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Abstract

The study addresses problems concerning reducigffiects of fouling,
accompanying cross flow filtration. Mechanisms ofilfing production depend
on the properties of the fluids being filtered, tlobaracteristics of the
membranes, and the conditions of the filtrationcpeses. This mechanism relies
upon the accumulation of particles and colloidsgrotrganisms, and salts on
the surface and in the pores of the membrane. fBsiglts in a dramatic flux
decline and retention of the membrane. One of tbst mffective and significant
way to reduce fouling is by choosing an appropriatambrane and the optimal
process conditions adjusted for the fluid charasties. However, this does not
solve the problem entirely. Fouling may be eith@rersible or irreversible. In
some cases, depending on the structure of memhmrezsible fouling can be
removed by backwashing. In the other cases, ie@iired to use chemical
purification of the membranes. lIts efficiency degeeron the cleaning reagent
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activity, ionic strength, concentration, and pH,veal as temperature, pressure,
time, and the flow rate of cleaning solution. The&raduction of the reactants is
performed in order to loosen the structure andblisthe deposit, to maintain the
foulant in the solution and to prevent its re-enaiegl on the membrane surface.
Better results of cleaning can be achieved by inipgothe conditions for the
transport of the reaction products from the men#iato the solution. It is mostly
controlled by the flow rate of the cleaning solafibut it must also take into account
the temperature and time of cleaning, which affieetmass transfer and chemical
reaction. This is achieved by means of a suitaebighed cleaning-in-Place (CIP).
Mobile pilot installation of CIP was prepared bye tinstitute for Sustainable
Technologies - National Research Institute in Radiris designed to develop,
verify and optimize the CIP procedures in termgilot and test membrane systems.

Introduction

The monograph [1] highlighted the growing importaraf nanostructured
materials and nanostructures in technics, partigulan solving ecological
problems and environmental issues. Reducing indiistruisance for an
environment is associated with a reduction in watgisumption and the amount
of wastewater discharged into the environment. This be achieved through
the wider use of modern methods of the separatnohparification of liquids.
Some membrane techniques have a great potentiisnfield. They enable
treatment and purification of seawater and itsaeginent with drinking water,
the purification of technological liquids, and tagtension of their operation in
industrial circuits, as well as the treatment afustrial and municipal waste [2].
Membrane techniques make it possible to close #tencircuits and to reduce
water consumption. They do not require the usehefricals for support, and
they do not cause transformation components to dparated. A particular
feature is that they do not cause a chemical toamsftion of substances, thus
enabling their recovery in the process of wastemadatment. In the process of
purification, some of the components in the wastewean be recovered. This
allows saving raw materials, energy, and laboumnvéieer, a serious problem in
the management of water concerns the depositidnotdgical components and
organic components of treated liquid on the mendsas well as precipitation
of minerals on them (Fig. 1).

organic fouling biofouling scaling

Fig. 1. Schematic representation of fouling strtetlayers resulting from the deposition of
organic substances, microorganisms, and minerstanbes
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Usually, however, all processes take place simetiagly and the effect is
defined as a common fouling. One of the followirlgepomena aids fouling [3]:
concentration polarization and the resulting cotregion of substances
dissolved in the water at the surface of the menwraadsorption of the
substance on the membrane, and structural chamgies polarization layer. The
most adverse effect of these phenomena is the farman the membrane
surface so called ,filter cake”. This causes memérélocking, resulting in
a dramatic decrease in filtration flow and the ciida ability of membranes.

Depending on the requirements for the purificatiai liquids,
microfiltration (MF), ultrafiltration (UF), nanofitation (NF), or reverse osmosis
(RO) may be used. The comparative characteristestown in this paper [4].
The main driving force of these processes is thestnembrane pressure. These
techniques vary in the pressure at which the pstesarried out and in the
transport mechanism of permeate components thritvggmembrane. Generally,
it can be assumed that, in the case of porous narmabr(MF, UF), separation
proceeds by the sieving mechanism. Components exntakn the pores pass
through the membrane into the permeate, while tavges undergo condensing
in the retentate (Fig. 2). Significantly, the simyimechanism in NF and RO
membranes is in decline. The separation of comgenehthe liquid to be
filtered is carried out through the diffusion. Teterminant for this process is
not only pressure, but also the molecular mass ofmaecule and its
physicochemical state (charge, polarity, bipolatitye shape, the diameter of the
replacement).

TRANSMEMBRANE PRESSURE
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Fig. 2. Directions of mass flow during the seleetseparation process [5]

Both the sieving and the diffusion mechanism aidifiy accumulation on
the membrane. At the surface of the membrane, cmmig of separated
components and the loss from the feed as well as’¢bmpression” to the
membrane surface occurs. This process involves leanphysical and chemical
interactions between the surface of the membrandetta® constituents of the
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filtered liquid. These phenomena depend on botm#tere of filtered liquid and
the membrane. The most significant issues are reambstructure (porous or
solid), its charge, hydrophilicity or hydrophobigitand surface roughness [6].
Eventually, fouling leads to increased hydraulisis&ance of the membrane
[2, 7] and increased transmembrane pressure, vitiengrocess is carried out at
a constant stream flow [8, 9] It also leads to erélase in the permeate flow at
a constant transmembrane pressure [10-12].

An effective manner of elimination of the effectsfouling is the periodic
removal of filter cake, e.g., through the use aflbflushing [13]. Nevertheless,
this procedure cannot be used in every case (aolidcomposite membranes)
and is not always effective. In many cases, mo&cidrces between foulants
and the surface of the membranes preclude the thastk. The only way to
avoid these problems is membrane stripping (calieén in place — CIP) using
a variety of substances reducing or eliminatings¢heffects. This procedure
should enable the removal of various foulants whilgintaining the original
characteristics of the membrane [14]. However, ofehe side effects of
improperly performed membrane cleaning is an a@velnsnge in the properties
of the membrane surface, retention capabilitied, faination stream. Therefore,
a single universal CIP procedure is not possiblg, &ach case requires
individual approach and solution.

1. Chemical cleaning of membranes

In the process of "deep” water purification, thestonportant techniques
are NF and RO. Due to the water environment, mendsraare particularly
susceptible to fouling. Treatment of NF and RO memes is practically
possible only through the use of CIP proceduree Uibe of this procedure
reduces the efficiency of the process [15]. Chehtilssning of the membranes
has a great impact on the manufacturing processtarabsts due to the time
needed to perform all the operations, the consumpif water and chemicals,
the danger of corrosion and degradation of the mengbsystem, the need for
recycling or reclamation, washing baths, and newst&venanagement.

The selection of the CIP reagent is a functiorhefmembrane material and
the type of foulants. Some parameters, such asaheentration, the speed and
flow rate, temperature, pH, pressure, and timehefgrocess should be met. In
practice, it is thought that NF membranes also ireqdifferent cleaning
procedures even working under identical conditiff®]. This is because the
characteristics of the membrane affect the comiposiand fouling structure
layer. Certain combinations of reactants and mendsraare incompatible and
may result in irreversible loss of flow or the mr#ien capacity of the membrane.
Thus, the selection of a proper cleaning proceduzucial to the exploitation
of membrane systems. The activity of reagents shdnd confined to the
removal of foulants from the membrane surface dmggcessary, from its pores.
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However, it is common that the reagents affectdnecture of the membrane
itself, changing the surface or porosity of the rheame. This may result in the
recovery of the filtration stream higher than o thative membrane, which is
sometimes associated with deterioration in itsntede characteristics [17, 18].
The selection of the appropriate reagent is cruoalthe effectiveness of the
CIP.

The variety of available membrane types and théifigumechanisms and
types of foulants forces one to search for the rsosgable reagent for each case.
Taking into account the chemical nature and mechamif action, the reactants
can be divided into several groups [19]:

Alkali (NaOH, KOH, NHOH);

Acids (HCI, HSQO,, HNG;, H3PQ,, citric acid, oxalic acid);

Salts (NaCl, KCI, NaN§ NaNG;, NaSQ,, NH,CI);

Surfactants (SDS — anionic, CTAB — cationic);

Chelating agents: ethylenediaminetetraacetiad g&DTA) and the
sodium salt of ethylene diamine tetraacetic acighI®TA, NayEDTA);

6. Enzymes (peptidases, proteolytic, hydrolytio),a

7. Disinfectants (oxidants) NaClO,8h, KMnO;,.

Commercially available preparations ae usually atuné of the above
mentioned groups of the reactants.

Alkaline reagents cause hydrolysis of the organic foulants and make
inorganic ones dissolved [19]. The presence of dwgrions in the baths leads
to an increase in the ionic strength and the mgstfrthe surface charge on the
membrane [17]. High pH also results in the negativarge of an organic matter
as a result of the deprotonation of the functiogadups such as carboxyl,
hydroxyl, and amine groups [20]. It also resultsdissolving the foulant and
removing it from the membrane [18]. As a conseqaeraikaline solutions
appear to be more effective than the acidic onethenremoving of organic
foulants. Thus, alkali with acidic reagents is usedemove organic fouling.
This dominates in the processes of filtration affare water and the recovery
and regeneration of the technological water sahst@and wastewater.

Acid baths are able to effectively remove precipitated sédtsaling) from
the surface and from the pores of the membranetdations between acids and
foulants consist in the dissolving and chelatingnmirganic substances as well
as in the hydrolysis and saponification of orgasubstances [19]. In the study
[21], in order to clean NF membranes, HCI, NaOH BiagEDTA were used as
chelating agents. As a result, the removal of sgadind organic fouling as well
as biofouling was obtained. It was also found tih& chelating agent played
a key role in this process. This enables the exgdhah metals forming scaling
between the ligands. However, the complete remafalscaling required
periodic use of the acid baths. Alkaline and chmdateagents improved the
flow, but deteriorated the retention capacity & thembrane.

arwpdE
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The mechanism of the action of tealt solutionsis associated with the
structural changes in the bonds of the gel layat i@m exchange. The salt
solution prevents the structural integrity of thepdsit layer by reducing the
cohesion forces between the foulant molecules. @#simn the structure and
a deformation of the gel layer are the result aifterence in osmotic pressure
between the solution stream and the inside of didager. Salt solutions (e.qg.,
NaCl) make the deposit layer of hydrophilic gel Bvaed become porous, and
sodium ions diffuse into it and displace*CE22]. This process aids the breaking
of the bonds between calcium and organic composndk as alginates. In the
study [22], it was found that NaCl removes hydrdipideposits (alginine in the
presence of C3) from the surface of the RO membrane with a negatirface
charge used for the desalination of water, ansdl liéss effective with respect to
hydrophobic gels (humic substances).

Surfactants reduce the surface tension and dissolve aggregates
macromolecules by forming a micelle around thereyehy detaching it from
the surface of the membrane. They also displayctiedating agent’s activity
[19]. In the research [23], it was found that tlwefactants in alkaline solutions
(NaOH) produce synergies and facilitates the reino¥ahe organic foulants
from the membrane. The surfactants contribute ¢octintact of alkali with an
organic matter and cause a negative charge of thanic matter and the
weakening impact of similarly charged membraneasigf

Chelating agentsare able to remove both organic and inorganicaias!
[22—-24]. They allow the removal of the metal iomsnfi the gel layer and
weaken its integrity (e.g., alginine in the presené C&* on the surface of the
membrane forms a very stable gel layer). In theegrgent [24], a fouling
organic layer with effectively stabilized €awas removed from the RO
membrane surface using the surfactant (SDS) anlatiiee agent (NZEDTA).
The addition of NaOH had no effect on the propertiethe cleaned membrane.
That is, SDS mixed with chelating agents is suffitly effective in removing
organic fouling. Thus, the composition is safer fmth the membrane and
installation that do not contain NaOH.

Enzymesare used in the cleaning processes concerning ¢ngbranes that
are sensitive to chemicals, pH and temperature, itmust be conducted under
mild conditions. Enzymatic baths can improve thaligy of cleaning while
reducing the consumption of chemicals and energgiscalue to the lower
temperatures in enzymatic baths than in chemicaés.orEnzymes are
biodegradable and can be produced for the spedéimands. There are
commercially available formulations for specificpéipations on the market [25]
with additions to enzymes, e.g., endopeptidasetiSin) or a mixture of
proteases containing other active ingredients, argonic surfactants. They are
particularly effective in the cleaning process aoftpins and carbohydrates (e.qg.,
starch), which are hydrolysed by their action. lany cases, the use of enzymes
allows for a greater stream of permeate cleanirgmital, but it is typically
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expensive, although in some cases inevitable. Tiemical state of the
membrane after the enzymatic treatment varies fioat after the chemical
treatment. This is more expensive, but generaltyitable, which is the reason
for reducing in the hydraulic resistance againsé thative membrane.
Nevertheless, there is a risk that the deposit ezictivated enzymes or the
products of destruction accumulate on the membrelnasging the selectivity.

Commercial reagentsare usually a mixture of several components sedect
for chemical parameters of the different categooks/astewater, but, in most
cases, the composition is not given by manufactuiersome cases, information
is available on the gualitative formula [18], eig..nay contain an amphoteric
surfactant and EDTA — high pH = 11 indicates thespnce of the alkali or
a mixture of detergents, buffers, EDTA and sodiupotyphosphate, trisodium
phosphate, which raises the pH to over 11.

The efficacy of the agents used in the CIP procedepends largely on the
state of fouling layer that determines access ehruhg deposit layer. The
effectiveness of chemical cleaning depends on tiemial reactivity of the
agents that are supposed to weaken foulant-foudauct foulant-membrane
interforces. Effective detergent eliminates or et the cohesive forces
between the foulant molecules which maintain thegrity and strength of the
foulant layer or cohesive and adhesive forces ketwiee foulant molecules and
the membrane that maintain the foulant layer omieenbrane surface.

Certain reagents significantly increase the flowpefmeates relative to the
native membrane. This may be due to pore cleansiimy material that remains
during their preparation or the adsorption of tkagent onto the membrane
surface and thereby increasing its hydrophilicit®6][ The increase in
hydrophilicity makes the interaction stronger bedwevater molecules and polar
groups on the membrane surface, limiting water ewion on the surface of the
membrane. The increase in charges on the membearses an increase in the
electrostatic repulsion forces between the actiomtp of the membrane and
causes the membrane to become more open. The dacieathe membrane
charge also increases the repulsion forces betwlenmembrane and the
foulant. Significant savings can be achieved bygtaper selection of reagent
from the productivity of the membrane and its rétancapacity point of view.
For example, washing with a solution of JABTA and NaP;O. provided
a sufficient stream recovery after one cleaningegywhile the other reagents
combination required two or three cleaning cyclesobtain the same results
[21]. It is worth noting that the high stream reeow is not always a total
removal of foulant. Particularly, it is needed &ext proper cleaning reagents
for NF and RO membranes that are required to st i

For an effective and safe CIP process, appropciatning baths are used.
The CIP process is based on selecting a cleanaggne and some chemical and
physical parameters of the liquid to be filtered kdown composition of the
filtered liquid enables the prediction of the fauldaype and the selection of an
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appropriate method of its disposal. In practiceg thost commonly used

concentration of acids (citric, phosphoric acidrioiacid) or hydroxides ranges
between 0.5 and 2.0%. However, the selection atardent for the CIP should
be preceded by consultation with the membrane naatwier and the

manufacturer or supplier of cleaning agents. Thehwaolution should be

prepared with deionized water so that the ions @oweaken the action of the
reactants. The volume of the prepared cleaning eegpiends on the volume of
the filling installations, and it is usually a @tf 1 to 2—3. It should also adjust
the pH, temperature, time, the conditions of fl@amd other parameters to the
expected effects of a CIP process.

A complex issue is the stripping of the membranfepetroleum products
[27]. This problem occurs during the microfiltratioprocess prior to RO
seawater desalination. Hydroxides are not veryctffe in this application, and
even 1% concentration give the recovery of a streén36%. Much more
effective is oxalic acid, which provided 80% recovdow filtration at 0.5%
concentration, but after subsequent wash cyclestithe of membranes work
reduced. The best results of sequence cleaningsvilows: first, 0.5% NaOH
supplemented with oxidant (NaOCI), and then with d%alic acid, which
enabled ~95% stream "recovery”, and ~96% time 'vecg' [27]. Reducing the
stream and work time in subsequent cleaning cydidsnot exceed a few
percent. In the case of ceramic membranes, proegdlR is used only at the
moment in which the flow filtration is smaller thahe initial 30% after
completion of backwash cycle (back flush or bacle@u

Application of the CIP procedures for membranesobexs a necessity in
the following cases:

a) Approximately 30% decrease in the speed (yfétcition,

b) Approximately 10% increase in the inlet pressure

c) Approximately 30% of the increase in transmemeraressure,

d) A decrease in retention factor, and

e) A longer than the two-hour delay in the proadd#tration.

There are other requirements, e.g., sanitary spegifthe frequency of
cleaning filter system (in the food industry, somstallations membrane is
subjected to a CIP procedure once per shift or aratay).

CIP efficacy depends not only on the reactants,usetdalso on the process
parameters and its implementation. The CIP proedansists of several unit
operations, during which the membrane is treatéld warious reagents. The use
of the subsequent types of reactants must be degalay cleaning the
membrane with high purity water (DEMI or RO). Iypical CIP procedure, the
membrane is treated with acids (or bases), rinséu ases (acid), and again
washed, and sometimes it is essential to use additienzymatic treatment.
Often, the cycle is repeated several times in orerobtain the desired
characteristics of the membranes. Important factorbe taken into account
when applying the CIP are the conditions in whicantbrane will go after
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installation. The natural state is to come backdanal operation. However, if

the installation is in a resting state (e.g., patdun break), the procedure CIP
must be subjected to the maintenance proceduteeahembranes. The purpose
is to protect membranes from drying out (after nigyimembranes enduringly
lose their properties) and microbial attack. Restgrthe system requires the
maintenance of membranes.

The efficiency of cleaning depends on the tempesatii the bath, which
should be maintained at a constant level. At teodaemperature (below 15°C),
the chemical reactions are slower, and cleaning tisn prolonged. It may
decrease the efficacy of the process, which, indhg term, leads to the rapid
exploitation of the membrane. On the other handl high a temperature (above
45°C) may cause damage to the polymer membraneamtidate the enzymes
(over 55°) on enzyme baths. Cleaning should b@duited at low shear rates
(free flow). For example, the flow rate of the waghbath for an eight-inch
membrane module should range from 5.5 +2% ™ nat a pressure of 3—4 bars.
High values of flow rate and pressure may causehargcal failure of the
membrane fragments while removing a fouling layehjch can be embedded
again in the membrane and cause damage to theswafa shorten vitality. For
all these reasons, the completion of the CIP pemsesequires the use of
a suitably designed system to ensure its effeatiydementation.

2. The equipment for membranes cleaning

Overview of substances used for the cleaning of bmanmes coated with
fouling (scaling) and the mechanisms and conse@seottheir actions, as well
as the ways and the conditions to counteract tsbows that this is not a trivial
issue from a technical point of view. The key pesblis to define foulants and
mechanism of their interaction with the membraniee Tetermination of these
factors allows for selection of the best cleananjposition and the conditions of
its use. It is also necessary to use an appropeateological system that will
enable the efficient process of the cleaning of tilembranes and ensure the
maintenance of its conditions [28]. The technolabigystem must also ensure
the cleaning process in the shortest time. As altréa some cases, the CIP is
equipped with an "intelligent” measurement and oargystems to optimize the
CIP process in real time. For economic reasong fecommended to avoid
oversizing of the CIP system. Practice has showhtHat the minimal solution
is a system comprising two service tanks of appatgrcapacity, provided that
the individual operations will be precisely planrel carried out in a strict time
regime. The easiest way to achieve this is to ¢htce the fully automated
control of the process. The design of CIP requarésorough study to determine
the most favourable conditions and the best systamncture for this CIP
process. The Institute for Sustainable TechnologiNstional Research Institute
in Radom has developed and built pilot systems sasdiF, UF and NF-RO.
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The MF system is equipped with tubular ceramic mambs and other
systems are in helical polymer membranes. Maimgitheir efficiency requires
periodic removal of all possible forms of foulinBecause of the necessity to
move a CIP, a mobile system has been planned.mdiisle system is designed
in such a way as to obtain the smallest mass Wétcentre of gravity located at
the intersection of simple connecting points of pgrp (wheels) as low as
possible. The virtual model of the designed moklilP is presented in Fig. 3.
The capacity of the tank and the other elementse vebiosen to ensure the
maintenance of the purity of the MF, UF, and NF-B@tems. Because the
system must operate autonomously, it was also pgdigvith a control system
for temperature regulation of the working solutidinis system aims to enable
the development and implementation of any procethmr€IP in order to clean
and sanitize membranes and utility systems.

Fig. 3. The virtual model of the designed pilot n®ICIP system

Summary

It can be assumed that fouling is a complex phemomethat creates
considerable difficulties in the implementationimdlustrial membrane processes
by lowering their efficacy. With the current staié the technology, it is not
inevitable. In order to reduce its negative effestsme techniques might be
used. Currently, the crucial significance for tbealing problem is the chemical
cleaning of the membranes (CIP), implemented dyrest the phase of
membrane system exclusion from the active phageeofiltration process. In
order to increase the efficiency of the process @nabtain synergy, while
cleaning the membranes, several different reageittisdifferent mechanisms of
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action and interacting with various foulants aredisFor the cleaning of the

membranes loaded with organic and biological faylin the surface and in

pores, alkali solutions are used. Contaminatiothefmembranes, due to scaling,
is most commonly removed by acids, often suppleatentith chelating agents.

In contrast, organic fouling caused by peptiddagpgcally removed by enzymes.

Effective execution of CIP procedures requiresube of proper systems, which
should be optimized in terms of functionality ame tcost-effectiveness of the
implemented process.
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Metody i sposoby chemicznej regeneraciji membran pisherowych

Stowa kluczowe

Filtracja membranowa, fouling, regeneracja membstagja CIP.

Streszczenie

W artykule omoéwiono podstawowe problemy gméne z usuwaniem
skutkéw foulingu, towarzygszego procesom filtracji membranowej technik
,cross flow”. Mechanizm powstawiania foulingu zatleod charakterystyki
filtrowanej cieczy, charakterystyki membrany oraarunkOw realizacji procesu
filtracji i polega na akumulacji gstek, koloidow, mikroorganizmédw oraz soli
na powierzchni i w porach membrany. Jego skutkiesat jzmniejszenie
strumienia filtracji, a take pogorszenie charakterystyki retencyjnej membrany.
Jednym z najskuteczniejszych, a zarazem kluczovepdsobdw ograniczenia
foulingu jest optymalne dobranie membrany i warwmkdrocesu do
charakterystyki filtrowanej cieczy. Nie rozyuje to jednak problemu
w calagsci. Fouling mae mie€ charakter odwracalny Ilub nieodwracalny.
W niektorych przypadkach, zatleych od rodzaju membran, fouling odwracalny
moze by usuwany poprzez pitukanie zwrotne. W pozostatydrmdne jest
zastosowanie chemicznego oczyszczania membran elegywndé zalezy od
sposobu dziatania reagenta puggo, jego sity jonowej, stenia oraz pH
roztworu myjcego, a take temperatury, énienia oraz czasu i Szybi@
przeptywu cieczy myjcej. Wprowadzenie reagentdw ma na celu rodknie
struktury i rozpuszczenie depozytu, utrzymanie datd w roztworze oraz
zapobieganie ponownemu jego osadzeniu na powidrzahembrany.
Usprawnienie oczyszczania oma uzysk& poprzez popraw warunkow
transportu masy produktow reakcji od membrany daworu. Najczsciej jest
to kontrolowane przez pdkos¢ przeptywu lgpieli myjacej, jednake naley
bra¢ takze pod uwag temperatus i czas mycia, ktére wptywajna transport
masy i szybké&c reakcji chemicznych. Wymagane parametry processkuge
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sie dzigcki zastosowaniu odpowiednio zaprojektowanej insjal@IP. Mobilng
pilotowy instalacg CIP opracowano w Instytucie Technologii Eksploptad 1B
w Radomiu. Jest ona przeznaczona do opracowywamaryfikacji
i optymalizacji procedury CIP w odniesieniu do poych i testowych
instalacji membranowych.





