the similar case with the IRadatorder to be able to
compare results. Each of the PARAFAC componentsraviegtracted for
each sample and transformed into a surface plgt(€i6.5).
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Figure 6.5 —Surface plot for the five PARAFAC components.

If the assumptions above are true then the sughitein Figure 6.5a should
correlate with the first PARAFAC component whiclosld be PES while the
second PARAFAC component should correlate with FEg6.5b that is
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assigned to lysin. We know from the IR results tR&S and the fouling
material exhibit opposite patterns duestadowingof the membrane by the
fouling, which | would expect also to be the casthwluorescence. If there
were noshadowingfrom the fouling the PES component should exHifot
same intensity over the full membrane leaf, as & constant layer, hence in
this case the penetration depth is also expecté@dve significant influence
on the measurements.

Unfortunately the fluorescence measurements didpeotorm as well as
expected and did certainly not reach the standateiftial the IR
measurements and data analysis exhibited. Thipassibly be attributed to
missing information on the membranes and also ficseifit knowledge about
the fouling of membranes in relation to fluores@meeasurements (since
this has never been reported). The method woul@ hkecreased the time
spend on sample preparation considerably but alsmeasurements as the
measurement area is large which in the end wowe In@ade the statistics
more reliable.
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Chapter 7

Discussion and Perspectives

Optimization of the cleaning procedure of a filivat unit is a difficult job
due to it being a closed system with high pressdresg processing and
large variations in pH and temperature during dleganThe spiral wound
membrane cartridges that are used in whey fradimma are complicated
units that cannot be dismantled, measured and deuB@is means that
extensive data on the distribution of fouling imambrane cartridge has not
been reported previously even though this knowledgeessential for
obtaining a better understanding of the foulingcpss and in the future
development of cleaning methods.

In order to map and get an overview of the residaaling, concentration
estimates have to be calculated. This is commoahedoy univariate data
analysis such as height measurement of relevakspbging univariate data
analysis has proven to be unsatisfying as thereareral underlying features
that can disturb the final picture. The underlyfiegtures play an important
role when the peak for data analysis is selectddctwis evident when
examining the literature where the amide Il peathesmost commonly used
residual fouling peak. This implies that a larget jph the spectrum is unused
and a lot of information is potentially lost. Dugirthis project multivariate
data analysis was employed to investigate the Kttsp in order to get a
better understanding of the residual fouling alevith a more robust data-
analytical method. PCA did not capture all the vate features of the IR
spectra whereas MCR was able to find important dyidg features.
Unfortunately the MCR method is inherently moreilmatthan the PCA
method. Before even performing the concentratidoutations of the fouling
on the membranes the (practical, not mathematiaak of the system should
be determined in order to extract the correct nundbdactors, and this is
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where the challenges with MCR started. There iank difference between
the two most important parts of the IR spectrunresidual fouling on UF
membranes suggesting that the spectrum shouldviseediinto two parts and
thus complicating the multivariate data analysislevalso losing some of the
convenience.

MCR did solve some of the problems when analyziggIR spectra, but the
rank deficiency cannot be solved (or handled) byRM&S it is an intrinsic
problem in the data, which implies that other, ralééive chemometrics
methods will experience similar difficulties. Thank deficiency is also the
reason why e.g. PCA could not extract more than iwerpretable

components. Even though the multivariate data amalymproved the

understanding of the membrane and fouling systgmfgiantly compared to
univariate data analysis, the modelling can poadigitbe improved.

The amide Il band is the most commonly investiggiedk as there are no
underlying features that interfere with the uniatgidata analysis around this
peak. This is the reason why it was interestinqt@stigate other less used
peaks including the secondary structure sensittakpamide I. Amide | has
some underlying features that potentially can letml erroneous
interpretations. With the MCR data analysis | hbeen able to determine the
relative concentration of any peaks in the speldaaing the method less
susceptible to mistakes. This would, however, neqai modelling concept
that can capture different ranks/data complexitighin one analysis. Multi-
block methods (Roussel et al.,, 2014) could in ppilec fulfill this
requirement, but they are designed to merge distata sources (blocks)
into one analysis. In my modeling the local ranks aot know a priori,
making it difficult to initiate (maybe even impok) a multi-block strategy
before all facts are known.

Nevertheless, MCR gave a satisfying, detailed htsign the membrane
residual fouling patterns. The analysis determitmed three factors should be
included in the model in order to describe the @radd PES peaks. These
three factors correspond well to the different knodeatures of the
membrane and fouling system from Paper | (Jensah,&015).
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Figure 7.1 —Model of the three components under the amide k Eigure 8a-c in
Paper Il), green: describes the residual proteithexfouling, blue: describes the
membrane/PES, red: describes the residual pratalim§.

The surface plots in Figure 7.1 show the differelbesveen the three factors.
Two describe the residual fouling and one descrihesmembrane material.
It is important to keep in mind that the data hasrbsmoothed by fitting a
low-order polynomial (based on ANOVA) through thleservations and is
more a graphical illustration of the data than sacerepresentation.

The MCR data analysis extracted more informatiooualthe membrane and
fouling system than was possible with univariatéadanalysis, but it is
important and reassuring that the results frontwleemethods exhibit similar
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results. In Figure 7.2 a direct comparison of tlesults from the two
strategies is shown.
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Figure 7.2 —a) Surface plot of the relative concentration faide 1l estimated with
univariate data analysis (height measurement), usface plot of the relative
concentration for amide Il estimated by using maltiate data analysis (MCR). The
squares represent measurement points and are itie fea both types of data
analysis.

The results of the two data analysis methods lgregehibit the same pattern
with the highest relative concentration at the eentibe and a decreasing
concentration outwards. Both results exhibit tlaene pattern that we have
seen several times and which has also been showearrer literature
(Delaunay et al., 2008, Schwinge et al., 2004).sTineans that the two
methods could potentially be interchanged. The M@&hod does provide
more insight about the underlying features andddia analysis is no longer
limited to only analyzing the amide Il peak.

In Figure 2.2 it is shown how the pressure develomssteel housing unit in
an industrial scale ultrafiltration process. Thagntially would cause some
systematic changes in the membranes and over ffieeedt leaves; this was
not the case (not observed) in my analysis. Gedyetaére are a lot of
differences between the cartridges and the ledves,none of them are
systematic with regards to the pressure and catlyrmsascribed to random
effects that | have not been able to control dur{sgatified) sample
collection or to monitor/describe. This providesotwiews on the reality of
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fouling (i) the fouling that could be described @aaling to the pressure in the
system/steel housings, (ii) the fouling seen inl re@e production
membranes. Theoretically, it was expected to seee mgstematic fouling
when investigating three membranes that have beed throughout their
lifetime in the same steel housing (Sample setdhld 2.2). This assumption
is derived from the fact that the pressure dromfiolet (4.59 bar) to outlet
(0.91 bar) is quite significant.

In this study work it was chosen to perform analyan real size production
membranes, which is unfortunately not very commaon résearch on
membrane fouling where almost all experiments adopmed on model
systems (laboratory scale). These model systemyamnlargely, but flat-
bed and dead-end filtration is generally used. &hegstems do not
necessarily represent the full-scale processesenapp in the membrane
during filtration and cleaning. Many researches ehavied to foul a
membrane in laboratory scale in order to prediet ke fouling builds up in
real size membrane cartridges, but it is importankeep in mind that the
flow behaves very differently in laboratory scatpupment such as flat-bed
and dead-end filtration compared to the spiral vadoomembranes. Making
the fouling experiments smaller certainly makessesemand it is more
practical, but | think that researchers shouldssttd perform experiments in
pilot plants where (one or more) spiral wound memnbs can be
investigated. Furthermore, there is a theory tlest &risen at my industrial
collaboration partner, namely that the full-scalenmbrane does not function
optimally before it has been used for approximatéiyee weeks. This
indicates that the fouling to a certain extend &amsitive influence on the
filtration process. If this theory can be validatdte small scale experiments
would have to run for longer periods to simulatee throcess more
realistically, and this aspect is largely absenesearch papers.

With the residual fouling being a large problemtie dairy industry, who
really owns the responsibility for having membrarnbat are optimized,
ensuring that the processes running in differentieda (and other food
industries) run as efficient and economical as iptesz The membranes that
are used in the dairy industry are often develdpedhe water-purification
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industry where less material/fouling is present #raluser has less concern
regarding the fouling buildup/cleaning of the mear@s. At the dairy
general fouling and cleaning is a large aspectdbatrves a lot of attention.
The water usage in CIP of membrane systems is fagt, hence lots of
money is spent on water, and having the waterddeat a waste water plant
after use is 5-6 times more expensive than thehagee of the drinking water.
The dairies take their responsibility seriously a@mne making great efforts to
decrease their water-intake which also decreasevdlume that is sent to
waste water treatment. Lately a lot of knowledgéndine control of the CIP
is being collected. A note should be made thaffittration units should be
routinely cleaned approximately every 24 h for bdtygienic (to keep
bacterial contamination at a minimum ensuring & gabduct) and capacity
issues (reversible or easily-removable fouling tayeThe final step that
needs to be optimized is the membranes towardseeduireversible (and
also reversible) fouling, but the dairies cannothieéd sole responsible for
this part. Developing more new membrane types Waaks specifically in
the dairy/food production is important and shoulel done more by the
membrane production industry. Much research atessity level is required
on developing new types of grafting, but testingg tmembranes will
necessarily be in laboratory scale hence the fguéimot the true picture.

Optimization of the process and the membranes woerhefit the dairies, but
a change in the Danish legislation would benefit dnish production

facilities. Currently a lot attention is given toet CQ footprint of processes:
the greenhouse effect of producing goods/foods Idhoe lowered and that
our water reserves should be saved,QHootprint”). An increase in the
reuse of water in many Danish production facilitresuld decrease the GO
footprint and use less water resulting in a moreegrfuture and healthy
environments, certainly a step in the right di@ctiChanging the laws would
require more control at production level to ensthrat the reused water
reaches the highest standards.

Membrane cleaning requires a lot of time, many dbals, energy and water.
It is estimated that the annual cost for a CIPreleasystem is 380-504DKK
(51-68 €) per square meter (Berg, 2014). Filtraptants usually have large
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areas of filtration membranes and a Danish compamgyloys 200,000 frof
membrane (Berg, 2014) which totals the cleaningtsc@s 1,360,000 —
1,810,000 € per year. This implies that an optitmareaof the process even by
a few percent would result in large savings ande#teb environmental
footprint.

In order to improve and optimize the cleaning ofapyvound membranes
used in the dairy industry a potentially large stap be taken by leaving the
recipe based cleaning methods and move towards measurement driven
methods. It is important to keep in mind that tkeipes used are usually
over-cleaningin order to prevent total pore blocking, but atsoprevent
microbial contamination. The experiments perfornigdLyndgaard et al.
(2014) shows that in-line measurements of the abgamwater with UV-
spectroscopy is a step towards measurement driganing. Further research
within the field of membrane technology should disomore representative,
hence more research should be done on real sizéraees as these are the
only true alternative when investigating the effecf flow and pressure on
the residual fouling inside the complex structuteatta spiral wound
membrane is.

Jannie Krog Jensen
Frederiksberg, 2015
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Abstract: This study investigates the distribution of resi-
dual fouling in used spiral wound ultrafiltration (UF) and
microfiltration (MF) membrane cartridges. Residual foul-
ing on four full-scale production UF membrane cartridges
and two full-scale MF membrane cartridges were investi-
gated with infrared spectroscopy inspecting fat and pro-
tein deposits. A non-homogenous distribution of residual
fouling was observed with concentrations highest at the
center tube decreasing away from the feed side. Analysis
of variance was used to evaluate significant factors affect-
ing the model. The observed tendencies can be explained
by flow and pressure differences caused by design
aspects of spirally wound membrane cartridge and the
steel housing. Variations between individual sheets from
the same cartridges were observed, suggesting a role
from manufacturing variability in residual fouling after
cleaning-in-place. This paper describes a new method for
mapping fouling proposing a semi-quantifiable descrip-
tion. This description might guide membrane developers
and users to optimize cleaning methods in the future.

Keywords: membrane filtration, residual fouling, cleaning-
in-place, infrared spectroscopy
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1 Introduction

The dairy filtration industry uses considerable volumes of
water every day for cleaning in order to maintain the
required hygienic standards and to keep the operations
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running at satisfactory capacities. This translates into a
large loss of resources in the form of potable water and
cleaning chemicals being consumed, and in production
downtime while cleaning-in-place (CIP) is performed
[1, 2]. After CIP this water is led back to the waste man-
agement facility which, depending on the state of the
water, can again be a costly and energy demanding
process. In the dairy industry a substantial effort is
made to minimize the use of water, time and costs for
cleaning — minimizing the so-called water footprint. In
light of this effort our research will bring increased
knowledge on the cleanliness state of the spiral wound
(SW) ultrafiltration (UF) and microfiltration (MF) mem-
brane cartridges that are routinely used in the whey
processing. Sweet whey is a byproduct when making
rennet types of cheeses. It has an initial total true protein
(TTP) concentration around 0.5-0.7% (w/w) and a lac-
tose concentration of 4-5% (w/w). After filtration the
average TTP content of the retentate and permeate is
3.5-24% (w/w) and 0.01-0.10% (w/w), respectively,
depending on the type of whey being produced. The
lactose concentration also decreases during filtration to
averages of 2-3% (w/w) and 4-5% (w/w) for retentate
and permeate [3]. Different design factors will have an
influence on the performance of the membrane car-
tridges; geometry of the leaves including spacer thick-
ness, leaf size and number of leaves, plus cross-flow,
flux and pressure loss all have a bigger or smaller effect
on the flow and flux behavior over and through the
membrane [4]. The transmembrane pressure (TMP) also
has a large influence on the fouling propensity of the
membrane. TMP is defined as the pressure difference
between feed and permeate stream. The TMP is approxi-
mately 0.7 bar per element in an industrial UF unit but
varies with pH and ionic strength of the feed [5], and this
increases as a function of production time due to fouling.
The biggest uncontrollable factor in dairy production
using membrane technology is fouling. It consists of a
buildup of protein, fat and minerals that to a large
extend — but not completely — can be removed by clean-
ing [6, 7]. If the flux during production is kept constant
the layer buildup over time results in an increase in
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pressure, forcing the process to be periodically stopped
due to escalating energy demands. The process thus has
to be terminated and CIP initiated prior to severe flux
decrease ensuring that the buildup layer does not
increase to an undesirable thickness but the cleaning
also has a strictly hygienic purpose. Failing to remove
microorganisms from the production stream can result in
microbiological contaminated product that needs to be
discarded, potentially causing large economic losses. The
fouling propensity and cleaning ability are therefore
highly important (economical and ultimately environ-
mental) factors.

The elaborate cleaning procedure employed in full-
scale dairy UF or MF membrane CIP processes varies
considerably, but is frequently as complex as the follow-
ing nine-step program [7]: (1) first flushing to remove and
recover free material and particles; (2) caustic cleaning to
remove boundary layers and unfold proteins, making
them ready for enzyme treatment; (3) flushing; (4) enzy-
matic cleaning to remove proteins attached to or inte-
grated in the membrane; (5) flushing; (6) acid cleaning
to remove minerals; (7) flushing; (8) hydrogen peroxide
disinfection and (9) final flushing [8]. Each of the three
cleaning stages (2, 4 and 6) encompasses composite
detergent systems and pH buffering/control. This clean-
ing procedure removes the main fouling layers, regener-
ating the capacity of the filtration unit operation, albeit
some irreversible residual fouling is left even after such a
sophisticated CIP program. In this study we are more
specifically targeting irreversible fouling from the per-
spective of the last production and CIP cycle onto the
next production cycle. The complex logistics and supply
chain management regimes in a modern, large-scale
dairy facility make operation and optimization of CIP
challenging. There are a lot of variables and interactions
involved in membrane performance and residual fouling:
the membrane age combined with the short- and long-
term product history of the membrane cartridges, the
(often varying) whey feed stream composition, etc. All
these aspects have two main consequences: most CIPs
are run recipe wise because real-time control is consid-
ered too complex [2], and laboratory scale investigations
in membrane performance and cleaning are of limited
use [7]. For these reasons, a fundamental understanding
of CIP and residual fouling in full-scale dairy membrane
production is highly desired [9].

The residual fouling consists of a buildup of protein
(the major culprit in dairy UF and MF), fat and minerals
and can be attributed to different fouling mechanisms. A
concentration polarization will occur during filtration,
this means that a large number of molecules will be in
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close vicinity of the membrane surface. It arises due to
the static attraction between molecules and membrane
and is not a large problem in cleaning as it is completely
reversible. Four concepts have been put forward as to
how the proteins are more irreversibly fixated to a mem-
brane: adsorption, pore blocking, cake layer formation
and depth fouling [6]. In adsorption the foulant adheres
to the membrane primarily on the surface but also in the
pores, narrowing them and reducing the flux. Cake layer
formation arises when the whey molecules aggregate and
form bridges and piles that cover sections of the mem-
brane. Pore blocking occurs when a large molecule
blocks a pore. This can further develop into depth fouling
when the larger molecule is forced into a pore. Membrane
cartridges in SW-UF and SW-MF steel housing are sepa-
rated and kept in place by so-called ATDs (Anti-
Telescoping Devices) or sometimes Energy-Saving Anti-
Telescoping Devices (ESAs). A frequently encountered
configuration would have three membrane units per
steel housing, with several housings and loops per UF/
MF production unit [10]. The ATD (or ESA) ensures that
the membrane cartridge does not partially unfold, but
also functions as a separator keeping the permeate flow-
ing throughout the process, in the right channels. The
overall design (in case of three membrane cartridges per
housing) creates a pressure drop on the retentate side
from tube inlet (approximately 4-5 bar) to tube outlet
(approximately 1-2 bar), maintaining an overpressure in
the cavity between the membrane surface and the inner
surface of the membrane housing. This pressure differen-
tial can still create a deformation in the membrane car-
tridges that is very distinct when the membranes are
deconstructed. The morphology of the membrane and
pressure profiles in the cartridge and cartridges-plus-
tube ensemble can give rise to a large variation on the
membrane and residual fouling. It is assumed that this
residual fouling is inversely proportional with membrane
capacity, performance and/or energy demands.

This study will not distinguish between the four
combined fouling interactions but rather the total resi-
dual fouling: the foulants present right after a CIP clean-
ing. The study investigates used membrane cartridges
from full-scale dairy UF and MF operations for the pro-
cessing and up-concentration of sweet whey. Attenuated
total reflection Fourier transform infrared (ATR-FT-IR)
spectroscopy and multivariate data analysis are
employed to identify and quantify — or semi-quantify in
a relative sense — protein and fat residues. Based on these
measurements the residual fouling load over a wide
range of different membrane leaves and cartridges can
be compared. The binding of the deposits, the
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construction of the spacer and the design of the car-
tridges resulted in inhomogeneous membrane surfaces
and large variations within the data, as illustrated by
protein staining. Despite this observed inhomogeneity
the findings on the distribution of residuefouling using
ATR-FT-IR measurements are in good agreement with the
conclusions from earlier studies based on thickness mea-
surements [4], with the added benefit of a direct inter-
pretation of the identified chemical species. The species
that are expected to be present in the fouling layer are
fat, proteins, lactose and minerals. The proteins are the
largest problem in fouling as they can be retained on the
membrane. Whey holds a relatively small fraction of
protein — approximately 0.9-1.3% - encompassing
numerous protein types (Table 1, [11]). B-Lactoglobulin
forms the highest content in whey and has tendency to
attach to hydrophobic molecules/surfaces [12] which to a
large extend involves UF membranes.

Table 1 Protein composition of whey

Protein % of  Molecular weight

whey proteins (kDa)
B-Lactoglobulin 55-65 18.4
o-Lactalbumin 15-25 14.2
Immunoglobulins 10-15 80-900
Bovine serum albumin (BSA) 5-6 66.3
Proteose — peptone 10-20 4-80
Minor proteins <0.5 30-100

Table 2 Membrane cartridge details
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2 Materials and methods

Six different membrane cartridges with a distinct history
of use in a Danish Whey protein concentrate (WPC)/whey
protein isolate (WPI) production were included in this
investigation. All cartridges were operated with ESA-
type ATDs. All membrane cartridges were cleaned accord-
ing to CIP standards inside their industrial location/role
prior to dismantling from their respective filtration unit
operations/steel housings, and kept in cold storage
(approximately 5°C) before shipment and deconstruction.
Cartridge A — One UF membrane cartridge, which will
be referred to as A throughout the paper, is a KMS HFK 131
Food and Dairy UF element, model 6338 HFK-131; details can
be found in Table 2. This membrane cartridge has been used
to concentrate sweet whey (from approximately 3% to 25%
dry matter, viewed from a full unit operation perspective)
and was placed in the third loop of a nine-loop plant, as the
third/last membrane cartridge in a three-cartridge long hous-
ing. It was in use for 2 years and 3 months. An obvious
deformation of the membrane leaves, noted by visual inspec-
tion, was present in this cartridge starting approximately
halfway down the length of the unit and increasing in sever-
ity toward the exit side. Although it is generally hard to
describe a deformation in a spiral configuration — the groves
and curls observed when unrolling the membrane were on a
much wider scale than, e.g. the spacer mesh dimensions.
Cartridges B — Three UF membrane cartridges, which
will be referred to as B1, B2 and B3 throughout the paper,
are KMS HFK 328 Food and Dairy UF elements, model

Cartridge A B1, B2, B3 Ca, Cb

Membrane type UF UF MF

Dimensions
Diameter 6.37/160 mm 6.3”/160 mm 6.3”/160 mm
Length 38”/965 mm 38”/965 mm 38”/965 mm
Spacer thickness 31 mil/0.79 mm 80 mil/2.04 mm 46 mil/1.17 mm
No. of leaves 11 x 2 7 X2 8 x 2

App. leaf length?®
Membrane area®

36”/920 mm
228 ft?/21.2 m?

Material PES

Cut-off 10 kDa

Product Sweet whey

Loop 3

Tube 5

Age 2 years, 3 months
Leaves investigated 1, 4,11

Size of coupon 70 x 100 mm

35”/900 mm

117 ft2/10.9 m?
PES

10 kDa

70 k whey

8

3

5 months, 3 days
1, 2,5

100 x 100 mm

43”/1,100 mm
171 ft2/15.9 m?
PVDF

800 kDa

WPI

1 (Ca), 4 (Cb)

7 (Ca), 4 (Ch)

1 year, 9 months
1, 2,5

100 x 100 mm

Notes: ?Based on our observations/measurements made during cartridge dissection.

bBased on specifications of the manufacturers.
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6338 HFK-328;details are given in Table 2. These mem-
brane cartridges have been used to produce so-called
WPC70 and were placed in the same housing during
production only separated by ESAs, in the first, second
and third places looking from the feed side. The mem-
branes were placed in the eighth loop of a nine-loop
plant; all three cartridges had been positioned in the
same tube and had been in use for 5 months and 3 days
of production plus cleaning.

Cartridges C— Two MF membrane cartridges, which
will be referred to as Ca and Cb throughout the paper, are
Synder Filtration FR-3B-6338 elements. The membrane
material is polyvinylidine fluoride (PVDF) with a separa-
tion range/cut-off of 800 kDa. These membrane car-
tridges have been used to remove fat from WPC
concentrate. Cartridge Ca was placed in loop 1 and car-
tridge Cb was placed in loop 7 of an eight-loop plant.
They have both been in use for 1 year and 9 months;
further specifications are given in Table 2.

2.1 Membrane sampling

The six membrane cartridges used in this investigation,
despite originating from different suppliers, have only
small differences with regard to their physical construc-
tion. The main differences are therefore expected to be
associated with the position in the process and the fact
that they come from three different production systems
with different histories. In order to get representative
pictures of residual fouling over the entire membrane
surface area they were sampled in the spatial fashion
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shown in Figure 1. The membrane cartridges are standard
SW UF and MF membranes. Each membrane leaf thus
consists of an inner and an outer membrane layer that is
glued together on the outskirt creating a small inactive
area with regard to filtration (Figure 1). Each leaf is
separated by a retentate spacer and the two layers in a
leaf are separated by a second, much finer, permeate
spacetr.

Cartridge A - This UF membrane cartridge consisted
of 11 leaves. Three leaves were sampled, but as it is an
SW construct there is no natural choice for a first leaf,
and a starting point was thus randomly selected and used
to count out leaves number 1, 4 and 11 (an argument
could be made here for a more compact numeration
since leaves 1 and 11 are neighbors); we prefer to main-
tain the order in which the selected leaves were visited
when originally unwinding the spirally wounded units,
for tracking purposes). The leaves were cut from the feed
tube in the center (as close as was feasible) and the
inactive areas (glue lines) were removed and the leaves
were saved for further investigation. This separation
resulted in two layers termed inside layer and outside
layer for each leaf of the membrane cartridge; for this
investigation only the inside layer (physically closest to
the center tube when wounded) was used. Each layer was
sampled at four lanes of 100 mm width that are referred
to as distance from feed (DFF; Figure 1), stretching from
the feed inlet to the retentate and permeate outlet. In the
second direction each membrane sheet is divided into
three positions that will be referred to as distance from
center (DFC), using coupons 70 mm wide, giving a total
of 12 coupons of size 70 x 100 mm. The first DFC is

§a|m 'tdgeIA Cartridges B1, B2, B3
elected leaves:
Selected leaves
[1]23[4]5678910[11] [11[2134[5]67
3x(4x3) = 36 sample coupons 3% (5x4) =60 sample coupons
(size 70 x 100 mm) (size 100 100 mm)
Inlet —> Center tube ——> Outiet
——50 mm Inlet—> —>Outlet
Dw area - - e 7 K N
B1 B2 B3 (@
[ A\
ESA ESA
- - — 435 mm
Cartridges Ca, Cb
Selected leaves
W — 785 mm [1][2]34[5]678
— 820 mm 3x(5x6) =90 sample coupons
OFF 2 OFF 3 oFa | | ”:;;:m (size 100 x 100 mm)
| | | |
i : B2
H

Figure 1 Sampling scheme for the different membrane cartridges
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Table 3 Membrane sampling details (see Figure 1)

J. K. Jensen et al.: Investigation of UF and MF Membrane Residual Fouling =—— 5

Cartridge A B1 B2 B3 Ca Cb
Leaf no. No. coupons 1 12 1 20 20 1 20 1 30 1 30
4 12 2 20 20 2 20 2 30 2 30
1 12 5 19 5 20 20 5 30 5 30
ATR-FT-IR replicates 3 5 5 5 5 5
Total spectra 108 295 300 300 450 450

closest to the center tube and the fourth DFC is closest to
the outer glue line. Table 3 describes number of leaves,
coupons, repetitions and total number of samples.

Cartridges B — The cartridges from this set all have
the same seven leaves configuration. As in the dissection
of the A cartridge a random starting point was selected to
count out leaves number 1, 2 and 5. The leaves were cut
from the feed tube in the center and the inactive areas
were removed. This separation resulted in two layers
termed inside layer and outside layer for each leaf on
the membrane cartridge, where inside layers were pro-
cessed further. The layers were sampled at five DFF lanes
of 100 mm width (Figure 1), stretching from the feed inlet
to the retentate and permeate outlet. In the second direc-
tion each membrane sheet is divided into four DFC posi-
tions, giving a total of 20 coupons of size 100 x 100 mm,
see Table 3.

Cartridges C — The MF membrane cartridge consisted
of eight leaves. As in the dissection of the A and B
cartridges a random starting point was selected to count
leaves number 1, 2 and 7. The leaves were cut from the
feed tube in the center and the inactive areas were
removed. This separation resulted again in two layers —
the inside layer was used. The layers were sampled at five
DFF lanes of 100 mm width. In the second direction each
membrane sheet is divided into six DFC positions, using
coupons 100 mm wide, giving a total of 30 coupons of
size 100 x 100 mm; details are given in Table 3.

All coupons were air dried for 1 h on a table top
(approximately 25°C) and were stored in containers in a
refrigerator during further experimental work. The cou-
pons were assumed to be the working unit and differ-
ences between coupons, not differences within, were the
object of present investigation. Great care was taken not
to damage the wetted surface layer, clearly visible on
the retentate side of UF membranes, while collecting
and handling the coupons. Some modest scratches
were introduced by the sample preparation, but they
have been avoided in analysis. After drying the coupons
no obvious removal of residual fouling during the

careful handling was observed. The residual fouling
protein load is thus a sum of the CIP-persistent surface
and internal fouling.

2.2 Spectroscopic analysis

IRspectroscopy can be used for identifying and quantify-
ing molecules based on their vibrational modes. It is in
particular the functional groups that are detectable with
IR. To assist in identification, unused polyethersulfone
(PES) membrane (virgin material, cleaned 24 h by soak-
ing in water to remove glycerol used for cartridge storage)
and used PES membrane coupons were measured and
compared. Also used PVDF membrane coupons were
measured, though without the assistance of virgin mate-
rial. This will give rise to peaks that are specific to both
the membrane PES/PVDF material and to the residual
fouling deposit. The instrument used was a FT-IR spectro-
meter (ABB Bomen Model 100, detector: DTGS Model
SMH307AT) operated with a resolution of 8 cm™’, aver-
aging 32 scans over the spectral range 4,000-700 cm™},
interfaced with a triple-bounce attenuated total reflectance
diamond probe (ATR; Durascope, SensIR Technologies).
Background spectra (empty interface) were measured with
32 scans at resolution 8 cm™. It is important to consider the
penetration depth and effective sampling area/volume of
an ATR-FT-IR instrumental setup. Our initial investigation
used a multi-bounce ZnSe ATR crystal (length 70 mm), but
the contact between the membrane samples and the inter-
face was not sufficient and could not be improved to such a
degree that acceptable and reproducible spectra were
obtained. For this reason a triple-bounce ATR diamond
probe, applying a high and repeatable pressure, was
selected (maintaining the same quantitative resistance/
applied pressure settings on the ATR interface; arbitrary
unit, level 3). The price to pay is a very small effective
sampling area (approx. 1.5 mm? with a penetration depth
of 2 pm at 1,000 cm™Y), reducing representativeness of the
sampling procedure. To reduce this statistical error each



6 —— ). K. Jensen et al.: Investigation of UF and MF Membrane Residual Fouling

coupon was measured in multiple random positions; see
Table 3.

2.3 Imaging and membrane staining

In order to visualize the residual protein content on the
membrane, staining was used on one-quarter pieces of all
coupons from membrane cartridge A. The coloration of
the membrane aids in obtaining knowledge of the distri-
bution of the remaining protein content after CIP. The
fouling patterns in the membranes are enhanced as the
proteins acquire a dark blue/black color with intensity
proportional to the concentration of the protein-residue
on the membrane. The procedure followed is a two-step
method: staining by a solution of 0.1% (v/v) Amido
black, 45% (v/v) methanol, 10% (v/v) acetic acid and
44.9% (v/v) reversed osmosis (RO) water, and de-staining
with a solution of 25% (v/v) methanol, 10% (v/v) acetic
acid and 65% (v/v) RO water. Step 1 lasted for 3 min
where a coupon piece was completely immersed in the
solution. This was followed by de-staining four times for
15 min with the solution changed after every time period
[13]. After staining the quarter coupons were dried in a
fume cabinet for 12 h at room temperature and stored in a
refrigerator in a closed container. It was also investigated
whether an unused (virgin) membrane would obtain any
coloration as this would interfere with the interpretation
of the results; this was not the case.

Imaging analysis was used to evaluate normal appear-
ance and the intensity of the color for the stained protein
residuals on the membrane, respectively. The Videometer
Lab (Videometer A/S, Denmark) measures at 18 different
wavelengths covering the visual range and near-IR using
diffused light to avoid shadows. An RGB image can be
determined from these measurements and was used for
visual evaluation. A sample holder was developed to
ensure that the same area was used for each sample and
that the coupon remained flat inside the equipment.

2.4 Data analysis

Since the ATR-FT-IR spectra provide a fingerprint of the
membrane with a large variety of peaks, some arising
from the membrane material some due to fouling, it is
important to ensure that the peaks being investigated and
quantified are the correct ones. This is especially impor-
tant since membrane manufactures almost always use
tailored version of the PES, PVDF, etc. basis, and minor
modifying agent inside the membrane material — without
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exception proprietary knowledge of the manufacturer —
might interfere with the known signal of, e.g. the protein
amide I band. The raw spectra of the membranes from
cartridge A were first investigated by computing the cor-
relation between a known material peak and the peaks of
interest, where an opposite correlation is expected
between the membrane material and the investigated
fouling peak. The peaks of interest are specific regions
of the spectra that are known to be influenced by the
residual fouling constituents; the fat band (carbonyl C=0
stretching in triglycerides) near 1,745 cm™, the free fatty
acid band (carbonyl stretching in free fatty acids) near
1,720 cm ™Y, the amide I band (carbonyl C=0 stretching in
amides) near 1,650 cm™' and the amide II band (N-H
bend and C-N stretch) near 1,550 cm’. The material
peak for the PES UF membranes is chosen to be the one
centered at 1,240 cm™, which arises from the asymmetric
stretch of the aromatic ether in the polyethersulfone. This
is the most commonly used PES membrane band in the
literature [14].

Baseline removal in ATR-FT-IR spectra was per-
formed by an in-house routine that requires specification
of polynomial order of the baseline and the number of
variables/support points in the spectrum that are used to
estimate the baseline [15]. All spectra were baseline pro-
cessed with the same settings (polynomial 2, percentage
support points maintained 50). Following the removal of
the baseline from the spectra peak information is col-
lected. Peak height is measured as the maximum inten-
sity for each of the fat, amide I and amide II peaks, and
these values will be used for further investigation.

Analysis of variance (ANOVA) was performed on the
median value of the replicated height measurements
within one coupon (Table 3) [16]. The median value was
selected because of the large variation in the residual
fouling arising from the inhomogeneity of the membrane
surface and influence of the cartridge spacers. Decreasing
the number of factors in ANOVA to only significant fac-
tors allows us to build a model and create a response
surface plot from the extracted data to visually compare
leaves within each cartridge and also to compare leaves
between cartridges since a map of the residual fouling
has been created of estimated peak heights providing a
semi-quantitative value for residual fouling. These maps
can be employed in a qualitative comparison of different
experimental conditions. Tukey’s honestly significance
difference (HSD) test is used to investigate the quantita-
tive differences between measurement series in each
category (UF and MF) and investigate the leaves for
each cartridge deciding if the cartridges/leaves have sig-
nificant differences [16].
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The data analysis has been performed using Matlab
(Mathworks, version R2014a; in-house routines), and JMP
(SAS institute, version 10.0.0) has been used in statistical
modeling (ANOVA).

3 Results and discussion

Figure 2 shows a representative depiction of the unstained
and protein-stained UF membrane service side for cartridge
A. From this figure the earlier noted inhomogeneity within
a coupon piece and spatial differences between coupons
over the membrane sheet are evident. In the first rows we
observe that the membrane retains (surface) residual foul-
ing in a specific pattern corresponding with the shape and
placement of the spacer located between leaves. The pro-
tein fouling occurs over the entire membrane surface and

(a) ,{.Smm

DFC1

DFC2

DFC3

DFF1 DFF2 DFF 3 DFF 4

-> Center tube

DFF 1 DFF 4

Figure 2 Representative example of (a) unstained and (b) protein-
stained coupons, of leaf 1 for UF membrane cartridge A (see Figure 1
for spatial arrangement). Note that the two images sample the same
coupons, but not with the same orientation or exact position within
a sample coupon
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creates a covering layer as is clear from Figure 2(b) (after
staining). Besides the covering layer of protein on the entire
leaf there is a buildup in the corners of the spacer in the
flow direction, and this pattern is more pronounced near
the center tube (see Figure 1, cartridge A, DFC 1, top lane in
the subplot grid). The pattern is visible as a brownish
deposit that has the same structure as the retentate spacer
(Figure 2(a)); this brownish color can be a product of a
calcium complex. This feature can also be seen in the
staining results (Figure 2(b)), where the membranes have
a higher intensity of blue in the corners where the retentate
spacer is in contact with the membrane leaf. In the last row
(cartridge A DFC 3; Figure 2(b)) some evidence is present
for the deformation of the membrane. It appears that the
spacer is rubbing against the membrane, making the mem-
brane look cleaner in small areas. This can also be seen in
the ATR-FT-IR measurements by a large variability between
samples; it is overcome by repetitive measurements and
using the median value when carrying out data analysis.
Overall a horizontal and vertical color gradient, translating
into reduced residual protein loads in both directions, is
observed in Figure 2(b).

3.1 ATR-FT-IR

Since there are a large number of peaks in the ATR-FT-IR
spectrum of membrane material with fouling, it is impor-
tant to verify the correct peaks to perform data analysis
on (Figure 3). The differences and similarities are evident
when inspecting the measurements. The intense and
characteristic peaks in the virgin membrane spectra are
a result of the sulfone- and ring-structure vibrations in
the PES. The significant bands that can be assigned to the
material in the membrane are the S=0 stretch around
1,135-1,165 cm ™, resulting from the sulfone in the poly-
mer. The aromatic structures in the PES also give rise to
some significant absorbance bands around 800-860 cm™
(out of plane bend, para-substitution), 1,240 cm™ that
corresponds to the asymmetric stretch of the aromatic
ether and furthermore two peaks around 1,500 and
1,600 cm™ that are both assigned to the aromatic car-
bon—carbon stretching [17]. These peaks are also present
in the used membranes, but at significantly lower inten-
sities. This is due to the shadowing from the fouling by
protein, fat and buildup of minerals [18] and is a direct
consequence of the limited penetration depth of the ATR
measurements. The peaks that can be assigned exclu-
sively to the fouling from the whey product are some
bands that are absent in the spectra for PES: an emergent
broad fat peak in the range 1,720-1,760 cm™), an amide I
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Figure 3 (a) ATR-FT-IR spectra of virgin and fouled PES UF membrane, (b) correlation plot between all spectral variables with a selected
wavenumber for amide Il (1,540 cm™) and a selective wavenumber for PES material (1,240 cm™) using all 108 spectra from cartridge A and
(c) PES UF and PVD FMF membrane ATR-FT-IR spectra with residual fouling and indication of amide | (1,645-1,670 cm™), amide Il
(1,500-1,550 cm™?) and fat absorbance band positions (1,720-1,760 cm™)

peak at 1,645-1,670 cm ' and an amide II peak in the range
1,500-1,550 cm™* (Figure 3(a)). In Figure 3(b) we have
correlated a material peak from the PESUF membrane
material that arises from the asymmetrical stretch in the
aromatic ether (centered at wavenumber 1,240 cm™) and
the peak that is assumed to be amide II (centered at
wavenumber 1,540 cm™!) with all wavenumbers/variables
in the data set from cartridge A (108 spectra, see Table 3).
The profiles for the membrane material peak and the amide
I peak shows that there is an opposite correlation between
the two, which indicates that there is little similarity
between the two sources of variance, as anticipated.
Figure 3 furthermore shows that the amide I and - to a
lesser extend — the fat peaks are influenced by the mem-
brane material and might prove difficult to model. From
this information it was concluded that the amide II peak is
the most suitable (and robust) peak to quantify protein
residuals and will be investigated further. Measurements
of the specific MF PVDF membrane materials of cartridges
C in virgin state are not available to us and the correlation
profiles can thus not be used here. It was chosen to inves-
tigate the MF membranes under the same circumstances as

the UF membranes based on visual inspection of similarity
as illustrated in Figure 3(c). We will also model fat with
regards to the MF membranes employing the free fatty acid
band centered at 1,720 cm™ as this operation is often the
first step prior to up-concentrating the protein from the
whey by UF (though for this particular investigation the
membranes were used to remove fat from WPC). The stron-
ger amide I band will not be used in this investigation
since there is an interfering peak arising from the mem-
brane material, making it difficult to distinguish membrane
polymer from fouling peak (Figure 3(a) and (c)) and since
there is a strongly overlapping band from H-O-H water
bending at 1,640 cm™.

3.2 ANOVA

Cartridge A ~ANOVA is performed on the median value of
the height of the amide II peak for the replicates mea-
sured on one coupon; the amide II residual fouling pat-
tern described by the raw data (median peak heights per



DE GRUYTER

o
-
[N}

ght (Abs.)

o Amide Il median heil

DFC (mm)

>
E
a
5
o
5
3
o
=
15}
o
-
o
@
=5
&
i

0 200 400 600 800
DFF (mm)

Figure 4 (a) Three-dimensional plot of data from the three leaves of
cartridge A (connecting grid based on median), (b) surface response
plot of the ANOVA model from cartridge A (only significant ANOVA
model parameters maintained; black squares symbolize measure-
ment coupons)

coupon for the three leaves sampled) is shown in Figure 4
(a), the ANOVA results are summarized in Table 4. The
median of replicates was selected as representative sta-
tistic because of the earlier described inhomogeneity in
the sample material and the minimal service area of the
ATR-FT-IR interface. Cartridge A was the initial cartridge
investigated and from it the data analysis methods have
been developed. The leaf-to-leaf variation is evaluated
and according to Tukey’s HSD the three leaves in car-
tridge A are statistically the same resulting in one com-
mon ANOVA model. The effects of DFF (a continuous
variable), DFC (a continuous variable), leaf (a nominal/
discrete variable), quadratic terms and interactions are
investigated and significant factors are included in the
final surface response model (Table 4). When studying
the analysis results a clear non-linear relationship is
observed for both DFF and DFC, suggesting two quadratic
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Table 4 ANOVA summary amide Il for cartridge A

Cartridge A

N 36

Tukey’s HSD Leaf
1 A
4 A
11 A

ANOVA factors, p-values

DFF 0.036

DFC <0.001

Leaf -

DFF x DFC -

DFF x leaf -

DFC x leaf -

DFF? 0.029

DFC? 0.002

ANOVA model diagnostics

R? 0.687

Adj. R? 0.647

RMSE (abs.) 0.015

Intercept (abs.) 0.105

terms are to be included in the model. The correlation
coefficient for the final model is 0.687 (adjusted R*> =
0.647), which indicates that the model fit and the model
prediction are adequate and 69% of the initial variation is
described, 65% correctly predicted. Unfortunately, the
number of sample coupons and repetitions is too small
to overcome the large variation that is introduced with
the inhomogeneity of the residual fouling and other car-
tridges were thus measured with more sample coupons
and repetitions (Table 3).

The amide II residual fouling pattern described by
the raw data (median peak heights per coupon) is shown
in Figure 4(a); the ANOVA surface response model plot
based on the estimated parameters deemed significant
(Table 4) is shown in Figure 4(b). By visually inspecting
the two subplots it is evident that the model resembles
the raw data to a large extend. The highest concentration
of fouling arises at the center (permeate) tube with a
decreasing trend outward. The leaves exhibit an increase
of fouling on the outer edge of the membrane, which can
be seen in both plots.

Cartridges B — The three cartridges B1, B2 and B3
were placed in the same stainless steel housing during
production and it is therefore of great interest whether
these cartridges behave similarly concerning residual
fouling, if residual fouling is dominated by production/
assembly of individual cartridges or if, e.g. the flow and
pressure influences the cartridges differently. The num-
ber of degrees of freedom during ANOVA modeling is not
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sufficient to include both cartridge and leaves in the
same investigation and therefore the data is evaluated
by a two-step procedure. First the leaf-to-leaf variation
within each cartridge is investigated. A model containing
the effects leaf, DFF, DFC, interactions and quadratic
terms are initially inspected and the results show that
there are statistically significant differences between
some single leaves in the cartridges. All data from leaves
that are significantly different have been removed as we
want to show a representative picture of the fouling in
this UF unit tube (Table 5). Removing a full leaf as an
outlier instead of simply removing single measurements
as outliers is done here because removing individual
sample coupons would influence the pattern of residual
fouling by possibly forcing our expectations. The leaves
can differentiate from each other by intensity, fouling
pattern and sample variability and are evaluated accord-
ing to the ANOVA and by investigating the raw data.
Cartridge B1-Results from the Tukey’s HSD test for
cartridge B1 (Table 5, Figure 5(a)) show that the leaf
factor has an influence on the model, where one leaf in
the cartridge is significantly different from the rest.
Inspection of the raw data demonstrates a difference in
intensity between leaf 1 and leaves 2 and 5. Leaf 1 is
removed from further investigation as a representative
overview is the main purpose. When studying the analy-
sis results for the reduced model a clear non-linear

Table 5 ANOVA summary amide Il for cartridges B
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relationship for the DFF was observed, suggesting a
quadratic term to be maintained in the model. The corre-
lation coefficient for the original model is 0.780 (adj. R* =
0.759) while the correlation coefficient for the reduced
model drops to 0.693 (adj. R*> = 0.667). It is assumed that
the difference between the model fit and adjusted model
(prediction) correlation coefficient is adequate and indi-
cate that the model is reliable in describing 69% of the
initial variation in the data, especially taking into con-
sideration the large variations and inhomogeneity
described previously.

Cartridge B2-Results from the Tukey’s HSD (Table 5,
Figure 5(b)) show that all three leaves are significantly
different from each other and inspection of the raw data
revealed that leaf one has a significantly lower intensity
than the remaining two leaves indicating that the leaf/
cartridge might have had some problems before being
installed in production (or, alternatively, that this one
leaf is more efficiently cleaned during CIP and thus likely
also better performing during production — an unlikely
scenario that nevertheless cannot be excluded to 100%).
Since leaves 2 and 5 are also significantly different (sepa-
rate analysis, not shown) it was chosen to maintain only
leaf 5 based on manual comparison of the mean response
compared to the other B cartridges. When studying the
analysis results no quadratic term was significant, only
the main effects; DFF and DFC are included in the model.

Cartridge B
B1 B2 B3
Original Reduced Original Reduced Original
N 59 39 60 20 60
Tukey’s HSD B C 1 A
A 2 A B 2 A
A 5 A A 5 A 5 A
ANOVA factors, p-values

DFF <0.001 0.006 0.004 0.003 <0.001
DFC <0.001 <0.001 <0.001 <0.001 <0.001
Leaf <0.001 - <0.001 - -
DFF x DFC - - - - -
DFF x leaf - - 0.017 - -
DFC x leaf - - - - -
DFF? 0.002 0.014 - - <0.001
DFC? - - 0.045 - -

ANOVA model diagnostics
R? 0.780 0.693 0.930 0.660 0.714
Adj. R? 0.759 0.667 0.920 0.620 0.698
RMSE (abs.) 0.007 0.007 0.008 0.009 0.009
Intercept (abs.) 0.101 0.107 0.085 0.107 0.113
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Figure 5 Three-dimensional plots of data from three leaves for cartridge B1 (a), B2 (b) and B3 (c); surface response plots of the ANOVA

models for cartridge B1 reduced (d), B2 reduced (e) and B3 original (f)

The correlation coefficient for the original model is 0.930
(adj. R?> = 0.920) and the reduced model has a correlation
coefficient of 0.660 (adj. R*> = 0.620) which indicates that
a considerable amount of the explained variation is due
to the differences in the leaves. Still, the prediction is
acceptable and describes 66% of the initial variation in
the data.

Cartridge B3—Results from the Tukey’s HSD (Table 5,
Figure 5(c)) show that all three leaves are statistically the
same and hence they have no influence on the model and
are not included in the final model. When studying the
data and analysis results a clear non-linear relationship
for DFF was observed, suggesting a quadratic term to be
introduced to the model. The correlation coefficient for
the model is 0.714 (adj. R* = 0.698) which indicated that

the model is adequate with regard to model fit and model
prediction and is reliable describing 71% of the initial
variation.

The three-dimensional plots of the raw data of the
three B cartridges are shown in Figure 5(a)-(c). They
exhibit some clear differences in the overall shape of
the pattern of the residual fouling, where cartridges B1
and B2 show a similar profile curved in two directions
and cartridge B3 has a less curved and overall smooth
structure. Common for all is that the intensity of the
fouling increases at the outer edge of the membrane
leaf. The surface plots (Figure 5(d)—(f)) that are derived
from the ANOVA on the median values of the raw data
exhibit clear similarities. The highest intensity, hence the
largest amount of residual fouling, is found closest to the
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center tube and also closer to the outlet than the inlet.
CartridgesB1 and B3 show a characteristic flame pattern
evolving from the center tube outward. Cartridge Bl
shows a wider flame that reaches almost from inlet to
outlet. The flame on cartridge B3 is narrower and the
highest intensities are found closer to the outlet.
Cartridge B2 appears different from the other two car-
tridges by not showing the flame pattern, but the overall
intensity distribution is similar with the highest intensity
of residual fouling at the center tube and close to the
outlet. The pattern evolves in a linear fashion decreasing
in residual fouling intensity from the outlet and diagon-
ally outward. There are more details in the three-dimen-
sional plots showing measurement results, but these
details are partly due to the inhomogeneity of the resi-
dual fouling, still manifest despite using an averaging
over five individual ATR-FT-IR recordings. The surface
plots based on significance testing is thus a more trust-
worthy alternative to the three dimensional plots. The
surface plots enhance the interpretability of the fouling
distribution and give a good overview of the residual
fouling in the cartridges though some details are lost.
These minor details are of less importance for the aim
of investigating the overall development of fouling
between cartridges.

The second step of the investigation of cartridges B1,
B2 and B3 focuses on the differences/similarities between
them by estimating a global ANOVA model. The leaves
that are included in the investigation are leaves 2 and 5
from cartridge B1 (39 samples/coupons in total), leaf 5
from cartridge B2 (20 samples) and all three leaves from
cartridge B3 (60 samples). According to Tukey’s HSD all
three cartridges are significantly different, which implies
that there is a dependency on the position inside the steel
housing. The effects of the DFF, DFC, quadratic terms and
interactions are also inspected and the main effects are
statistically significant (DFF p < 0.001, DFC p < 0.001), a
clear non-linear relationship for DFF was observed (p <
0.001) and the interaction between the two main effects
is also statistically significant (p = 0.048). Finally, the
interaction between the cartridge and DFF is significant
to the model (p = 0.001). The correlations coefficient is
0.764 (adj. R* = 0.747), which indicates that the model is
adequate with regard to model fit and model prediction
and the model is reliable describing 76% of the initial
variation in the data.

The data analysis in the previous paragraphs has
been developed for UF membranes, and it is of interest
to investigate if this can be transferred to other types of
filtration membranes. We have measured MF membranes
under the same circumstances as the UF membranes and
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the fouling components should resemble the components
from the UF membranes. The spectra for the membrane
material exhibits differences due to different polymers
used (see Figure 3); a direct semi-quantitative comparison
within the MF systems is thus possible but a similarity
check with the UF results should be done qualitatively.
For the MF membranes we investigate the amide II and
fat bands as MF is commonly implemented to remove fat
prior to UF of whey.

Cartridge Ca, amide II- Results from the Tukey’s HSD
test show that the leaves have some similarities, leaves 1
and 5 are statistically the same and leaves 2 and 5 are
statistically the same (Table 6). We assume the leaf pat-
tern does not affect the model and all leaves are included
for further investigation. When studying the analysis
results a clear non-linear relationship for DFC was
observed (results not shown), suggesting a quadratic
term to be introduced to the model. DFF, which is one
of the main effects in the analysis, surprisingly proves to
have no influence on the final model. The correlation
coefficient for the model is 0.894 (adj. R*> = 0.892)
which indicates that the model fit and the model predic-
tion is good and 89% of the initial variation is described.

Cartridge Cb, amide II- Results from the Tukey’s HSD
test show that leaves 2 and 5 are statistically the same
while leaf 1 is different (Table 6). Inspecting the raw data
reveals that the overall shape of the residual fouling on
leaf 1 had a decreased intensity. When studying the
analysis results a clear non-linear relationship for DFC
is observed, suggesting a quadratic term to be included in
the model. The correlation coefficient for the model is
0.916 (adj. R? = 0.911), which indicates that the model fit
and the model prediction is good and 92% of the initial
variation is described.

Cartridge Ca, fat — Results from the Tukey’s HSD test
shows that the leaves are statistically the same (Table 6),
a different finding when compared to the amide II
ANOVA of this same set of measurements. When studying
the analysis results a clear non-linear relationship for
DFC and DFF was observed (results not shown), suggest-
ing a quadratic term to be introduced to the model. Also
the interaction term between the main factor DFF and
DFC has an influence on the model indication a correla-
tion between the two factors.The correlation coefficient
for the model is 0.612 (adj. R* = 0.589) which indicates
that the model fit and the model prediction is good and
61% of the initial variation is described.

Cartridge Cb, fat — Results from the Tukey’s HSD
test shows that the three leaves are statistically similar
(Table 6). When studying the analysis results a clear non-
linear relationship for DFC and DFF was observed (results
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Table 6 ANOVA summary amide Il and fat for cartridges C

J. K. Jensen et al
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Cartridge C
Amide Il Fat
Ca Cb Ca Cb
N 90 90 90 90
Tukey’s HSD 1 A B A 1 A
2 B A 2 A 2 A
5 AB A 5 A 5 A
ANOVA factors, p-value

DFF - 0.014 <0.001 <0.001
DFC <0.001 <0.001 <0.001 0.001
Leaf 0.028 <0.001 - -
DFF? - - 0.004 0.005
DFF x DFC - - 0.009 0.005
DFC? <0.001 <0.001 <0.001 <0.001
DFF x leaf - - - -
DFC x leaf - 0.003 - -

ANOVA model diagnostics
R? 0.902 0.927 0.612 0.548
Adj. R? 0.898 0.921 0.589 0.521
RMSE (abs.) 0.006 0.005 0.014 0.018
Intercept (abs.) 0.036 0.030 0.003 -0.000(5)

not shown), suggesting a quadratic term to be introduced
to the model. Also the interaction term between the main
factor DFF and DFC has an influence on the model indi-
cation a correlation between the two factors. The correla-
tion coefficient for the model is 0.548 (adj. R*> = 0.521),
which indicates that the model fit and the model predic-
tion is good and 55% of the initial variation is described.

The ANOVA surface plots of the four investigations
for cartridges C are shown in Figure 6. The surface plots
of the residual fouling on the leaves have a similar com-
position as the previous surface plots with regard to the
amide II band: the highest intensity of residual fouling is
closer to the center tube and it evolves toward the outer
edges with a decrease in intensity. The amide II surface
plots are globally similar, though cartridge Cb has a
characteristic flame shape with different orientation at
the outer edge of the membrane resulting in the develop-
ment over the membrane having a slight curvature. These
results are a good reminder that when interpreting sur-
face plots it is important to keep in mind the measure-
ment uncertainty, probabilities associated with relatively
small measurement sets and the main-versus-minor ten-
dencies in the profiles. The surface plots for fat show the
same profile for both Ca and Cb though the later has a
slightly higher intensity of residual fat on the leaves. The
surfaces for fat show the same crude tendencies com-
pared to all amide II profiles (cartridge(s) A, B and C),

but also some characteristic indication of residual fouling
after CIP not observed for protein.

The most likely reason for the increase in residual
fouling closer to the center tube is that the permeate flux
in an SW membrane element during production (as well
as water flux during CIP) is highest closer to the center
tube. At this site permeate has the shortest distance to
travel inside the permeate spacer positioned between the
backsides of the two membrane sheets that create the
“membrane envelopes” in an SW module. Due to this,
the force pulling foulants toward the membrane will be
higher in this area compared to the force from the cross-
flow trying to carry foulants away. This buildup of foul-
ing is a phenomenon that is often seen in industry when
inspecting membrane cartridges that were difficult to
clean properly or had been exposed to water with “foul-
ing agents.” In a similar way, the permeate flux will be
higher at the inlet of each membrane cartridge due to the
TMP, defined as the pressure difference between the feed
and permeate stream — the driving force in the filtration
unit, being the highest at this point. The naturally created
pressure drop in the retentate flow direction by the cross-
flow is the reason. This implies that the larger the cross-
flow, the more pronounced is the difference in TMP and
flux is in the DFC direction. In housings with several
elements installed in a serial configuration a similar
trend in TMP is present in the flow direction going from
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Figure 6 Surface response plots of the adjusted ANOVA models (only significant ANOVA model parameters maintained) for cartridge Ca

amide Il (@), Cb amide Il (b), Ca fat (c) and Cb fat (d)

the first membrane cartridge to second membrane car-
tridge and so forth.

4 Conclusions

An extensive investigation on the residual fouling of UF
and MF membranes in full-scale dairy processing has
been presented. Successful measurement and data analy-
tical methods have been developed to describe the resi-
dual fouling on membranes. ATR-FT-IR has demonstrated
to be an appropriate analytical technique for measuring
the different molecular components originating from the
residual fouling compared to the staining method that
was also presented.

Cartridge A — The staining for proteins and visual
inspection aided in describing and understanding the
spatial distribution of residual fouling on the membrane
and helped identify the inhomogeneity that can cause
large variation in the measurement results. The observa-
tions were in agreement with the (sparsely available)
references on full-scale production investigations, provid-
ing confidence in our method of analyses. The staining
method proved useful as a visualization tool but as a
quantitative method it will not be adequate. The blue

color has limitations with regard to protein concentration
since the intensity of the blue (hence, the range from the
lightest to the darkest blue) at some point cannot get any
darker/intense (“saturation”). The staining provides
furthermore no information on the chemical structure of
the residual fouling present on the membranes and large
volumes of harmful chemicals are required. From this we
concluded that ATR-FT-IR is a more suitable method as it
is a fast and non-destructive method that provides che-
mical selectivity on the residual fouling.

Cartridges B — Tukey’s HSD showed that the three
cartridges are significantly different, which indicates that
there is no repeatability between the cartridges concern-
ing residual fouling, even though they are positioned in
the same steel housing and have experienced the exact
same production and CIP cycles over the 5-month period
of use. One of the leaves removed as an outlier from
cartridge B2 showed significantly lower intensity com-
pared to the remaining leaves. These statistically signifi-
cant differences between leaves will most likely not occur
spontaneously inside a closed production and CIP sys-
tem; all leaves within one cartridge are expected to
experience the same flows. This indicates that the leaf
has been less (or more) exposed to the environment in
the cartridge during whey processing (and cleaning). The
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large variability between the leaves within one cartridge
and between the cartridges is suspected not only to be a
result from the use at the dairy but also caused by the
manufacturing and assembly of the membrane cartridges.

Cartridges C — The investigation showed that both
protein and fat show a characteristic residual fouling
pattern over the leaves. The conclusion is that ATR-FT-
IR is a strong (albeit labor intensive) method for semi-
quantitative evaluation of the complex process of mem-
brane filtration at an industrial scale.

The DFF and DFC directions as main and/or quad-
ratic effects have a significant influence on the findings
in all the ANOVA calculations performed on amide II and
fat bands. There is a clear, non-homogeneous distribu-
tion on the membrane sheets with the concentration of
residual fouling the highest at the center tube and
decreases toward the glued edge along the DFC direction.
These shared tendencies can likely be explained by spa-
tial flow and pressure differences caused by the design
aspects of spirally wounded modules and steel housings.
The permeate flux can be credited the higher fouling
concentration closer to the center tube as the flux is
higher here since permeate has the shortest distance to
travel. Similarly there is an increase in fouling at the feed
inlet of the membrane cartridge due to TMP being at the
highest at this point.

Despite the clear common trends as evidenced by,
e.g. Figures 5 and 6, a large leaf-to-leaf variation is
observed from, e.g. Tables 5 and 6, and a cartridge-to-
cartridge variation from Table 5. A systematic nearest-
neighbor pattern for the leaves inside one cartridge
was not observed. These differences in cleaning (and
probably capacity performance) can most likely be
attributed to manufacturing and assembly variations
in the complex structure of spirally wound membrane
units.
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Abstract

Industrial ultrafiltration membranes and residualling, persistent after cleaning-in-place, is
studied with ATR-FT-IR (Attenuated Total ReflectiGurier Transform Infrared) in combination
with MCR (Multivariate Curve Resolution). MCR haarely been used in combination with IR
spectroscopy and has never previously been apgisgdectra from ultrafiltration membranes. The
MCR results revealed that by applying non-negatitot both loading and concentration profiles in
combination with an equality constraint on the logd, the optimal number of components was
determined and the different chemical entitieshia spectra were correctly identified as either
fouling residuals (protein and fat) or membrane ponents (polyethersulfone and grafting). In
conclusion the MCR results provided an easy aretpnétable overview of the fouling distribution
and visualized the potential pitfalls when meagyrinith ATR-FT-IR, namely the varying
penetration depth and layered sample compositidnis Btudy presents a novel method to
investigate and map the residual fouling on indaistrltrafiltration membranes that averages out
insignificant features while enhancing the impottamncipal ones. The method can aid in

optimization of cleaning procedures and in desigmmnproved membrane systems and materials.



Keywords

MCR-ALS, ATR Infrared spectroscopy, ultrafiltratiomembranes, residual fouling

1 Introduction

Large volumes of water are being consumed whennicigathe filtration membranes that are
utilized in ultrafiltration (UF) processing of whey the dairy industry. UF is a complex process
that is used to recover the protein fraction, mghe form of whey powder, in the waste streams of
cheese production. The cleaning of the enclosedbram cartridges — so-called Cleaning-In-Place
(CIP) performed approximately every 24 hours -stsis of several sequential steps demanding
considerable quantities of chemicals, water andggnend last but not least production downtime
(6-7 hours). The reason for this lengthy downtimé¢hie fouling that the membranes are subjected
to. It consists of a build-up of protein, fat antherals that to a large extend — but not completely
can be removed by CIP, thus leaving behind anemnslle layer of residual fouling. The reason
why fouling is of large interest in both researchdaindustry is because it is the largest

uncontrollable factor in dairy whey processing wihismg membrane technologies [1, 2].

Membrane fouling has been studied in numerous wamkisseveral studies have applied attenuated
total reflectance Fourier transform infrared (ATR-R) spectroscopy to study membrane
(residual) fouling after use (henpest mortem) [3, 4]. However, so far the data analysis hasibee
limited to height measurement of the peak of irtece to applying a technique called the double
difference method [5], or simply to the assignmehtthe peaks in the spectra followed by a
gualitative evaluation [6]. This study aims at istigating residual membrane fouling by a
comprehensive mapping of a used membrane by ATRRFand multivariate curve resolution

(MCR).



The spirally wound cartridges used in industriakyiprocessing consist of two layers in envelopes
separated internally and externally by spacer nedsvfy]. The membrane material consists in our
case of polyethersulfone (PES) sheets deposited paolyester (PE) support layer with constant
thickness. In this study, the samples consist afpoas collected at different locations on the
leaf/service area (Figure 1). The residual fouliognd on the surface varies in thickness due to
flow and transmembrane pressure (TMP) differenaes the full UF membrane, but also locally
due to the spacer network present in the cartriigrure 1, inset). A two-phase system such as the
PES-plus-fouling-layer is a potential problem wheeasured with ATR-FT-IR as the determining
factor is the penetration depthpXdbf the infrared radiation. The penetration deptjuals the
distance travelled by the evanescent electromagmetie - estimated between 0.5-15um for the
full mid-infrared range in a PES membrane systeime penetration depth is a function of the

refractive indices of the sample and the interefiectance element (IRE):

A

1)
2mn, ,sin2 0- (Z—i)z

dp(1) =

A is a given wavelengtl, is the incident angle at the internal surfacehefIRE, n is the refractive
index of the optically dense medium (the IRE), ands the refractive index for the optically less
dense medium (the membrane sample with residulhéplayer) [8].

In this experiment the angle of incidence is thmedor all measurements, and this parameter is
only critical in ATR-FT-IR if the refractive indesatio between sample and IRE becomes too small.
The IRE is made of diamond with a refractive ind&#x2.42 [9] and the sample consisting of
residual fouling wher@-lactoglobulin is the main constituent with a retrae index of 1.46 [10].

The ultrafiltration membrane layer consisting ofSPRas a refractive index of approximately 1.62



(Figure 2a) [11], which might be slightly alterededto proprietary modifications to the material
conducted by the membrane supplier. Inside the HRE,IR beam is totally reflected but an
evanescent wave is emitted and it is the depthhichwthis evanescent wave penetrates the sample
that is referred to as the penetration depth (Eoodt; Figure 2b). The evanescent wave is a non-
transverse (diffuse) wave and the intensity of @wanescent field decreases with increasing
distance (Z) into the medium normal to its surfadeerefore the evanescent field mainly exists in
the near vicinity of the interface between the &l sample [12]. The penetration depth of the
evanescent wave is (somewhat arbitrarily) definediterature as the depth at which the field
strength (E) decays to a value of £ €* = B, x 0.368, where Eis the initial electric field
amplitude. This means that it is the depth intodpecally less dense medium where the amplitude

of the evanescent wave has only 37% of its origraale [12].
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Figure 1 —Sampling scheme for the investigated ultrafiltratmembrane leaves; inset: part of a

(glue edge) DFF (mm) >

UF membrane leave with clear spacer imprint.
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Figure 2 — (a) lllustration of the membrane interfacing withe ATR crystal: (b) schematic
overview of the events during ATR/IRE measurementl g@enetration depth; (c) estimated

penetration depth in fouling layer and membraneensit

The thickness of the fouling layer varies considralepending on the measurement position on
the UF membrane leaf due to e.g. differences in Bdébuntered during the whey production. This
might cause problems during data analysis as th&eehevanescent wave only reaches a few
micrometers into the sample (Figure 2c¢) [8]. Thmited path length of the evanescent wave
combined with the varying thickness of the residoaling causes an unusual pattern in the spectral
data where the supposed constant part (PES slawellearies; this is caused by the varying
amount of light reaching the membrane surface. Vaigtion originates from the residual fouling
shadowing the PES: less infrared light reaches the membnaaerial when the fouling layer is
thick and vice versa. The intensity of the lighdaking the FT-IR detector in ATR measurements is
directly correlated to the concentration accordimg.ambert-Beer’s law and when the amount of
light irradiating the sample is varying it mightrepromise the linear relationship in Lambert-
Beer’s law and cause the variations observed. Hbare of the ATR measurements unfortunately
prevents the presented method to be usesitu. Attaching any object to the membranes prior to
use would result in the absence of fouling in thagcific area, and no useful data would thus be

collected. Furthermore the environment in the steelsings surrounding the membranes is rather



harsh and would for certain wear out any measuremgunipment in the process (and cleaning)

stream.

Multivariate curve resolution (MCR) [13, 14] hapen to be a powerful tool for the investigation
of complex chemical systems, particularly for tmwestigation of systems where little or no
previous knowledge exists like the UF membranesthis study. These can be underlying
phenomena that cannot be easily detected by ergigml component analysis (PCA) [15]. MCR
was originally developed to encompass evolutiorgarglytical data from a process or an analytical
measurement. It is particularly well suited for lgmang and modelling spectroscopic measurements
since the underlying analytical model in these mesaments is already a bilinear relationship
meaning that Lambert-Beer's law holds. The LamBe®r law is a model of pure signal
contributions, where concentrations are directlgpprtional to the intensity of the light. Hence,
MCR fits these measurements because it preciselyiasi the structure of the analytical

measurement. The model that MCR follows is

D= Y,¢c;sT+E=CST+E (2

where C contains the concentration values of all compasemdS the related pure component

spectrak is the matrix that expresses the error or the plaged variance by the bilinear model.

Multivariate curve resolution with alternating leasjuares (MCR-ALS) works by optimizing both
concentration profile and pure spectral profileamiterative cycle. The first step in MCR-ALS is
to find a set of initial estimates followed by apizing this estimate until a convergence critelign

reached [14]. The initial estimate can originatarfrseveral methodologies such as evolving factor



analysis [16], SIMPLISMA [17] or from previous kntedge about the system such as pure spectra.
The challenges with MCR are its dependence of a goitial guess, its slow convergence and its
ambiguity in the solution. The strength of MCR-AISSits capacity to resolve the pure underlying
spectra and the ease with which different congsaian be applied. These constraints might assist
in modelling and also decreasing the risk of amhigg These are defined as rotational,
permutation and intensity, and causes problemsusecdifferent combinations of concentration
and spectral profiles can reproduce the data vighsame fit value; hence the solutions are not
unique. The most commonly applied constraints aye-megativity, uni-modality, closure and
equality which are all realistic constraints foreofical systems observed by vibrational
spectroscopy [14]. An alternative approach to minarthe risk of ambiguities is to use multi-set
data by augmenting two different series that dbssrthe same system under different conditions,
e.g. different temperatures or pH values in kinet@action monitoring. In our industrial
investigation we do not have this level of expentaé control, but we can augment our data by
combining two different membrane leaves of a ddfgérage or production/fouling history. The
decomposition and interpretation of IR spectrahi@ &nalysis of UF membranes is however not a
trivial task. Producers of the membrane cartridgeslify the PES-basis by other chemicals in order
to manipulate hydrophobicity, enhance the seldgtivincrease the resistance to fouling, etc. -
proprietary knowledge that is not available for tega analysis, which makes it an important and
relevant unknown in the investigation. Protein daal fouling is also a collective name for a
number of different functional groups. ConstraimdVMCR, in combination with interval selection
and augmentation of data sets, can be useful iexplratory investigation of UF systems. These
ideas will be used in this work to elucidate chehiank and absorption band identification in

ATR-FT-IR measurements.



2 Material and Methods

One leaf from an UF membrane cartridge with a mitsthistory of use in a Danish dairy industry
will be described in this investigation. The fulembrane cartridge was cleaned according to CIP
standards inside its industrial location/role priordismantling from its respective filtration unit
operation/steel housing. It was kept in cold sterdgpproximately 5°C) before shipment and
deconstruction at the University of Copenhagen. [Elaé that is investigated is a KMS Food and
Dairy UF elements, model 6338 HFK-328. This memereartridge has been used to produce so-
called Whey Protein Concentrate WPC70. The membnateplaced in the eighth loop of a nine

loop full-scale dairy plant, and had been in ugefiice months and three days of production plus

cleaning cycles, further specifications in Table 1.

Table 1— Membrane cartridge details

Membrane type UF
Dimensions
Diameter 6.3"/160 mm
Length 387/965 mm
Spacer thickness 80mil/2.04 mm
No of leaves 7X2
App. leaf lengtl?’ 35”/900 mm
Membrane are® 117f€/10.9 nf
Serves Material PES
Support Material PE
Cut off 10 kilo Dalton
Product 70k whey
Loop 8
Tube 3
Age 5 months, 3 days
Size of sample coupon 100 x 100 mm
Number of coupons 4x5=20
Number of spectra 20 x5 =100

during cartridge dissection.

@ Based on our observations/measurements mad

b) Based on specifications of the manufacturer.

le




The main differences between sample coupons arctegto be associated with the position in the
chosen leaf. In order to get representative pistarferesidual fouling over the entire membrane
surface area the leaf was sampled in the spashlda shown in Figure 1. The membrane cartridge
is a standard spiral wound UF membrane. Each memaldesaf thus consists of an inner and an
outer membrane layer that is glued together onothitskirt (like an envelope) creating a small
inactive area with regards to filtration (Figure Each leaf is separated by a retentate spacehand
two layers in a leaf are separated by a secondhrfiner, permeate spacer. The UF membrane
cartridge from which the leaves were sampled ctedisf seven such leaves. The leaves were cut
from the center tube (as close to as was feasithle)inactive areas (glue lines) were removed and
the leaves were saved for further investigatioris Beparation resulted in two layers termed inside
layer and outside layer for each leaf of the memdicartridge; for this investigation only the iresid
layer (physically closest to the center tube wheunded) was used. Each layer was sampled at
five lanes of 100 mm width that are referred toDastance From Feed (DFF) (see Figure 1),
stretching from the feed inlet to the retentate pedmeate outlet. In the second direction each
membrane sheet is divided into four positions thdlt be referred to as Distance From Center
(DFC), giving a total of twenty coupons of size 20000 mm per leave. All coupons were air dried
for one hour on a table top (approximately 25°CJ arere stored in containers in a refrigerator
until further experimental work. The coupons wersswamed to be the working unit despite
considerable variations within each coupon (asbm@anticipated from the inset in Figure 1). The
residual fouling protein load is a sum of the CEtgistent surface and internal fouling and our task

is to find a semi-quantitative model to describe it

An ultrafiltration membrane that never has beeruse in production was also included in this

investigation and will be referred to as a virgiembrane. The virgin membrane is produced by



Alfa Laval, type GR73PE. The membrane material aygthersulfone (PES) similar to the
membrane material in the used membrane cartridbles. membranes have been treated with
glycerol prior to use (for shipment and preservatiand in order to avoid spectral interference it
has been washed with RO water for 24h with a relyuleghange of water. After washing the
membrane was dried for three hours at room temperafapproximately 25°C). No further

sampling is performed and the membrane is regasded/orking unit.

2.1 Spectroscopic analysis

Infrared spectroscopy (IR) can be used for idemigfyand quantifying molecules based on their
vibrational modes. Due to its selection rules iniparticular sensitive to the functional sidegrs.

To assist in the assignments virgin PES membrarke utsed PES membrane coupons were
measured and compared. This gave rise to peaksathapecific to both the membrane material
and the residual fouling deposits. The instrumesedu was a Fourier-transform infrared
spectrometer (ABB Bomen Model 100, detector: DTG®dM SMH307AT) operated with a
resolution of 8 cni, averaging 32 scans over the spectral range 400", interfaced with a
attenuated total reflectance diamond probe (ATRyaBeope, SensIR Technologies) as IRE.
Background spectra (empty interface) were measwigl 32 scans at 8 cmresolution. It is
important to consider the penetration depth andcéffe sampling area/volume of an ATR-FT-IR
instrumental interfacing (Figure 2a). Our initialvestigation used a multi-bounce ZnSe ATR
crystal (length 70 mm), but the contact betweennigenbrane samples and the interface was not
sufficient and could not be improved to such a dedhat acceptable and reproducible spectra were
obtained. For this reason a diamond ATR crystaplyapg a high and repeatable pressure, was
selected (maintaining the same quantitative resistapplied pressure settings on the ATR

interface; arbitrary unit, level three). The pricepay for achieving a good contact is a very small



effective sampling area (the diamond service aemprox. 1.5 mf but the effective spot size of
the bounce(s)/evanescent field is much smallerg. 8¢timated penetration depth for the clean PES
material is only approx. 2 pum at 1450 twhich strongly reduce the representativeness ®f th
sampling procedure (Figure 2c). To reduce thigssiedl error each coupon was measured at five
random positions. The virgin membrane was measatetl random positions to keep down the

statistical error and to investigate if any changmdd be observed across the membrane piece.

2.2 Data analysis

Since ATR-FT-IR spectra provide a fingerprint oetekamples with multiple absorbance bands,
some arising from the membrane material and soneetaluhe fouling material, it is essential to
ensure that the peaks investigated and quantifred carrectly identified. This is especially
important and challenging since membrane manufestuse tailored versions of the polymer-basis,
and minor modifying agents inside the membrane nahtaight interfere with the fouling signals.
The raw spectra were first evaluated by computimegdorrelation between a known material peak
and the peaks of interest, where an opposite eatiwalis expected between the membrane material
(PES in this case) and the investigated foulingkg#@e amide band), see Figure 3. The peaks of
interest are specific regions of the spectrum énatknown to be influenced by the residual fouling
constituents (Table 2): tHat band (carbonyl C=0 stretching in triglycerides) nea#&&ni', the
free fatty acid band (carbonyl stretching in fregtyf acids) near 1720 ¢hthe amide | band
(carbonyl C=0 stretching in amides) near 1650'@nd the amide Il band (N-H bend and C-N
stretch) near 1550 c(Figure 3b). The material peak for the PES ulration membranes is
chosen to be the one centered at 1240 wmich arises from the asymmetric stretch of thereatic
ether in the polyethersulfone (Figure 3b; TableT2)s is the most commonly used PES membrane

band in literature [18].



Table 2— The most common peaks from PES and the redidulahg found in the IR spectrum.

Wavenumber (cif) Conformation PES Fouling
825-875 C-H out of plane bend v
1100 C-O stretch v
1150 C-O stretch v
1240 asymmetric stretch of the aromatic ether v
1300 C-O stretch v
1325 C-O stretch v
1475 C-H bend v
1650-1657 a-helix v
1510-1530 B-sheet (anti-parallel) v
1612-1640
1670-1690 (weak)
1530-1550 B-sheet (parallel) v
1626-1640
1655-1675 Turn v
1680-1696 (secondary structuiglactoglobulin/other
proteins)
1640-1651 Unordered v
(not complying with above conformations)
1745 C=0 stretch v
2700-3000 C-H stretch v v
3300-3500 O-H stretch v

As Figure 3a shows there is a good opposite ctiwalaetween peaks corresponding to protein and
membrane material. This gives a strong indicatloat the peaks are from two different sources.
The area around thiat peak (found in the same region where a dominant PE hambserved)
exhibits a weak correlation which indicates tha tht information does not correlate chemically
with the remaining components. The amide | peadejzarated into two parts, one affected by the
residual fouling and one by the membrane matédlen inspecting the correlation between 1630
cm™* and 1240 cil it is obvious that this section of the spectraesifrom residual fouling as it has
an opposite correlation with 1240 ¢n{Figure 3a). On the other hand, when inspectirg th

correlation between 1675 éhand 1240 cnl, it is clear that there is a correlation and hetinge



this part of the peak most likely originates frdme imembrane material (Figure 3c). The correlation
is possibly due to a chemical compound that has pe&fted to the membrane, in order to change
the hydrophobicity. PES membranes are traditionajigrophobic, but hydrophilicity is a desired
functionality of a filtration membrane, as this Whake the flow in the lateral direction less
obstructed. There are different compounds thatati@n the hydrophobicity of the membrane. Ran
et al. [19] for example have demonstrated that cbkebamphiphilic copolymers (CLACs) can
make the membrane more hydrophilic. The PES merebmad the PES-CLAC grafted membrane
exhibit approximately the same IR spectrum excephfone peak at 1676 ¢hthat originates from
carbonyl groups. The presence ofexplained peak at exactly this position could indicate that
our membrane has been grafted with CLAC, but ia ghudy this will remain a speculation as the
grafting compound is unknown to the authors andonofprimary interest.

The membrane consists of two layers beside thenfpuayer; the active PES layer and a much
thicker support polyester (PE) layer (Figure 2&).€hsure that the penetration of the evanescent
wave had not reached the support material, whiciddgpossibly affect the spectra and thereby the
interpretation of the models, the support matdtied back side of a used membrane) was measured
under the same circumstances as the fouled membfaeeresult is included in Figure 3b and

shows no evidence of a PE contribution in the PES-fouling ATR-FT-IR spectra.
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Figure 3 — Correlation (N = 100) over the spectral rang@0t2800 crit with (a) absorption
maximum at 1240 cth (attributed to PES) and absorption maximum at 1630 (attributed to
protein-based residual fouling); (b) spectra ofgwirmembrane, fouled membrane and support
material (PE); (c) correlation (N = 100) over theestral range 1200-1800 cnhwith absorption
maximum at 1240 cth(attributed to PES) and absorption maximum 1673 @oossibly attributed

to CLAC).

As can be judged from Figure 3b, the spectra ekbdne moderate baseline artifacts, likely due to
varying contact between the IRE and membrane nahteue to the spacer relief (see Figure 1).
Although the variation is minimal compared to vada that exists in the spectral information, it
was decided to remove the baseline (more accunéiset) by subtracting the value recorded at

1800 cnt from each full spectrum, individually. This poin$ ichosen because no spectral



information is present there. Using Figure 3b aslgjine we also decided to narrow the spectral
range from 1470 cthto 1800 crit throughout the investigation since this part & &TR-FT-IR
contains a strong signal from the PES membraneriaatthe most fundamental vibrations of the

different protein building block and the carbontyksch of the fat.

Firstly the data was investigated with principahgmnent analysis (PCA) in order to obtain the
approximate number of components that are needdddoribe the systematic variation. The data
set is mean centered with no further preprocessmghe main investigation multivariate curve
resolution (MCR) is utilized to extract spectroscameaningful information. In order to optimize
the interpretation and decrease the risk of ambigguin MCR modelling, constraints such as non-
negativity (spectral/concentration profiles shontit be below zero) and equality constraint (where
the pure spectra of the PES is added as a loadatgfj were applied both ontraal and error basis
but also based on previous knowledge and chemiwi@rgtanding. All computations are performed
in Matlab (R2014a, Mathworks Inc.) using the MatlBhS Toolbox (version 7.5, Eigenvector
Research Inc.) and in-house routines. Initializilg MCR algorithm requires a starting estimate of
the model parameters and choosing an appropriateochean be crucial as differences in the initial
estimates may lead to different end results, amtd¢o a different interpretation of the outcomes.
The Matlab PLS Toolbox provides two methods focukiting the initial estimatestistsict which
selects samples on the exterior of a data spa@sl lmsa Euclidian distance aexteriorpts which
selects points on the exterior of a normalized datece. They are both considered SIMPLISMA
methods as they reduce the spectra to points iata adoud, and by calculating the average it is
possible to determine the sought after spectraateatore dissimilar being the data points that are
positioned furthest away. For this investigation have usedexteriorpts and using the purest

samples as the initialization.



3 Results and Discussion

The PCA performed on the range 1470-1710'showed that two components were needed to
describe the data, one component describing theilootion from the membrane material and one

component describing the protein deposit from #@sedual fouling (Figure 4).

( ) PC 2,20.7%

( ) PC 1, 78.4%
0.4 h

PCA loading

1500 1550 Wavenumber (cm™) 1650 1700

Figure 4 — Principal component analysis. Loading plot oé tlwo first principal components

(N=100). Data is mean centered.

It is well established that the amide | band (18000 cnY) is sensitive to the protein secondary
structure and it can thus be used to investigates#itondary structure of the protein deposit found
on the UF membranes. Theoretically, it should bssfme to determine-helix, p-sheet (parallel

and antiparallel), turns and unordered conformaaigparticular wavenumber ranges (Table 2) [20].

From the PCA calculations it is interpreted thaeast two components are required to describe the
system adequately. As mentioned previously the mangb samples consist of two layers of
material, PES and fouling deposit consisting of niyaiprotein, minimal amounts of fat and

minerals. From Figure 3a it was established thatetlis an opposite correlation between PES peaks



and the protein peaks from the residual foulingweleer, the peaks from the two materials do not
vary independently as the protein laybhadows the membrane material, thereby influencing the
contribution from the PES in the spectra. Nevedb®| it can be argued that two components are
suitable for the modelling: one factor to descrilbe membrane material, and a second to describe
the fouling material. The PCA model captures the tactors in a crude, descriptive manner which
is obvious from the second component in Figure £re@mext to the potential grafting material
(possibly CLAC) a part of théi-modal amide | band is modeled simultaneously. From smpl
analysis it is obvious that a different method tiRDA needs to be applied to extract all relevant

information from the data.

The MCR data analysis was conducted in severas steprder to ensure that the correct constraints
are applied and that the correct number of factéwes included in the model. Determining the
number of factors that is appropriate to descriiee data can be challenging in MCR. A first
estimate of the number of factors can be derivedhfboth forward and backwards evolving factor
analysis [21], but our results were equivocal andear number of factors could not be derived.
Determination of the chemical rank of the systericWv corresponds to the number of factors, was
instead evaluated by inspecting the spectra angsimga priori knowledge. For this purpose MCR
models of different complexity were fitted on theestral loadings and the concentration profiles
using the data range 1470-1710crilable 3 shows how the relative amount of expthiveriance
evolves when increasing the number of MCR factarshe model. The percentage of variation
explained alone is not sufficient to evaluate whicbdel is better and the spectral profile plots of

the models have to be investigated and evaluatedltsineously (Figure 5a, b).



Table 3 — Multivariate Curve Resolution. Percent variatiexplained with two, three and four

factor MCR models (N=100). Spectral range is 14706l cni*. Non-negativity constraint is

imposed on the spectral loadings and concentratiofies.

No. of components2 3 4
Component
1 44.7% | 52.6%| 63.1%
2 55.3% 8.9% 7.0%
3 - 38.5% | 19.8%
4 - - 10.2%

(a) (b)
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Figure 5 — Multivariate Curve Resolution. MCR models (N=)0Qith (a) three and (b) four

factors, non-negativity; with (c) three and (d) fdactors, non-negativity, equality constraint (PES

loading).



By simple inspection of Figures 5a and 5b it rersaihallenging to determine the correct number
of factors (three or four) to model this rangecdh be observed in the figure that some of thegpeak
in the protein ranges behave differently from tloenmal Gaussian/Lorentzian profiles. It is further
observed from Figure 5b that the PES related sgdotding stills models a wide range of the band
associated with the amide (around 1660knin order to investigate this covariation into n&o
detail one additional constraint is added. Membmaagerial (PES) that has a comparable structure
(but potentially not 100% the original membrane doevendor differences) has been measured
under the same conditions as the fouled membrarksan be used as an equality constraint on the
spectral loadings. This will force one of the MCRaRel factors to resemble the membrane material
and the remaining factors are then forced to mduelremaining features in the spectra (Figure
5c¢,d). The models containing the equality constrexhibit improved loadings with regards to both
three and four factors. The peak shapes of the Nb@Rings now appear more natural Gaussian-
like and the amide | band is split into three uhdeg peaks. At the same time we notice some
weak artifacts underneath the PES peaks, possibbnsequence of the forced equality constraint

with a not entirely identical membrane.

Investigation of the data shows that there is gedihce in rank over the full spectrum. The two
amide sections describe different structures of reedual protein; amide | (1600-1700 &m
describes the secondary structure in the proteinhais hidden below it the water bending band at
1640 cni and the CLAC-like band at 1670 ¢mwhile the amide 1l band (1500-1550 &rsection
has fewer underlying peaks and mostly describearttiparalle|p-sheet structure at 1510-1530°cm

! and the parallgd-sheet structure found at 1530-1550"crAn MCR analysis of the amide Il alone

(Figure 6a) reveal that only two factors are neetedescribe this range, one for the membrane



material and one for the residual fouling. The selewy structure information from this band seems
to be towards higher wavenumbers i.e. more pang#ieet structure. The amide | range includes
more individual structures and therefore at lehstd factors are required to model that specific
section of the spectrum (Figure 6b). The modeludiclg three factors appears to be the most
realistic as it exhibits the most natural peak slajt should be noted that such differences ik ran
across parts of the spectrum might give rise tafitreg and to difficulties in determining the
appropriate rank of the system. Finally, the faige- 1710-1770 cih Figure 6c - was included in
the MCR modelling. This could potentially lead toiacrease in rank because fat is an independent
minor component in the residual fouling layer tkaes not correlate with the remaining peaks
(Figure 3a). However this was not found to be tagecas the factor that describe the amide peaks
also describe the fat peak which indicate thaffdhéouling does not occur independently from the

protein fouling



(a) (b)

0.7 0.6

MCR loading
MCR loading

00— 0.0
1500 1550 Wavenumber (cm) 1650 1700 1500 1550 Wavenumber (cm?) 1650 1700

(c)

0.7

MCR loading

AASAIN__

0.0

1500 1550  Wavenumber (cm?) 1700 1750 1800

Figure 6 — MCR models (N=100) with (a) two factors for 147600 cni , (b) three factors for

1570-1710cnt and (c) four factors for 1470-1800 cm-1. All maxlabe non-negativity and equality

constraint (PES loading).

From the above it is obvious that the data contagweral components that co-vary with different
degrees (residual bound-moisture, fat, protein, BEKSPES grafting) but also components used for
grafting (CLAC’s) would prove difficult to identifypy utilizing only univariate data analysis. MCR
often exhibits uniqueness challenges where the [@ckiniqueness arises from the intrinsic
ambiguities of different combinations of concentmatand spectral profiles reproducing the original
data with the same quality of fit. The most commay to avoid these ambiguities is by adding

appropriate constraints in one or both directidmg,at the same time these constraints can result i



overfitting and spurious interpretations. An altmstrategy is to merge a second data set with the
original data set. The second data set has toidedbie same problem from another viewpoint; this
can be e.g. a different instrumental method (eam& spectra) or a different set of samples that
has been produced under the same circumstancedeandbes the same issue such as a reaction
with the same kinetics run e.g. at a different esrication [14]. In our investigation a large number
of spiral wound ultrafiltration membrane have beampled. One membrane originates from the
same factory, but a different whey processing and it has been in use for a longer period (2
years, 3 months). It can thus be anticipated tb#t Bspects will make the residual fouling of the
two UF membranes systems sufficiently different getmpatible. There are some dimensional
differences between the two membrane cartridges,nbthing that is suspected to affect the
residual fouling dramatically. This makes it possito unite the two data sets to form one multi-set
structure for further analysis. Figure 7a showstiin@ superimposed data sets illustrating that they
indeed have the same chemical finger print, bdéint intensities (concentrations). The combined
data set was then investigated without the equabtystraint as the concatenated data set should
eliminate the possibility of ambiguities. Thus omgn-negativity is added in both the spectral

loadings and the concentration profiles as it da®snake sense for them to show negative values.
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Figure 7 — The combined data set. (a) Data from two UF nram# systems: main data set (N =
100) and the assisting data set (N = 36); (b) MGRlets (N=136) with two data blocks with three

factors non-negativity.

The data set in the range 1470-1710"amas initially investigated with three factors inded in the
model (Figure 7b). However, parts of the loadingsthe model exhibit non-Gaussian/non-
Lorentzian/bi-modal shapes and in general thisa@serdid not improve the interpretation of the
data. It turned out that the two different datassamd residual fouling UF membranes are too
distinct to concatenate and analyze simultaneoUsig. same conclusion was reached with other

data sets from different membrane systems.

Based on the loading results it was concludedttiemost optimal number of factors is three, with
non-negativity constraints applied in both the $f@@@nd concentration direction, and an equality
constraint applied to the first loading forcingtdt resemble the virgin membrane known to be
present in the samples (Figure 5c¢). Using the aaraton profiles a polynomial surface response

model for the three individual contributions isiestted:



Cl- = b0+b1DFF+b2DFC+b3DFF2 +b4_DFC2 +ei (3)

The concentration contour profiles in Figure 8tfug rank three model, estimating the composition
over the membrane sheet area (see Figure 1), sbmvthie two layers in the membrane and fouling
system affects each other. The first score prafildmigure 8a originates from the membrane
material (PES). The second score, shown in Figbrec8ntains information on the fouling layer,
specifically the proteins, and shows the complgtposite behavior of the PES profile giving us
evidence that it is indeed fouling material. Thiedtscore (Figure 5c¢) is shown in Figure 8c to have
a less distinct profile in the Distance From FeBdK) direction, and a trend of higher scores
(concentrations) as a function of distance fromteetube (DFC). Where Figure 8a and 8b are
essentiallycounter images which corresponds well with the notion higher desil fouling load
equals less PES membrane material visible for thR-AT-IR, Figure 8c suggests that there is a
relative higher residual fouling for a selectedtpio set at the edge of the membrane envelope,
away from the central tube of the cartridge. Theati@n in the samples for each coupon is large
which indicates an inhomogeneity in the samplesclwhs consistent with the picture shown in
Figure 1. There is an obvious large inhomogeneitthe individual coupons that originates from
the pattern observed in the membrane; the condmmisashift over the membrane area but also
considerable differences in concentration are chugeere the spacers have beahbing against

the membrane.
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= 53.6%.

4 Conclusions
When using traditional methods to describe an filti@ion membrane with IR it is common

practice to calculate and use the height of th&k méanterest. This is a tedious and sometimes



impossible method if you want information on seVgraaks. This study has shown that e.g. the
amide | peak region contains several absorptioddesides the most common mentioned ones
from Table 2. In the same region adsorbed waterdsent at 1640 chif the membrane had not
been properly dried, but also possible evidend@lgiC is found around 1676 c¢hwhich indicates
that the membrane might have been subjected ttirggaiThe variation of absorption bands found
under the amide | peak makes this peak difficulinieestigate with univariate methods wherefore
mostly the amide Il is investigated in the literatwsing simple quantification methods. This
problem can be solved by using multivariate methsdsh as PCA or MCR as these methods
average out the insignificant features of a spectrum and eobarthe importargfincipal ones.
MCR finds and models the important factors resgltin an overview of several different
peaks/loadings that describe the major differeerids and has proved useful for this investigation
to describe the residual fouling. In this study timglerlying secondary structure information of the
amide peaks has not been useful since no variatigrotein secondary structure was observed
Nevertheless, an intrinsic rank difference was oleskfor the two amide sections (amide |; 1600-
1700 cnt, amide II; 1500-1550 cif) resulting in two choices for optimal factors:ehrfactors are
required to describe amide | plus membrane matehde two factors are sufficient to describe the
amide Il region. This is another argument why (aniate) investigations of protein on
ultrafiltration membranes are regularly performed tbe amide Il peak. Applying MCR to the
ATR-FT-IR data has aided in determining severakpea one calculation, identifying at the same
time determine peaks that has not previously besertbed. The issue with the many co-varying
components is overcome by applying MCR as it ersstinat only the amide peaks are used in
guantification. Using MCR we get an overview of finé fouling aspect and the potential pitfalls

that are encountered with the ATR-FT-IR-method Ugwmcompassed for this type of research.
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Abstract

The use of Attenuated-Total-Reflectance Fouriem$farm Infrared spectroscopy (ATR FT-IR) is

a common tool for measuring (residual-)fouling drétion membranes of different origin and
purpose. This review aims at giving an overviewtlsdé numerous qualitative and quantitative
investigations of membrane fouling made using ATRIR with special emphasis on the following
data analysis. The timespan of this review is fra890 up to 2015 and it will cover the
implementation of data analysis within the membrawestigations, where the most common way
of using ATR FT-IR is for identification. The mettt® used to analyze the membranes are the result
of the complex construction of not only the materfarming the membrane systems, but also the
fouling and the cleaning, and even the geometryflandin the membrane unit operations and the
resulting fouling distribution. This review gives averview of the different analytical methods
used and will illustrate that the application of Itivariate data analysis and large scale sampling
can be very informative and beneficial. The reviavther stresses that there is a considerable gap
between most research conducted in laboratory/pdate and full-scale industrial investigations.

Introduction

Membrane filtration is a relatively new but growi(igolst et al, 2015) unit operation in the dairy
industry, other food processors, medical producthufectures and water filtration industry
(Wagner, 2001). The processes are used in a witletywaf separation and concentration steps and
a major challenge is membrane fouling by protemd ather biomolecules from the feed streams.
This demands regularly cleaning of the membranagnwve both the foulants deposited on the
surface and/or inside the membrane material (Regulal., 2014). Cleaning is a vital step in
maintaining the permeability and selectivity of timembrane which in the end should lead to a

plant that runs at almost optimal capacity throughtbe production time, while at the same time



minimize risk of bacterial contamination - of utrhasmportant to make a safe product and
maintaining quality standards (Regula et al., 2014)

The cleaning performed at e.g. a full scale daltsafion operation is complex and involves several
consecutive steps. It is a Cleaning-In-Place (@Rich infers that the membranes remain in their
position (most often in the form of a Spirally Waled Membrane Cartridge, SWMC) while all
cleaning agents are pumped through the systemCThehus requires a lot of clean potable water,
large volumes of several types of costly chemieald formulations and, most importantly, a lot of
time (6 or 7 hours of downtime is not uncommon)r{Bet al, 2014). The chemicals are almost
always supplied by specialized companies with nee¢t) relation to the dairy, and often these
companies are involved in designing CIP programsc@operation with the equipment/hardware
vendors and diary managers). During downtime olshiomo product is produced which makes
cleaning an expensive, but unavoidable facet of bmane management. Cleaning in dairies is
required approximately every 24 hours due to aing@essure in the membrane cartridges caused
by the pores getting blocked with, mostly, protéut also fat and minerals buildup, plus for
hygienic reasons. Taking all economic aspects atoount it is of great importance to gain
increased knowledge on the membranes, the foulinljgeomembranes as well as the cleaning that
can aid in saving large sums of money. This finalniciterest explains the relative large number of

researchers active in the area or membrane cleaning

Reducing the downtime is the goal of many investiga and in order to achieve that the
mechanisms of fouling and the interaction betwemndirig material and the membranes has to be
better understood. To be able to control the patarsménvolved in the CIP process, it is useful to
know where the adsorption primarily takes placerduthe filtration process (Pihlajaméki et al.,
1998). To improve and optimize the CIP methods #ebeinderstanding of the analytical data
recorded from the used membrane is also esseftiatently most of such data is used for
identification of the foulants, residual foulingembrane material, and grafting material. Only few
studies are conducted on production size membiangain further knowledge on the mechanisms
during fouling and cleaning. Many different datalgtical techniques have been used to investigate
different types of membrane related questions, dwmmon for most of them is that they are
analyzed with univariate data statistics and fodume the identification of functional groups. The

use of chemometrics and multivariate data toolsthaspotential to augment the outcome of the



results when using spectroscopic methods. Minufferdnces in spectra or spectral regions are
difficult to differentiate with the human eye antetefore a more data-driven tool can assist in
emphasizing the important features of the investiga The most common tools for extracting
knowledge with regards to relative concentratios mon-linear regression (Massart et al., 1997)
and possibly multi curve resolution (MCR) (A. deaduet al., 2014). The more visual tools are
principal component analysis (PCA) (Bro & Smild®12) for retrieving an overview of samples,
finding outliers and clustering data. For deterrtiora of concentrations a partial least squares
(PLS) regression is useful (Wold et al., 2001), levlior classification of different samples e.g.tsof

independent of class analogy (SIMCA) can be usedld\& Sjostrom, 1977).

ATR FT-IR in membrane fouling research

Infrared spectroscopy is the direct absorption wetfor measuring molecular vibration and is a
generally employed analytical method. The methoildbwon the fact that all molecules exhibit
molecular vibrations and that they do it at theincspecific frequencies. Infrared spectroscopy can
be used for both identifying and quantifying molesubased on their vibrational modes. ATR FT-
IR is a powerful tool in membrane investigationsdese it can aid in understanding the molecular
compositions of many types of materials and fodatitis a nondestructive method (at least at the
analytical chemistry level) and can measure allgtllve) components in the sample within the
same spectrum. It is thus an intrinsically multisger method offering the opportunity to use more

complex mathematical/chemometric tools to explore extract information.

IR is intrinsically difficult to measure due to thegh absorbance levels of condensed materials, but
this problem was largely solved when attenuateal t@flectance was introduced. ATR offers an
alternative solution to the sampling problems wilina-thin liquid cells and sample dilution in KBr
tablets. With the advent of the ATR sampling dexattesample types including solid samples such
as membranes can be placed directly on the IR-dawcler the condition of sufficient contact
between the sample and ATR cell. This is importzetdause the light penetration depends on the
contact, the geometry of the optical device as walthe light properties of the sample (Lin et al.,
2009). ATR spectroscopy requires total internalestion and this happens when radiation moves
through a material with high refractive indax and impacts the interface with a material with a

lower refractive indexy, at an angle greater than the critical angle (Chedn& Griffiths, 2002).



Sometimes it is necessary to take a third refradtidex () into consideration; this is particular in

important if you have inhomogeneous sample matéfigure 1).

membrane support layer

n; membrane
n, residual fouling

evanescent wave

IR wave IR wave

Figure 1 — Schematic overview of the breaking indices wherasngng membrane samples by
ATR FT-IR.

When working with inhomogeneous samples or, ahé dase with membranes that are layered
samples, quantification in ATR FT-IR might becomprablem due to the large variations that are
seen over a full membrane area. This issue isye@sibgnized in Figure 2a which shows the four
corners of one membrane leaf (~965x900 mm) fronfW&ME& used whey ultrafiltration (Jensen et
al., 2015a). The IR spectra shown in Figure 2c rilesahe inhomogeneity within one sample
coupon (100x100 mm). The visual distortions from aiginally flat sheet originate from the
deformations caused by the retentate spacers itagriover time, while the different levels of
residual fouling originate from a difference in assibility during production and cleaning. Figure
2b shows the spectral differences between the l&afrcorners in Figure 2a where an obvious

intensity difference is present, but also a slgjfift is seen in the amide peaks.
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Figure 2 —a) samples representing the four corners of a SWBAE b) representative sample for
each leaf corner shown in (2a), c) five spectranfane single coupon showing the inhomogeneity

issue.

The first layer in membrane investigations for ttery and food industry is easily quantifiable
providing that the light penetrates through thestayQuantification of the second layer becomes
more problematic because the volume of light hattims part of the sample is unknown since some
radiation is already absorbed in the previous ldif&gure 1). Moreover, the previous layer might

have a varying thickness making the illuminateduwz the limiting factor for the quantification.



Superimpose on this the inhomogeneity (Figure 2) e result is a complex structure that is
difficult to quantify.

Because of the limited penetration depth it is dad) importance that the membrane is in close,
controlled contact with the surface of the ATR a@eviThis is one of the challenges of using IR for
solid phase measurements. It is usually done gusipressure-pin to squeeze the sample against
the ATR crystal and which is in most cases instatb@ the ATR FT-IR interface. The pressure
applied to the membrane is unfortunately diffictdt control accurately even though some

instruments have a simplified pressure gauge (Eigur

Figure 3 —Sample positioning in ATR measuring a membrane cowgxtracted from a SWMC

leaf, with the pressure applied indicated.

Segal et al (2011) stated e.g. that the recordedtispcan depend on the pressure applied to the
membrane especially if there is a non-uniform thstion of the fouling (depth-wise). Further, by
using the pin installed on the instrument with hgtessures, the fouling layer is disrupted and
changes in the concentration can occur. Kiefel.g2814) have suggested a potential solution to
this problem where a rubber bung is placed betwbenmetal pin and the membrane. The
drawback is a decrease in the intensity of thetspebut the central features of the spectra were



still visible and useable for further analysis. Tgressure though is still arbitrary but this method
did not break the sometimes fragile membrane astdh the fouling.

Material

This review presents an overview of scientific pedtions using ATR FT-IR for the investigation
of fouling in membrane systems used in food andmbheaeutical applications. As can be seen from
the bibliometric analysis in Figure 4, the numbépuoblications using ATR in combination with
infrared spectroscopy is steadily inclining ovecamt years. Combining the search with specific
membrane separation methods reduces the numbeubtitations significantly, but it becomes
obvious that infrared spectroscopy is a powerfulgictal technique in membrane investigations.
However, ATR instrument interfacing, with its sgexstrengths and weaknesses, has a limited but

steady presence in modern investigations.
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The identification of functional groups is the pang used data analysis with regards to ATF-FT-IR
measurements; see e.g. Oldani & Schock (1989)ajainkki et al. (1998), and Rabiller-Baudry et
al. (2002). The functional groups present in memé&n& investigations vary largely and depend on
the aim of the research. An array of other anaytiechniques has been used in trying to describe
the properties of the membranes and the mechaniahmd fouling and the method selected
depend on the information required. Table 1 give®werview of the type of membrane module,
the analytical method(s) used, the data analysi®nmeed and major findings. From this table it is
obvious that ATR FT-IR is mostly used for ident#fiomn and sometimes combined with
complementary methods, in particular scanning edacimicroscope (SEM) along with more
physical principles such as flux measurements ad potential to determine the effect of the

cleaning of the membranes.



A large variety of membrane types and filtrationtsialong with many different types of foulants
have been investigated in the papers that are dadlun this review. Most of the membranes
investigated are laboratory scale units suctessl-end filtrationflat sheet planar modulestatic
conditioningwhere adhesion to the membrane without any heastivging or pressure is applied,
or so-callectircular vibrating house$VSEP). Only very few membranes from full scalal nese in
industry have been investigated, which is probahlg the limitations raised by using publically
available research, or possibly due to the probldmas arise when trying to determine the true
concentration of the residual fouling absorbed ba tmembrane, since classically controlled
calibrations cannot be performed under processumistances. A second hindrance is the costs
involved when experiments are conducted with fadle membrane SWMCs. To foul an industrial
membrane in a representative manner in a laboratting requires special equipment and large
volumes of fouling material (whey, BSA solutions athers process liquids), large volumes of
water for cleaning and chemicals. Moreover, a lotime is required as the membrane is only
properly fouled after a certain period of usage, that sessd production and CIP cycles (Berg,
2014).

The most common material used for ultrafiltratioembranes are polysulfone (PSf) (Maruyama et
al., 2001), polyethersulfone (PES) (Bégoin et 2006b) and polyacrylnitrile (PAN) (Segal et al.,
2011). Other types of membranes have also beestigaged including microfiltration membranes
made of polytetrafluoroethylene (PTFE) (Maruyamalet2001) and polypropylene (PP) (Fontyn
et al., 1991), polyamide for both nanofiltrationR)N(Delaunay et al., 2008) and reverse osmosis
(RO) (Delaunay et al., 2008), and nylon membraoediltration of oil/water emulsions (Gelaw et
al., 2011). The fouling material can originate fronany sources, most commonly from protein
(BSA is often used as model molecule) (Bégoin et2006b, Segal et al., 2011), oil and whey
suspensions (Gelaw et al., 2011) but also charaatem of membranes without fouling is a
common theme (Fontyn et al., 1991, Pihlajam&kil.etl@98, Kiefer et al., 2014). Modification of
the membranes is also a common theme, followedhdydentification of the molecules inside the
membrane matrix with IR in order to ensure thatytimave been properly attached, and the
determination of the (change in) hydrophobic/hydhibp properties. Shared by all investigations is
that the spectra from the ATR FT-IR are used primé&or identification. Few researchers take the

data analysis to the next level and use the chéfgi@atitative information in the spectra



(Delaunay et al., 2008). One potential obstaclias the producers of the membranes not always
give the full recipe of the polymers used in th@duction and/or modifications of the basic
ingredients. This limitation has been reported éyesal researches. There is common evidence of
grafting material on the surface of unused/virgianmbranes, but also on used membranes. So the
differences in membranes can occur due to e.g.ietagy problems (Belfer et al., 2000) where
the producer identifies its membrane as polysulfonea derivative, but in reality it has been
subjected to grafting and is thereby significandlijered to a configuration that changes the

properties and at the same time the IR-spectrunséieet al. 2015b).



Table 1. Overview of the different literature sources.
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Author (year) Membrane module Analytical method(s) | Data analysis Findings

1 | Oldani & Dead-end filtration ATR FT-IR, ESCA, Identification Flux and retention depends on mofpyp and
Schock (1989) Contact angle surface chemistry

measurement

2 | Fontyn etal. | Static absorption (24h) ATR FT-IR, XPS, FAB} Identification, double differenceDeveloped a topographic model of interactig
(1991) MS method with membrane, including hydrophobic

interactions.

3 | Pihlajamaki et | Laboratory scale ATR FT-IR Depth profiling, idemntgtion Protein molecules absorb more inside pore$
al. (1998)

4 | Zhu & Laboratory scale ATR FT-IR, flux, zeta- | Identification pH and ionic strength affect theasting by
Nystrom potential changing charge of membrane and cleaning
(1998) agent

5 | Belfer et al. Static and dead-end filtration ATR FT-IR Identifiican Grafting changes the hydrophobicity of
(1999) membranes. Water is bound to the surface ¢

to functional groups. Broadened band is sigf
of hydration.

6 | Belfer et al. Dead-end filtration ATR FT-IR Identification Membras hold water in the pores even
(2000) though they are dried. Terminology is a

problem as producers of membranes does 1}
tell the full story. Rehydration alters the
spectra significantly

7 | Maruyama et | Dead-end filtration FT-IR Deconvolution to determin | Amide | peak contains several structures alf
al. (2001) height, width and position of | helix, beta-sheets and turns.

peaks. Identification of alfa- | Gel-like deposit changes the structures of
helix, beta-sheets and turns | amide while the molecules attached to the
membrane does not change as much

8 | Rabiller- Static: Beaker glas ATR FT-IR, SEM-EDX | Double difference method Membeasontribution depends on the
Baudry et al. | Dynamic: Flat sheet planar thickness of the fouling. Detection limit is
(2002) module reached when measuring cleaned membranes.

9 | Howe etal. Dead-end filtration ATR FT-IR, XPS Identificatiodouble difference 90-95% of permeability of virgin membrane
(2002) method can be lost rapidly

10 | Kimura et al. Used industrial membrane, cut ATR FT-IR, | Identification Calcium is not contributing to irrensible
(2004) into smaller pieces used in Fluorescence (EEM), fouling. Polysaccharides are responsible for

laboratory scale TOC, DOC, uv irreversible fouling in water filtration.




absorbance,
phenol-sulphuric
method.

Lowry
aciq

11 | Bégoin et al. Industrial used membrane ATR FT-IR, SEM-EDX, | Identification and quantification Fouling layer thicker at collector axis. High
(2006a) (8000h) SEM-FEG, AFM of protein level of fouling at collector axis, decreases
Mapping of fouling using SEM; over length of membrane.
EDX (Ratio of peak 1538cm-
1/1240cm-1)
12 | Bégoin et al. Industrial used membrane (4 | ATR FT-IR, SEM-EDX, | Mapping of fouling using SEM; Differences observed on the membrane are
(2006b) years) SEM-FEG, AFM EDX results. IR used for strongly connected to with the distribution of
identification the fluid velocity in membrane. Fouling
C+N+0O = 99.6%, C+N = 59.3%, O = 40.3%
13 | Delaunay et al.| VSEP, Plate and frame moduleATR FT-IR, image Mapping of UF and NF, Membrane mapping. Fluid velocity

int

)

(2008) Industrial UF, industrial NF analysis, CFD mapping deposit with regards fanvestigated with charcoal, spacer is importg
flow, using height ratio of for full functionality.
peaks
14 | Gelaw et al. Dead-end filtration on nylon | ATR IR-MS SIMCA, PCA, Mahalanobis | SIMCA can classify new, fouled and cleaneq
(2011) membrane distance+residuals for outlier | membranes.
detection, variable selection
(1800-1900cm-1)
15| Segal et al. Dead-end filtration FTIR-PAS, UV PLS calibrationtiwBSA and | Disadvantage of IR: hard to replicate due to
(2011) polysaccharide penetration depth and inhomogeneity.
16 | Kiefer et al. One membrane leaf ATR FT-IR Mapping of porosity dany is key parameter and significantly
(2014) influences behavior of a membrane in any
given application.
17 | Jensen et al. | Industrial used membranes (4 ATR FT-IR Mapping of residual fouling Univariatetdaanalysis is not sufficient to
(2015a) membrane cartridges used for 5 evaluate the full picture.
months, 3 days to 2 years, 3
months)
18 | Jensen et al. | Industrial used membranes (1] ATR FT-IR Mapping of residual fouling MCR is usetal evaluate and calculate the
(2015b) membrane used for 5 months| 3 relative concentration of the residual fouling

days)

The method includes relative concentration
determination of both residual fouling and
membrane material. ATR FT-IR exhibit

problems with regards to layered samples.




Data analysis

The investigation of membranes often involves actpscopic method of some kind. These
methods are multivariate by nature because of thidpte variables (e.g. wave numbers) measured.
Unfortunately this is not fully exploited in manywvestigations. IR is specifically used for
identification — assignment of different peaks #éinel description of the occurrence of some peaks
and disappearance of others which is relevant vdedéermining e.g. strategies for developing new
molecular compositions where hydrophobicity/hydibpity is highly influential of the production
and cleaning performances of the membrane. Thera eneral lack of multivariate data
interpretation present in the current literaturelydlew authors have employed multivariate data
analysis for modelling of the residual fouling centration. Even fewer studies investigate
industrial membranes, the only option to get acitsight into the production regimes, the flow and
fouling during filtration processes. This lack aofarmation probably originates from the fact that i
is difficult to describe the flow in the membranasce they are extracted from the SWMC and
dissected into smaller pieces in order to do measents. Furthermore the concentration of the
residual fouling is challenging to calculate anddict because a full mass balance is never

available.

Delaunay et al (2008) e.g. describe the quantiboadf protein on a laboratory scale membrane,
but also on a real-size UF membrane used in aceyvahd skim milk powder processing and a NF
membrane used for skim milk. It is investigated hbe shear rate affects the deposit of protein on
a membrane. This is initially done on a bench toples in two different types of membrane
modules: VSEP and a plate and frame module. Frenbéinch top plate and frame module a model
is derived for the flow and this model is visuatiZzey means of a charcoal suspension. From this
flow model it is evident that the spacers in themheane modules are a necessity in order to keep
the velocity of the flow constant over the entirembrane area. From the same measurements
Delaunay and coworkers have modelled the quangtateposition of protein over the membrane
using ATR FT-IR. This determination was further di®ped to include an entire membrane leaf
from a full scale NF module, but the mapping thateged was unfortunately not the same as that
they saw in the bench top experiment. The mainoreasor the dissimilarity can be found from
differences in flow and pressure/pressure drop khodrs of usage. In order to calculate the
concentration Delaunay et al (2008) used a relshignbetween the amide Il peak (1520-1550 cm



) and a peak from the membrane material at 1240 @RES). They subtract a baseline and
multiply the intensities with a coefficient thatroesponds to a certain type of membrane. The
concentrations are then expressed according tsiéiggoon the original NF membrane creating a
guantitative map of the residual fouling. The magpiwas done on small scale filtration
membranes. According to the authors, this proteapping is a reliable technique for autopsy
purposes of membrane cartridges in the dairy imgust addition Delaunay et al (2008) used
image analysis to determine the importance of gpage the spiral wound membranes by
investigating the flow in a small laboratory scéle cell unit. Charcoal was used to mimic the
deposits of fouling and to provide a visual impressof the distribution, and using this trick the
authors could prove the importance of the spacsrtha flow becomes laminar when they are

utilized.

Segal et al (2011) were using another approachetermiine the concentration of protein on a
membrane using PLS. A PLS calibration from UV-VI&al (200-1100 nm) was made with two
chemical components investigated: BSA and algicid §AA). The calibration was not initially
performed on the membranes but rather on the fpedneate and cleaning liquids. The PLS
calibration was based on 140 different solutiomgynag from 0-15 mg/l with regards to BSA and
AA, 70 samples were used for the calibration andatiples were used for validation. The UV-VIS
data was correlated to the total fouling and theversible fouling by computing a mass balance.
The feed, permeate and cleaning solutions were umedswith UV/VIS and using the PLS
calibration the authors obtained an indicationhef ¢ontent of foulant in the solution and thereby a
insight into the amount of fouling still attacheal the membrane. Subsequently, the membranes
were cut into smaller pieces and measured withghobustic spectroscopy (PAS) FT-IR (700-
4000 cm') and the concentration (target value) estimatetth WiLS on the feed, permeate and

cleaning solutions correlates to that specific spet. The irreversible fouling was calculated as:

irreversible fouling = total fouling — [BSA(cleargrsolution)]
total fouling = [BSA(feed)] — [BSA(permeate soluijp

In the study the membranes are fouled using a @addiltration unit with an area of 50 érander
a pressure of 2 bars. Obviously this procedure dgoesesemble closely an industrial production.

Segal and coworkers also found that polysacchanudi@g a big role in cake layer depositing



because of the large and elongated structure ahtilecules. This cake layer prevented the passage
of BSA molecules and created a reversible foulireg tould be removed by cleaning.

Gelaw et al (2011) have investigated a type of nrambthat deviates from the common filtration
membranes, namely a nylon based membrane usedltfatidn of a water (~90% (v/v)) and
sunflower oil (~10% (v/v)) emulsion with ~1% (w/whey protein. The membranes were measured
before use (virgin), when fouled and after cleaninging Fourier-Transform Infrared
Microspectroscopy equipped with an ATR needle (AIHFMS). The aim was to separate the
different classes of spectra using soft independeteling of class analogy (SIMCA) in order to
differentiate between the virgin, fouled and clehmeembranes. Moreover the objective was to
obtain qualitative information about the foulansideials on the membrane after the application of
five different cleaning protocols, where they foaus the functionality of Tween 20 (polysorbate
20). Variable selection was used to find the migtificant regions of the spectra (900-18009m
which included the amide regions from the whey aisb the regions that correspond to
polysaccharides (C-O-C in esters, 1099 and 1057) drom the sunflower oil. Outlier detection
was performed with sample residuals and Mahalandistances. It was concluded that the
classification of the different cleaning methodsl &ine fouling states of the membrane by SIMCA
was a success and the authors accordingly reconade¢hd use of more multivariate data analysis
for gaining further knowledge in future experimer@&elaw et al (2011) concluded that it has been
proven that ATR FT-IR is useful for analyzing fdtron membranes, but that the combination of
ATR FT-IR and multivariate data analysis can edséyapplied in the membrane field to extend the

knowledge of the phenomena occurring on the menatsarfaces.

Maruyama et al (2001) used chemometric methodsvatuate the fouling material using single
wavenumber variables (univariately). The purposthefstudy was to determine the behavior of the
protein denaturation during membrane fouling. TI& Bnd PTFE membranes were fouled with
BSA and the fouling was lyophilized, removed frdme tmembrane and measured with ATR FT-IR
in the form of a powder. Lyophilization was util&zéen order to remove any interfering water peaks
from the spectra. The data analysis was performeti@amide | band (1600-1700 ¢because of
the intensity and position in the spectrum. Cumsolution was used to resolve the amide | peak,
thereby being able to determine the position andhheof the underlying peaks which provide

information about the secondary structure of praté€Byler & Susi,1986). The amide | peak was



fitted with Gaussian curves to determine width,ifpms and height. The underlying peaks expected
to be present under the amide | peakcatelix (1656+1 crit), p-sheets (1636+1 ¢ and turns
(1681+1 cm'). A second derivative method was utilized to eottrdata of the underlying
phenomena ensuring that the correct peaks aretigatesl. Maruyama and coworkers concluded
that the PS membrane (UF) does not affect the secpnstructure of BSA while the PTFE
membrane (MF) has an effect on the secondary ateicthe content od-helices decreases while

the content of-sheets increases, depended on the BSA concentratio

Another case where multivariate data analysis wsed uto extract information in membrane
research is Bégoin et al (2006a). In this casalttia was not only collected with ATR FT-IR, but
also with scanning electron microscopy with enatigpersive x-ray (SEM-EDX) which detects the
elemental composition. The membrane was mapped frenresults of the SEM-EDX. In this
investigation they made the sampling from a membdnaodule used in the industry, using four
different leaves from the same cartridge (refete@s number 1, 4, 5 and 7 with leaf number 1
being the inner leaf and 7 the outer leaf). linportant to keep in mind that a membrane module
like this is spiral wound and it has no first/inr@rlast/outer leaf. The same authors also made a
second reporting (Bégoin et al 2006b) where thismenation terminology is used. It is stated in
these publications that the differences observedapping are strongly related with the distribution
of the fluid velocity in the spiral membrane. Thater publication (Bégoin et al., 2006b) is
especially interesting in this context because lieeg measured a membrane that had reached its
maximum usage in the industry, and by SEM-EDX et&d information on carbon (C), nitrogen
(N) and oxygen (O) which originates from the foglimaterial, and sulphur (S) which originates
from the membrane material. The information co#ldctvas used to map the relative relationship
between (C+N)/S and the relative relationship betw®/S which indicates how the residual
fouling is distributed on the four different membealeafs. ATR FT-IR was also measured and the
findings in these results support the results ef SiEM-EDX measurements. A deeper insight into
the fouling of PES membranes was achieved by teetimmodeling. The modelling shows that the
membrane is most likely to foul at the center tobéhe module which is visualized by graphics,

making the results easy to interpret.



Conclusion

The data analysis used in the investigations of branes has primarily been univariate with focus
on the identification of relevant peaks and ondbeformation of presence/absence of peaks before
and after fouling. This is a pity since the IR gp@&contain much more information which should
be fully exploited. Calculating the precise concatidn of the residual fouling should not be the
only objective for a membrane investigation as litnmates the possibility to investigate
industrial/lused membranes due to the impossiliditgetermine the precise compositions based on
e.g. mass balances, the concentration calculasbosld rather aid in determining if a cleaning
procedure is sufficiently effective and for thatateve concentrations are adequate. In the case
where fouling is modeled it is usually performeddayculating theconcentrationby computing the
ratio between an amide peak and e.dixad peak at 1240 cththat originates from the PES

membrane material.

ATR FT-IR measurements of membrane systems anthfpid mostly used for identification due
to its powerful ability to measure even minute @iféinces in sample composition, but so far the
method has only been limited used to describe temimnanes in correlation to flow, fouling or
mapping. In contrast e.g. SEM-EDX and other metha@sused for the mapping of the fouling
because they extract atomic percentages that a#s lib used mathematically with only few
alterations. IR on the other hand needs nameanced multivariate methods extract relevant
information, but the data extracted from IR carvbey useful as it describes the functional groups
and to some extent their interaction, all in atreddy soft and non-destructive way which means
less disturbance and biasing due to measuremehis.larger demand for mathematical tools is
probably one of the reasons why IR is still mainlyed for classical identification only. The
guantitative aspect requires more elaborate dataling and the multivariate nature of the IR

measurements makes it a perfect candidate forraahetric investigation.

A second aspect that emerged from this review asntted for more analysis on membranes that
have been used in full scale industrial settingssiMnvestigations have been performed on systems
that were fouled in minor laboratory scale unitsdead-end filtration units for a very limited
amount of time. The industrially used membranesgaite expensive and more difficult to handle,

but better information on an industrial level iseded e.g. in order to explore new CIP strategies.



The membranes from a laboratory scale experimemadmffer sufficiently realistic insight into

production scale fouling patterns and repetitiveges
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Objective Cleaning factors to be optimized:

To optimize cleaning efficiency in the food

industry by: lll
+ Develop of fast in-line cleaning validation

Sensors
+ Evaluate cleaning factors by statistical
design of experiments ‘

Case: Cleaning membrane unit

Fractionating dairy products by membrane ultra filtration
(UF) plays an important role in manufacturing of many
products for the food and ingredients industry. Cleaning of

membranes has a large influence on the efficiency of the Production
UF Operation, Ultra Filtration units for whey fractionation

with nine membrane modules
After a given amount of production time without cleaning
the performance of the membrane modules will decrease ;E ;E % ;E % % ;E Q %

and-energy demand to maintain equal flux will become

Cleaning

In each module

excessive. ﬁ E ‘% Retentate Cleaning agents Water flushing
s 3 i
. - L BN S — 1. Caustic After each
The .requlred .Cleanmg i Plat;e (CIP) step cuts away a rest (wh \ \ \ VV ot 2. Enzyme cleaning agent on
considerable time from the continties production capacity of &% pron \% \‘% \g 3 3. Acid each nine loops
a factory and a high CIP efficiency is thus of substantial % m 4. H,0,

economic importance.

L

—— -

Cleaning by recipe Methods for CIP monitoring
Cleaning of UF membranes is recipe driven. A fixed program (often b ibaice . .
provided and decide by the equipment vendor) is used to guarantee ‘ ‘
chemical'and microbiological cleanliness. This procedure does not take so|Caustic f"; Cleaning agents |
into consideration the-long-term, on-site performance of the equipment nor - Ry nig . eerflushing
the short-term production history. Tryptophan %o— °%e ol
LR - 1 N A R i

Towards active control ... Swer e Ll W% g
Approach o8 water — | . .
In our research we investigate an active control strategy for CIP of UF xa,,ehzth(nm?o e lw__cleah’iﬂg—timzaﬁﬁni
facilities. The first step is to get a detailed overview of the chemical [ S S - L e .
composition of residues removed in the different cleaning steps. @Permeste o o
Sampling and measurements o °
A large number of outlet grab samples from the permeate plus retentate o °
side of a UF unit were analyzed by three potential sensor based e © Lo e
monitoring methods which could work for automatic CIP control: o-80 4.0 9.0, hd

> Absorption of ultraviolet light

> pH Univariate measurements

> Electrical conductivity © a0 i lz‘%sti.j

L ]
Result % R o e RS,
The multivariate response from UV absorbance were subjected to [EERSMIEEE B putter g
Principal Component Analysis and the development of the first score (2 [EERAd S @ thyme s §° 8 M0
unit less pseudo-concentration) is showed in the figure (right). UV R B SN J4 e g
absorbance during the water flushings (zoom plots) appears to reach the : 8 o 2 s
level of well water very early during flushing. This suggests that water P S— (] . ! o
. . . . . . 0 100 200 300 0 100 200 300

flushing could be terminated earlier in the particular cleaning process, Cleaning time (min) Cleaning time (min)

which opens up for the possibility of reducing water consumption.

Det Strategiske Forskningsrad og Radet for Teknologi og Innovation stér bag initiativet og bevillinger til inSPIRe. Industri og fonde bidrager ligeledes med bevillinger til inSPIRe..
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Abstract

Quantify Protein and Fat

aUniversity of Copenhagen, Science, Department of Quatitl Technology, Rolighedsvej 30, 1958 Frederiksberg C

agent.

The residual-fouling present on spiral wound polyethersalafter cleaning-in-place of full scale production ulthaftion membranes was investigated with special inténgsrotein (amide | and amide Il) and fat residue. Tisélml-
fouling was determined by ATR-FT-IR where three spectgibrs were used: amide | (1500-1515¢mamide 1l (1645-1670cr) and fat (1720-1760c#). Each of the peaks found in these spectral regionsitteak iy Cauchy-Lorentz
or Gaussian distributions via non-linear regression inrdadgquantify the area under the peak. This number can beruetheer statistical calculations, regardless of varg@pgctral backgrounds. ANOVA is used to evaluate the
significance of the four factors affecting the mode&flinside a cartridge, inside/outside membrane layer, ieistarom Feed/DFF, and Distance From Center/DFC). DFE, @@ DFCturned out to be statistically significant factors|in
the residual-fouling response-surface models of the meethré&valuating the contour plots of amide |, amide Il anétdat the experiments similar characteristic pattesqsressed are found regardless of the membrane and the fouling

e

Introduction

in the milk powder production from whey.

o Conclusion .
= 4

The dairy filtration industry uses considerable volumesatEwevery day for cleaning in order to maintain thipired hygienic standards and to keep their operations guanisatisfactory capacity. This translates into a lasgeof

resources in the form of potable water being consumed gmbduction downtime while cleaning-in-place (CIP) tagkse.
After CIP this water it is led back to the waste managerfecilities which, depending on the state of the wat be a costly and energy demanding process.
In the Danish dairy industries a substantial effort islen@ minimize the use of water and time in cleaning. figgsarch includes increased knowledge on the state ofttafiltration (UF) membrane cartridges that areimeiyt used

It is possible to identify a characteristic patternesfidual-fouling for the UF membrane cartridges investiat€he DFF and DFC directions have a significant influencéherfindings in all the ANOVA investigations performed on!
amide band# The concentrations of both amides are highest at therdebe and decreases towards the glued edge along the BE@AHirSimilar results have been presented by Schwirglgktof Membrane Science 242, (2004
129-153y ATR-FT-IR analysis is discriminatory in the sensatth can differentiate two different types of residfeaiting in the layer on chemical (IR finger printingjther than physical (thickness) groumdshe staining for

proteins as applied to the membranes aided in describing ancstandéng the residual fouling on the membrane and helpatifydéhe inhomogeneity that can cause large variaticthe measurement results.

Processing @

Sweet whey
+ Byproduct when making rennet types of hard cheeses.
+ Initial total true protein (TTP) concentration around 0.549
(w/w) and a lactose concentration of 4.05% (w/w).
Atfter filtration the average TTP content of the réats
and permeate is 22.76% (w/w) and 0.03% (w/w),
respectively.

The lactose concentration also decreases during 6ltrati
to averages of 2.37% (w/w) and 3.94% (w/w) for retentate
and permeate

24h production

Flushing

M‘ell:terials and methods

Membrane leaves from a whey processing are cut into
coupons that is considered our sample unit for the
experiment.

The membrane is an ultrafiltration cartridge, and
membrane sheet material is polyethersulfone. The unit
consists of 11 leaves with an inside/outside layer.
Cutting the membrane into coupons creates 96 sam|
where triplicate measurements at random positions
performed on each object.

Do
W

First membrane cartridge
Selected leaves:
[1]23[4]56 (78910 [11]

12 0 sl coupons
-<m Totoomm

Center tube

Data analysis

Determine peak area by non-linear regression in IRtispfar

protein (amide | and amide Il) and fat

For the data analysis of the FT-IR measurements tpessfis

regions of the spectra that are known to be influencedeby th

residual-fouling constituents are compared:

gin UF mambrane |
—) used UF membrane |

s
i

1 Fat (1670-1825cH)
2 Amide 1 (1600-1700cr#)
3 Amide Il (1505-1555¢r#)

Absorbance (|

0

@000 3500 Wavenumber (cmt) 1500
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peaks with Gaussian curves

Distribution of

values

nes the important factors
ace response model

!

Membranes contains residual fouling
(a) No staining (b) Stained fouling

(a) zsmnf

Amide |

Contour plot for comparison of fouling distribution
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