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ABSTRACT

PREPARATION AND PERFORMANCE ANALYSIS OF
ACRYLONITRILE BASED NANOCOMPOSITE MEMBRANES
FOR CHROMIUM (VI) REMOVAL FROM AQUEOUS SOLUTIONS

Bozkir, Selguk
M.Sc., Department of Polymer Science and Tecauyol
Supervisor: Prof. Dr. Ali Usanmaz

Co-Supervisor: Assist. Prof. Dr. Mehmet Sankir

December 2010, 90 pages

Acrylonitrile were copolymerized with 2-ethylhexgtrylate and hexyl acrylate via
one step emulsion polymerization using ammoniumsy&ate (initiator), 1-
dodecanthiol (chain transfer agent) and DOWFAX 8@@0factant) in the presence
of water at about 6€C. Poly (acrylonitrile-2ethylhexyl acrylate) andlp
(acrylonitrile-hexyl acrylate) copolymers with tlere different comonomer
composition (8, 12 and 16 molar percent) were pezhaFTIR andH-NMR were
used in order to clarify the chemical structurecopolymers. The comonomer
amount incorporated into copolymers was determimgdisingH-NMR spectra.
The thermal behavior of copolymers was determine®8C and TGA. Molecular
weights of copolymers were determined by intringgrosity (IV) measurements.
IV measurements revealed that both poly (acrylbdeifethylhexyl acrylate) and
poly (acrylonitrile-hexyl acrylate) have sufficiennolecular weight to form

nanoporous filtration membranes.



Nanoporous filtration membranes were prepared asted for chromium (IV)
removal. It was observed that chromium (VI) rej@et of nanoporous filtration
membrane were highly dependent on the concentratidrthe pH of the solutions.
Almost complete removal (99, 9 percent Cr (VI)ejon was achieved at pHs 2, 5
and 7 for solution containing 50 ppm, chromium (Mith permeate flux within a
range from 177 to 150 L/m2h at 689.5 kPa. Alsaneital structure, swelling
ratios, sheet resistivity and fracture morphologadsthe nanoporous filtration
membrane were studied. It should be noted that riaaoporous filtration

membranes were fouling resistant.

Keywords: Acrylonitrile, Emulsion Polymerization, Removal &hromium ion,

Nanoporous filtration membranes



Oz

KROM (VI)'YI SULU COZELTILERDEN UZAKLA STIRMAK ICIN
AKRILONITRILE TABANLI NANOKOMPOSIT
MEMBRANLARININ HAZIRLANMASI VE TEST EDILMESI

Bozkir, Selguk
Yuksek Lisans, Polimer Bilimi ve Teknolojisi Bivhi
Tez YoOneticisi: Prof. Dr. Ali Usanmaz
Ortak Tez Yoneticisi : Yrd. Do¢. Dr. Mehmet Sank

Aralik 2010, 90 sayfa

Akrilonitril, 2-etilheksil akrilat ve heksil akrita ile tek adimh emdulsiyon
polimerizasyon teki ile kopolimerlstirilmi stir, amonyum persulfat (kkaticr), 1-
dodekantiyol (zincir transfer maddesi) ve DOWFAX983(surfactant) kullanarak
yaklasik 68 °C lik su ortaminda hazirlandi. Poli (akrilonitBiétilheksil akrilat) ve
poli(akrilonitril-heksil ~ akrilat)  kopolimerleri ¢ degisik komonomer
komposiyonunda (8, 12 ve 16 mol yuzdesinde) seenezlve karakterize edildi.
Kopolimerlerin  kimyasal yapilarini @oulamak icin  FTIR ve H-NMR
karakterizasyon metodlari uygulandi. Kopolimer dgki komonomer komposizyon
miktarlari*H-NMR ile belirlendi. Kopolimerlerin termal davratari DSC ve TGA
yontemleriyle argtirildi. Kopolimerlerin molekdl katleleri IV 6lgtnelri ile
belirlendi ve IV olcumleri Poli (akrilonitril-2etileksil akrilat) ve poli (akrilonitril-
heksil akrilat) kopolimerlerinin her ikisinin de ma gézenekli filtrasyon membran

olusturmak icin yeterli oldgunu gosternstir.

Vi



Nano gO0zenekli filtrasyon membranlari hazirlandi weom (V1) yi sulu
cOzeltilerden uzakkirmak icin test edildi. Krom (VI) pH'1 2, 5 ve 7lan 50 ppm
krom (V1) iceren soliisyonlarda kalici flukslari 2I30 L/nth aralginda dgisen
sekilde ve 689.5 kPa basin¢cda yaktaolarak tamami sudan uzaytliaulacak
sekilde baarih sekilde gerceklgti. Ayrica, nano g0zenekli filtrasyon
membranlarinin kimyasal yapilagisme oranlari, sheet dayanikhliklar ve kesit
morfolojileri calsildi. Ozellikle belirtmek gerekir ki nano gozekliembranlar

fouling dayanikhdir.

Anahtar Kelimeler: Akrilonitril, Emiilsiyon Polimerasyonu, Kromiyonunun

Suzilmesi, Nano gozenekli filtrasyon membranlari
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CHAPTER 1

INTRODUCTION

1.1 Acrylonitrile

Acrylonitrile (also called acrylic acid nitrile, ppylene nitrile, vinyl cyanide,
propenoic acid nitrile) is a monomer with a molecuiormula ofC3H3N which

contains carbon-carbon double bond conjugated avitlitrile group. The presence
of the nitrogen heteroatom allows the acrylonittdebecome a polar molecule so
that there is a partial shift in the bonding tovgatide more electronegative nitrogen
atom. The chemical structure of the acrylonitrilenomer can be seen in Figure 1

and the physical properties are given in Table 1.

/N
Figure 1.1 Structure of Acrylonitrile

The polymerization of acrylonitrile takes placeaigh the vinyl group by chain

polymerization; as a result the polymer backborevsyl type polymer.



Table 1.1 Physical Properties of Acrylonitrile [1]

Clear, colorless liquid with fainty pungent

Appearance/Odor odor
Boiling Point,°C 77.3
Freezing Point’C -83.5
Flash Point°C 0
Density, 20°C, g/cn? 0.806
Vapor Density (air=1) 1.8

Hydroquinone inhibits the polymerization of acryitoite so when the medium is
free from hydroquinone inhibitors it can be polymed readily especially when
exposed to light. Free radicals, redox -catalysts bases can initiate the
polymerization and the polymerization can be cdrroeit in liquid, solid or gas
phase. Moreover, liquid phase polymerization systesuch as solution and
emulsion polymerization are suitable for the prdotucof homo and copolymer of
acrylonitrile. Acrylonitrile is mainly used for thgroduction of several industrially
important polymers such as acrylic fiber, acrylolgtbutadiene-styrene (ABS)
resins, nitrile rubbers, elastomers, styrene-aoiyite (SAN) resins and
polyacrylonitrile [1].

1.2 Hexyl acrylate and 2-ethylhexyl acrylate

Acrylates are the class of ester compound has gemaiecular formula shown in
Figure 1.2



Figure 1.2 General formulas of acrylate esters

Although copolymers of acrylates esters are usedsaweral different areas,
homopolymer are preferred only in a few areas plieation. For the production of
copolymers the following comonomers are commonkdysnethacrylate, styrene,
acrylonitrile, vinyl chloride, vinyldiene chloridand butadiene. A carbonyl group
adjacent to a vinyl group makes the polymerizatafnacrylates easier. The
production of acrylates polymers is achieved byicadpolymerization and the
polymerization is initiated by photochemically on @azo starter or by electron
beams. An emulsion polymerization system is the tnmeferred system by
industry in the preparation of polylacrylates. Sioln and bulk polymerization are
also used however bulk polymerization is only perfed on a small scale as

compared to solution and emulsion polymerizatidn [2

In this thesis, hexyl acrylate and 2-ethylhexyl yéate were used to prepare
copolymers of acrylonitrile. Their chemical strugtican be seen in figure 3 and 4

and their physical properties are given in tabénd 3.

Figure 1.3 Chemical Structure of hexyl acrylate.



The polymerization of hexyl acrylate takes placetigh the vinyl group by chain

polymerization; as a result the polymer backborevsyl type polymer.

O \

Figure 1.4 Chemical Structure of 2-ethylhexyl aatgl

The polymerization of 2-ethylhexyl acrylate takésce through the vinyl group by
chain polymerization; as a result the polymer badkbis a vinyl type polymer.

Table 1.2 Physical Properties of hexyl acrylate [2]

Appearance Clear
Boiling Point, 2.5 kPaOC 89
Freezing Point°C -46
Solubility in water, 25°C g/100cn) 0.04
Solubility in water, 86°C g/100cn) 0.08
0.88

Density,OC




Table 1.3 Physical Properties of 2-ethylhexyl aatiey[2]

Appearance Clear
Boiling Point, 101.3 kP&C 217
Solubility in water, 25°C (g/100cni) 0.04
Solubility in water, 86°C g/100cn) 0.04
Density,°C 0.88

1.3 Polymerization of Acrylonitrile

Emulsion polymerization is the process for prodgcipolyacrylonitrile-co-

polyacrylates copolymers. Emulsion polymerizatisrainon-homogeneous method
that is composed of a water soluble initiator, watesoluble monomer and a
micelle forming surfactant. High molecular weigldglymers can be obtained in a
short time because of the high polymerization ra#egieous medium reduces the

viscosity of medium and the heat from polymerizattan be easily removed [2, 3].

1.3.1 Emulsion Polymerization

Emulsion polymerization is a widely used technighat is employed in the
production of several types of commercial polymdrs.order to synthesize a
polymer by this method, the monomers of a polymeistmhave at least water
solubility. Polymerization of monomers such as Viagetate, chloroprene, ethylene
and copolymerization of various acrylates and cgperization of styrene with
butadiene and acrylonitrile are achieved by emalsipolymerization.
Methacrylates, vinyl chloride, acrylamide, and sditnerinated ethylenes are also

polymerized by this method [4]. There are manyaar@here emulsion polymers



can be used, such as synthetic rubbers, thermimslasbatings, adhesives, binders,
rheological modifiers, plastic pigments, standdoaghe calibration of instruments,
immunodiagnosis tests, polymeric supports for thefipation of polymers and

drug delivery system, etc [5].

Batch, semi-batch and continuous are three typepradesses that are used in
emulsion polymerization. Batch emulsion polymeiiaa process is the preferred
in laboratory in order to produce new latex pagsclto obtain new kinetic data for
process development and to redesign a reactoA[bigredients are mixed at the
beginning of the reaction and when the initiatogibe to dissociate into its radicals
at proper temperature, polymerization takes placelatex particles start to grow in
the batch process. The semi-batch emulsion polyawson process differs from the
batch process only in that one or more ingredientdinuously added. The order
with which the ingredients are added the polymd&ioma medium affects the
particles nucleation and the growth of the polymén the continuous process,
while ingredients are added continuously by a serd tanks into the
polymerization medium, the formed latex particles @moved simultaneously [3].
The majority of commercial polymers are produced thg semi-batch or the
continuous process because it is easy to contedletmperature and the large scale
heat transfer of the polymerization reactor [5]eT¢ontinuous emulsion process
also has some advantages over the batch and thébatm processes, due to the

high production rate, the steady heat removal hadihiform quality of latexes [3].

Emulsion polymerization is a heterogeneous freecehdrolymerization method
that includes the emulsification of a hydrophilicomeomer or a mixture of
monomers in an agueous phase and stabilizatidmgystem with a surfactant. A
typical emulsion polymerization medium contains immer, water, surfactant and a
water soluble initiator. The addition of the sutéad at the beginning of the
reaction facilitates the formation of emulsified mooner droplets (5-10 pum in
diameter, 1&-10** dm®) dispersed in the continuous aqueous phase. Tdessigy

of this system is the formation of micelles nexttie stabilized monomer droplets.



Most of the monomer remains as giant monomer di®pénd only if the
concentration of the surfactant exceeds its ctitisielle concentration, will the
monomer swollen micelles appear in the reactiotesys Then, the water soluble
initiator starts the polymerization in micelles, ialinare then converted to a product
known as latex. Latex can be defined as a collalgslersion of polymer particles

in an aqueous phase [5].

The most commonly used water soluble initiators @@eoxo compounds such as
alkali persulfates, ammonium persulfate or hydrogersulfates and polymerization
generally takes place between reaction temperatire and 85’ C Moreover, a
redox system can be preferred to initiate the pelymation, but the reaction
temperature should be below %G [2].

Water is the key ingredient for both suspensionemndlsion polymerization. It acts
as a heat sink or a heat transfer agent and |aWvengscosity of the medium. Water
has additional functions in emulsion polymerizatsuth as it acts as a medium for
the decomposition of the initiator and the oligorfemation, as a medium for the
transfer of the monomer from droplets to partickesl as the medium for the

dynamic exchange of the surfactant between ph&3es |

A surfactant can be defined as a molecule with lyttirophilic and hydrophobic
segments. These segments provide sites for theatiarh of the particles and also
facilitate to stabilize the growing colloidal patgs in the water medium. Anionic
surfactants are commonly preferred in emulsion ipelyzation methods. However,
if synthesized polymer is used for a specific agglon such as for forming
cationically charged latex particles in paper cugdiand asphalt additives, cationic
surfactants are preferred and for controlling lapacticle morphology and for
enchanting post polymerization colloidal stabildgainst mechanical shear and
freezing, non ionic surfactants are preferred. Mwoeg, if polymerization requires
some special advantages, a reactive surfactantcsbeuused. For example, these

types of surfactant react chemically with the stefaf the particles to reduce



desorption during the film formation and reduce weger sensitivity of the latex
films [3].

Electrolytes and chain transfer agents are ther atbmponents that can be used
during polymerization. Electrolytes can control fhid of the medium and ensure
the efficiency of the initiator. For example, abqwe 6 and temperature of %0,

the dissociation of persulfate initiator can bensieethe following reaction;

S0 - 250, O
H,0+ S0, [~ HSO, +OH [

Since the formation oH3O, lowers the pH of the medium, it is necessary thad

buffer in order to control the pH. Moreover, th@asens why chain transfer agents
are used in to emulsion polymerization are to adritte molecular weight of the
product and to obtain polymers with a desired mdbecweight. A mercaptan can

be used as a chain-transfer agent to control thyen@s molecular weight. [3].

1.3.1 Qualitive aspect of emulsion polymerization

The emulsifier or surfactant is a molecule whicleasnposed of a hydrophobic tail
with a polar head group and the head group mayobe ior neutral. Upon

introduction of the surfactant into the polymeriaat medium (water), when the
concentration of the surfactant molecules go bdyats critical micelles

concentration (CMC), the surfactant molecules havendency to form aggregates
spontaneously, that is, surfactant molecules withirege themselves into organized
small colloidal cluster molecules , also called eli&s. Micelle formation is

followed by the transformation of the aqueous phatethe colloidal phase and in
order to ensure this, the free energy of the mediwnst be lowered by an abrupt
decrease in the surface of the solution. Typicateltés have a spherical or a

rodlike shape depending on surfactant and haveneeotration with a dimensions



range between 2-10nm and each micelle containdBGsdrfactant molecules. The
surfactant molecules in the micelles arrange thamsein the following way;
hydrocarbon tails attaches to the interior of theeftes and their polar head stays in

the agueous phase [4].

A water soluble initiator generates free radicals the aqueous phase.
Polymerization starts with the capturing of fredicals by micelles. However, free
radicals are too hydrophilic to penetrate into thieelles to start polymerization.
Therefore, monomer molecules dissolved in a contisuaqueous phase are
polymerized by free radicals. This makes the feacals more hydrophobic when
the chain lengths of the oligomeric radicals anegl@nough. Thus, they show a
tendency to enter the monomer-swollen micelles #red propagation reaction
continues with the monomer molecules within theeiés. Finally, the monomer
swollen micelles are converted into the particlasle. The colloidal stability of
the growing particle nuclei is ensured by using etdés that do not participate
nucleation, which disband and are used as a sanfastipply [5].



Emulsifier \Q
L —0O

9

Monomer droplet

Figure 1.5 Schematic representation of an emujsabymerization system [4].

1.3.2 Progress of emulsion polymerization

As stated in the qualitative aspect of the emulsmpmiymerization, particle
nucleation starts in Interval | and polymerizatiate increases as the number of
particle increases over time. While polymerizatisnproceeded in the patrticle
nuclei, which contains both polymer and monomens,oider to maintain the
stability of the growing particles they absorb marefactant from the solution.
Thus, the concentration of surfactant in the sotutalls below its critical micelles
concentration at a specific time. During this périof time, micelles in which
particle nucleation does not occur are disbandetumed as a surfactant supply.
Before the end of interval | or very early in intak I| absorption of all or almost all
of the surfactant in the system by the polymeriglag will take place. The particle
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nucleation step ends immediately after exhaustioallahe micelles .Interval | is
usually the shortest of the three intervals and% Xonversion takes place during
this interval. Moreover, it can be observed thdenval | is longer only if the
initiation reaction requires more time to reach steady state. Therefore, the water
solubility of the monomer determines the duratiénnterval 1, which is faster for

more water soluble monomers such as vinly acefdies

In the course of interval Il, the particle numbarsd the polymerization rate are
considered as constant and the propagation reastimoceeded by the addition of
monomers which are provided by the monomer droits The consumption of
the monomer is ranging from ca. 10-20 to 60% momnoooaversion during the
particle growth stage [5].

Emulsion polymerization continues to take placenterval Il when the complete
consumption of the monomer droplets occurs. Therpetization rate starts to
decrease because the disappearances of the modmpkats lead to consumption
of the monomers in the polymerization loci. Howevlrere may be an abrupt
increase in the polymerization rate because ofyheeffect during Interval Ill. Gel
effect occurs when a bimolecular termination reactakes place between two very

viscous polymeric radicals [5].

1.3.3 Quantitative aspect of emulsion polymerizatio

In order to define the overall rate of the polymation and the molar mass
development of the latex particles, initiation, pagation, termination and transfer
reactions are applicable because emulsion polyatesizis a kind of a free radical
addition  polymerization.  However, heterogeneous rattarization  of

polymerization makes kinetics more complicated tuéhe transfer of ingredients
between phases namely: the micellar phase, theoaguphase, the monomer
droplet phase and particle phase. Polymerizatiacti@as may take place in all

phases at the beginning of the polymerization. H@mewhen monomer droplets

11



start to disappear, polymerization shifts to thaemys phase and then the particle
phase in latter stages. It is said that polymdonataken place in particle phase is

generally predominant in emulsion polymerizatioh [3

When a radical enters a micelle or a polymer pattizusually free radical
polymerization takes place and the polymerizatiate rp is the product of the
monomer concentration [M] and the polymerizatioie ieonstant i4].
r, =k,[M] 13)
The radical concentration in the particle nuclei higher than those in the
homogeneous polymerization systems and the lifthefradicals lasts for only a
few thousand of a second. The presence of the daeaiical in the particle nuclei
leads to the bimolecular termination and in oraerdact with the particle nuclei
another free radical needs to enter the polymeoizamedium. It is well known that
emulsion polymerization takes place in an isolatedhpartment called particle
nuclei, which prevents the propagation reactiomftbe other propagating radicals,

which causes the molar mass of the polymer to bbemnithan that for solution
polymerization [4].

The rate of the polymerization at any time depeodsthe concentration of the

active particld P[] and the rate of the propagation in a particle.

Ro=k, [M][PL

(14)
and[ P[]l can be expressed as:
N'n
PN,
a (15)
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where N is the concentration of micelles plus particlesjs the average number
of radicals per micelle plus particle, ald, is the Avogadro number. Replacing

[ P[[with this equation gives polymerization rate as;

_ N'nk,[M]
N (16)
Both the rate of the polymerization and the molaassn of the polymer are
dependent on the average number of radicals p&clpar n, which is the function
of the rate of radical generation, the number dyiper particles, the efficiency of
the entry and exit of radicals into the particlesl dhe termination reactions. The
water solubility of the monomers influences thesetdrs and the average number
of the particles is not constant in the course afperization. Smith and Ewart
determined the three limiting cases for n. Case a&s wdefined where
N < 0.5.When the solubility of the monomer is high; théeraf the radical exit
rate is greater than the rate of radical entry.ra@ase Il occurs whah= 0.5,
which implies that rate of radical exit from thertpede nuclei is trivial, termination
is instantaneous and thus particles have zero ®parpagating chain any point in
time. Case lll is defined whera > 0.5 which occurs when the rate of termination
within the particles is smaller than the rate & thdical entry rate and the particle

volume is comparatively large [3].

Smit-Ewart theory proposed the following equatiop tonsidering only the

polymerization taking in the particle nuclei:

0.4

N=k| | (as)
H an

13



whereyp is the rate of the particle growth volume jkthe proportionality constant,
Pis the rate of radical generatiog,is the area occupied by a surfactant molecule

and S is the total amount of surfactant in the Hasd3].

1.3.4 Other emulsion polymerization techniques

Inverse emulsion polymerization technique involaesystem in which an aqueous
solution of a hydrophilic monomer is polymerized annon-aqueous continuous
phase such as xylene or paraffin and both oil-delabd water-soluble initiator can
be used in order to initiate polymerization in wateoil type colloidal systems.
Acrylamides and other water soluble monomers arencercially polymerized or

copolymerized by using the inverse emulsion teanmid].

In mini emulsion polymerization, the monomer draplare in the range of 50-
1000nm. Micelles formation is not observed becatgesurfactant concentration
always falls below the critical micelles concentrat(CMC). Monomer droplets are
stabilized by both a surfactant and a costabilmérh as hexadecane and cetyl
alcohol. The produced particle size is similar tonommer droplet size, which
depends on the amount of surfactant and costabdizeé: the amount of energy used

in the homogeneous process. Eit

her water soluble or an oil soluble initiator cae bhosen for mini emulsion
polymerization. Monomer droplet size determinesremsction characteristic of the
polymerization for example if the monomer dropléetesis larger than 500 nm,
suspension polymerization is observed and less B@mm particle size causes
emulsion polymerization. High solid content latexegroduced by using the mini

emulsion polymerization route [4].

A microemulsion polymerization system involves momo droplets ranging
between 10-100 nm in diameter and since the sarfacbncentration is higher than

the critical micelles concentration, micelles aoenfed. Preferred initiators are
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usually water soluble, but there are many studias ¢how oil soluble initiators are

also usable.

Although there are visible similarities between wemtional emulsion and
microemulsion, only two intervals are observed ircroemulsion polymerization.
Large amounts of surfactant makes interval | longet is, the nucleation process
take more time in microemulsion polymerization asnpared to conventional
emulsion polymerization. Moreover, there is no ¢ansrate of polymerization in

Interval 1l and the rate increases in time reachesmximum then decreases [4].

1.4 Membranes

1.4.1 Historical development of membranes

Systematic studies of membranes can be traced taghteenth century scientist.
Abbe Nolet first utilized the word “osmosis” to debe permeation of water
through a diaphragm in 1748. During the nineteeattu early in twentieth
century’s, membranes were only used as laboratwlg to develop physical and
chemical theories. For example, Van't Hoff used theasurement of solution
osmotic pressure made with membranes by Troube Riaffer to explain the
behavior of ideal dilute solutions. This study tedhe construction of Van’t Hoff's
equation. Moreover, the development of the kinglieory of the gases was
achieved by using the concept of a perfectly selecemi permeable membrane by
Maxwell and others. Later in the nineteenth centugllodion (nitrocellulose)
membranes were used because of its reproducibilityl907, Bechhold developed
a technique which used a route to produce grade@ pe nitrocellulose
membranes, other scientists produced commercialodioh membranes by
improving Bechhold’s method. Important changes Embrane technology began
with development of Loeb-Sourirajan process for imgkdetect free, high flux,
anisotropic reverse osmosis membranes. This teglnitspires other scientists to
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build up new membrane formation processes to pmdagh performance
membranes. Ultrafiltration, microfiltration, reversosmosis and electrodialysis
method were all established before 1980 and theofigas separation membranes
was started with hydrogen separation in 1980. Hsé development in 1980 was
the establishment of the pervaporization technfqueehydration of alcohol [6].

1.4.2 Types of membranes and their area of usage

The structure of the membrane determines the wfilbtation process and the
performance of the membranes. Membranes are gbneladsified as symmetrical
(isotropic) and asymmetrical (anisotropic). Symnecatrmembranes are uniform in
composition and structure and homogeneous throdgh dross section of
membranes, however, asymmetrical or anisotropic lonenes have a layered
structure with holes or pores of finite dimensiarsd they are chemically and
physically heterogeneous. While thin and dense ré&aygive selectivity for

membranes, thick porous polymer layer provides sugdpr the first layer [7].

Ceramic membranes are an asymmetric structure afpeembrane with either
dense or porous skin layer. Sintered ceramic pestiGalumina (AIO3), titania
(TiO2) and Zirconia (ZrQ@)) are used to produce rough porous support incestiu
pore size before the formation of top layer occurse pore size necessary to
support the final layer are range from 1 to 5umra@g@c membranes have some
advantages. It is well known that absorption ofewdily a membrane meterails
(swelling) increases the pore size, which causdscaease in retention time and
change in selectivity. Since swelling is not a peaob for a ceramic membrane, an
increase in pore size is not observed. Moreovigration of oils like fluid with high
viscosity is achieved easily by ceramics membraaesery high temperature
because ceramics are thermally stable. Since cemaaterials are chemically inert,

they allow filtration of chemicals without any pteins [8].

16



Hydrogen separation from gas mixtures are achidyedense metal membranes
with an asymmetrical structure such as especialjagium membranes, which
have moderate stability against oxidation. Morepyailadium membranes have
high permeability and selectivity for hydrogen.n& the permeation rate through
the membrane are inversely proportional to thektitess of the membranes and

increase with increasing temperature, dense anddémbranes are mainly preferred

[9].

Supported liquid membranes are a type of asymnaétrieembranes, which are
mainly used for the recovery of metal ions fromagueous solution, the removal of
contaminants from industrial effluents and the wecy of fermentation products
[10]. High selectivity, simultaneous extraction astdping of desired elements by a
proper carrier make supported liquid membranegaciiite both in industry and in

laboratory experiments [11].

Nanofiltration and reverse osmosis membrane caordéggared from nanocomposite
material. A nanocomposite membrane is composed diira highly selective
composite layer with porous supports which give maadcal strength. The thin
selective layer determines the whole process afettafmembrane performance.
Polyamide, polyester amide, polyethylene and plalgsi are good polymeric
materials used for the production of thin film carsppe membrane. Moreover,
polysulfones are utilized for the preparation dfraflitration and microfiltration
substrate with good thermal and chemical stabslitie].

Microporous membranes are a class of symmetricctsirel type of membrane
having rigid highly voided structure with randomélistributed interconnected
pores. The separation through the membrane depemdbe size of pores. If
material is to be completely separated from therithaterials in a mixture, its size
needs to be much smaller than the smallest poilgeahembrane. When size of the
material is between smallest and largest sizedspdres partially rejected and if its

size is greater than largest pore, it is completejgcted. Microporous membranes
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are used in ultrafiltration and microfiltration esses for recovering valuable
products as well as treating effluents and miningzenvironmental problems [6].

In nonporous or dense membranes the molecules heamgported across the
membrane dissolve in the dense membrane matrixtlaenl diffuse through it.
Transport is achieved by diffusion under the dgvifiorce of a pressure,
concentration or electrical potential gradient. @garporous dense membrane can be
used to separate two identical particles in sizkair solubility in membrane matrix
is different. The dense membranes are mainly usgas separation, pervaporation
and reverse osmosis and in order to improve thg, fmembranes with an
anisotropic structure are preferred [6].

Electrically charged membranes can be dense omopooous and usually referred
as ion exchange membranes. lons carrying the sdrage as the membrane
material are more or less excluded from the mengbpdrase and, therefore, unable
to penetrate through the membrane. In other wargmsitively charged membrane
binds the anions in the surrounding medium andwalldhe passage of anion
through the membrane with a driving force. Elegtt®Isolutions in electrodialysis

are processed by using electrically charged menaisrggi.

1.4.3 Phase Inversion: Polymeric Membrane Preparath Process

Most of the commercially available membranes aredpced with the phase
inversion process because easy controlling andsed@nt over the initial stage
characterize the whole morphology and a membrarik porous or nonporous
structure can be prepared with this method. Bdgiaadntrolled transformation of a
polymeric solution from the liquid state into thaid state is called phase inversion.
Membrane preparation starts with the transformatiba liquid phase into the two
liquid state, which is referred to liquid-liquid mexing, then the liquid state with a
higher polymer concentration is solidified and feran membrane structure by the
following methods solvent evaporation, precipitatiith controlled evaporation,
thermal precipitation, precipitation from the watgthase and immersion
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precipitation. In solvent evaporation, the polyrsetution is poured on a porous or
nonporous support then the solvent is allowed taperate in an inner nitrogen
medium. A dense homogeneous membrane is producadessilt of the complete
evaporation of the solvent. A porous membrane 38 grepared by precipitation
from the vapor phase technique. A cast film of pwdy is placed in a vapor phase
of a mixture of a nonsolvent saturated with solvent diffusion of nonsolvent
molecules into the cast film causes the formatidn neembrane structure.
Precipitation by controlled evaporation is anothechnique in which polymer
dissolves in a mixture of a more volatile solvend &s nonsolvent. Evaporation of
solvent makes the polymer precipitate in nonsohamd the process finishes by
formation of a skinned polymer membrane structiiereover, there is thermal
precipitation method that is generally used foppreng microfiltration membranes.
In this method, the phase separation of solventta@golymer occurs by cooling,
followed by evaporation of the solvent leads toftirenation of membrane. The last
technique is referred to immersion precipitatiomn@nercially available polymer
membranes are mostly produced by this method.igrptiocess, polymer solution is
poured on a support layer then dipped into a nemesblmedium. Phase separation
and exchange of the solvent and nonsolvent actibha&tgolymer precipitation and

membrane structure is formed immediately [13].

1.5 Membrane Separation Process

We can define a membrane as a selective barriarebettwo phases in which the
passage of solutes or solvents through thin, pamrabranes is achieved by active
or passive transport of matters (Figure 1.3). Dewad-filtration and cross-flow
filtration are the pressure driven membrane sejparaprocesses with liquid
permeation. An operating system is called dead-arcbn retentate is not
continuous. A system is called cross flow if thesecontinuous retentate stream
from the module outlet [14]. In dead end filtratioperation, the suspended solid in

liquid medium that sits in the flow channel is med with a driven force of
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pressure, so that all of the water passes thronghntembrane and most of the
suspended solid in the liquid medium are left beéhon trapped in the membrane
(Figure 1.4). In cross flow filtration method, sblmolecules suspended in liquid
medium are to be forwarded parallel to membraneilé\dome of the suspended

solid is filtered from the liquid, the remaindetide join the feed and start to reflow

parallel to the membrane [15].

Phase 1 Membrane Phasc 2

Feed ® 9 Permeate

Driving force

Figure 1.6 Schematic representation of a membrane

20



—— I

Drawm valve
N, gag
258

evlinder€®s__ /

Magnet

/ymbrane

\t\\\\\\\\\\\\\\\§

Permeate ¢y MagneticStirrer

Feed

N

Figure 1.7 Schematic representation of dead-emchtfdn apparatus used in our
experiments

The two parameter selectivity and the flow througtembrane, also called
permeation rate or flux, determine the performanéeefficiency of a given
membrane. The flux can be defined as the volumevioig through the membrane

per unit area and time (unit of L.

At (18)

where V is the volume of solvent (water) (L), Ali® active membrane area?jm

and t is time interval (h).

The retention (R) or the separation fact@y i€ the parameter in which one shows
the selectivity of a membrane towards a mixtureteRi@on is more useful a
expression of the selectivity when the filtratiorogess is applied for a dilute
aqueous solution of a solute. Partial or completention of solute molecules takes
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place when solvent molecules pass easily throughntaBmbrane medium with a

driven force. Retention can be expressed by theviolg equation:

C, -C, C,

C, C

P (19)

where C; is the solute concentration in the feed &Bg is the solute concentration

in the permeate [13].

Membrane transport processes such as microfiliratidtrafiltration and reverse
osmosis depends on pressure as a driven forceraédiepaby an ultrafiltration and a
microfiltration process is achieved by the sieviignolecules through the pores of
the membranes. Colloidal particles and bacteria wisize ranging between 0.1 to
10 um can be separated from their medium by mitration membranes. The
ultrafiltration process is useful for the sepanatiof macromolecules, such as
proteins, from solutions.

Reverse osmosis membranes show very different meshaof separation. A
typical reverse osmosis membrane has a pore siggnga3A to 5A and transport
through the membrane occurs in the following waytes permeate the membrane
by dissolving in the membrane material and by difin down a concentration
gradient. The key factors which determine the sspar of the molecules by
reverse osmosis process is their solubility andr theobility difference in the
membrane. There is a fourth type of separation atetamely nanofiltration in
which pressure is also used as a driving force ofltnation membranes have pore
size ranging from 5 A to 10 A in diameter and intediate between ultrafiltration
and reverse osmosis membranes. While nanofiltrati@mbranes are useful for
separating di- and trisaccharides sucrose andnos#i with molecular diameter
ranging from 10 A to 13 A, monosaccharide fructostth a molecular diameter of
about 5 A-6 A cannot be filtered by these membrd6gsFigure 1.5 summarizes

the filtration process schematically.
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Figure 1.8 Relative Sizes of materials separatedambrane processes

1.5.1 Microfiltration

Separation of molecules by the microfiltration @es depends on the pore size of
the membrane, that is, a particle larger than teebrane pores are retained on the
surface of the membrane and cannot pass throughpohes. Microfiltration
membranes fall between ultrafiltration membraned @esnventional filters and are
used to separates the colloidal particles and #geba from 0.1 to 10pum in
diameters. It is well known that flux is proportarwith the square of the pores.
Therefore, microfiltration membranes have the hsgh#ux per unit pressure
difference (JAP) among the reverse osmosis and the ultrafilmatieembranes
because a typical microfiltration membrane hasre piameter of 10000 A, which
is 1000 times larger than ultrafiltration membrgmge and 100 times larger than
the pore diamater of reverse osmosis. Therefore, dfamatic flux difference

between the fluxes creates significant differenoetsveen the operating pressures
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of the membranes process, which make microfiltratmembranes industrially

attractive [6].

1.5.2 Ultrafiltration

Ultrafiltration membranes have a porous type of memes with more asymmetric
structure as compared to microfiltration membrariégss asymmetric structure is
composed of a thin and a supported layer. Whiletlie layer is responsible for
mass transfer between the phases, the supportdaygs mechanical strength to the
membrane. Therefore, it is said that thin top ladetermines the whole process of
ultrafiltration. Since the typical pore diameter oltrafiltration membranes are
between the 20-1000 A, which are much smaller thlhe pore size of
microfiltration membranes, the pressure needed perate filtration process is
higher. Ultrafiltration membranes are mainly used food and dairy, textile,
chemical, pharmaceutical, metallurgy, paper anthé&andustries for separation of

high molecular components from the low moleculanponents [13].

1.5.3 Nanofiltration

Nanofiltration membranes fall between ultrafiltcati and reverse osmosis
membranes and are used to separate salts with tejeetion but with much higher
water permeability. While separation of sodium cide with a reverse osmosis
membrane is greater than 98%, this value fallOt8@% when separation proceeds
with a nanofiltration membrane. Moreover, organioluge molecules with
molecular weight ranging from 200 to 1000 daltom che separated with
nanofiltration membranes. The separation processaké$ is greatly dependent on
the pore size of the membrane and the charge ttethad itself to polymer
backbones. Neutral nanofiltration membranes belfigsgea molecular sieve and a

particle with a larger size than pore cannot etfter pores and are rejected. The
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nanofiltration membrane is referred to anionic wlifepositively charged groups

attach polymer backbones. While divalent cationitsisuch as Ghare repelled by

these cationic backbones, divalent anions such %f_pass through the

nanofiltration membranes easily. This situationursan reverse when an anionic

nanofiltration membrane is taken into consideraf&jn

1.5.4 Reverse Osmosis

A semi permeable membrane is placed between awai@r solution and a salt
solution, then, the diffusion of pure water throutle membrane begins to dilute
saline water. In order to compensate concentratiothe sides, the transport of the
pure water through the saline water take placeveimeh equilibrium is achieved,

water level of the salt solution side is above fifleshwater side. This process is
referred to as osmosis and the driving force resipte for the flow of water is

called osmotic pressure. When pressure is applgoste to the osmotic pressure
the salt solution, the flow direction of the watan be reversed if the applied

pressure is high enough and this process is refféoras reverse osmosis [16].

All colloidal or dissolved matter from an agueousluion can be separated
completely by using a reverse osmosis membrane aimibst pure water is
obtained. Reverse osmosis membranes are also lsuitab the filtration of

concentrate organic solution but their areas ofge@sare mainly desalination

applications [17].

The semi permeable property of the reverse osnmasimbranes determines the
whole process. While water permeates through thenbrene easily, dissolved
substances cannot pass and remain in the mediuenpiEssure required to start
reverse osmosis process should be high enoughetwawe the osmotic pressure.
During the sea water desalination process, apgiedsure is ranges from 55-68
bars [17].
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1.6 Basic Information about the Chromium (V1)

Heavy metals in the aqueous environment have tdtie [ot of attention because
of potential health hazards to public health anihdj organism. Among these,
chromium is one of the most dangerous heavy mdid). [Common usage of
chromate and dichromate in industries includes Imgikating, pigment
manufacturing, leather tanning and stainless proolu@and leads to the production
of Chromium, which has two oxidation states namiedxavalent and trivalent.
When health hazards and impact on environment iset@onsidered, hexavalent
form of the chromium must be examined becausesafatcinogenic and mutagenic
effects [18-20].

Cr (V1) is found in different oxy-anion forms depkng on the pH and the total
concentration of the solution. Cr (VI) is unstalded shows high oxidizing
behaviors in the presence of the electron dontheracidic mediuntHCrOy is the
dominant form of the chromium at pH 1 and pH 6 anty CrQ, ions exist above
pH 7 [19]. According to the Turkish Standard Ihgion and the World Health
Organization, the tolerance limit for Cr (VI) inptavater is 0.05 mg/L and discharge
into an inland surface is 0.1mg/L [21-22]. Since(Zh) has well known effects on
environment and living organism, it is necessary remove Cr (VI) from

wastewater.

Chemical precipitation [23], electrochemical préipon [23-24], reduction [25],
adsorption [26], solvent extraction [27], evaparati reverse osmosis and
biosorption [28-30], ion exchange resins [31] aretable techniques for the
removal of chromium. However, they also have sonsadvantages such as
incomplete metal removal, expensive equipment, leegmonitoring system,
reagent or energy requirements or producing tolkidge or other disposal waste
products [32]. On the other hand, membrane sepastmethods including
microfiltration, ultrafiltration, nanofiltration ahreverse osmosis can be adopted to

remove the chromium from wastewater without anynfation of sludge.
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1.7 Literature Review

Nowadays, there is a high level of industrial iatrfor polymeric nanoparticles for
many special applications, for instance, ion adsatfillers in polymers, pigments,
calibration standards, diagnostic, drug carriegctien catalyst, environmental
protection etc. The wide ranges of the applicatoga of these nanoparticles are
due to their simple production by many differentmamers by simple dispersion
and by the emulsion polymerization process. Liogisavsky, Sigal Baruch and
Shlomo Margel prepared Polyacrylonitrile nanopéetidy dispersion and emulsion
polymerization in a continuous aqueous phase inptiesence of an initiator and
surfactant and investigated the effects of varjpolymerization parameters on the
nanoparticles. They found that reaction parameiegs,monomer concentration,
initiator concentration, surfactant type and comion, temperature and time,
ionic strength, pH and co-solvent concentratioh,affects the size and the size
distribution, yield and stability, reaction pathwetc. and used the results in order
to define the optimal condition for preparing PA&hoparticles [33].

The strong mutual interaction between the chairsthe crystalline nature make
the polyacrylonitrile suitable material in the tiéxtindustry and in housing and
packing applications. However, it is due to themsly interaction between chains
that polyacrylonitrile is not soluble in its monome which makes
homopolymerization of polyacrylonitrile by a conwemal emulsion
polymerization process difficult. Katarina Landfastand Marcus Antonietti
reported that the microemulsion polymerization megbe is more suitable for
homopolymerization where the polymer is not solulble its monomer.
Polyacrylonitrile with a size ranging from 100 t@B0hm were produced by
microemulsion polymerization and this was provedTigM, wide range X-RAY

and dynamic light scattering [34].

Many studies reported that different monomers cae Wbsed for the
copolymerization of acrylonitrile. The conductivepolymer of poly (aniline-co-

acrylonitrile) was synthesized by inverted emulspolymerization route using
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benzoyl peroide (BPO) as a novel oxidizing agentleevananda and his coworkers
found that even if the polyacrylonitrile conceniwatin the copolymers increased
up to 80%, the order of conductivy of the copolysneemains the same. They
reported that this may be due to the participatbmoth the—C = N groups of
polyacrylonitrile and the —NH groups of PANI in doping process [35].
Copolymerization of butyl acrylate and acrylondrin concentrated emulsion was
carried out and the effects of the various reactimmditions on polymerization rate
were investigated in this research [36]. Anotheudgt showed that a
polyacrylonitrile-co-polybutyl acrylate copolymes suitable material in order to
prepare the gel electrolyte for lithium ion batsri Firstly, copolymer was
produced with classical free radical emulsion pdayiation, then, phase inversion
process was used to prepare microporous membraBigs Moreover, Eli
Ruckenstein and his coworkers successfully syrtbdsithe copolymer of
acrylonitrile and the vinyl acetate by the concated emulsion polymerization
process and found that longer reaction time isiredquor high molecular weight
polymer and high fraction of AN and high amountsirofiator also increase the

molecular weight [38].

Nanofiltration, ultrafiltration, microfiltration ashcomposite membranes can also be
prepared from polyacrylonitrile copolymer. Polydonjtrile based membranes
have good chemical stability and good performanoe agueous chemical
applications. In this work, although citric acidydsum hydroxide and sodium
hypochlorite were filtrated by using PAN based membs, the membranes did not
lose their performance [39]. In another study, potylonitrile based ultrafiltration
membranes and polyacrylonitrile-acrylic acid comfosmembrane were prepared
and used for the water treatment processes andasi@pnembranes showed better
performance. The effect of the composition on thsting solution, the annealing
process and the hydrophilic processing of membsamni&ce on the performance of
the membranes were also investigated [40]. Anil Kurand Sonny Sachdeva
reported that poly (styrene-co-acrylonitrile) baseanposite membranes have the

ability to separate chromic acid from aqueous mmediThey also investigated
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various experimental variables such as pressure,efitd on the membrane
performance [41]. Polyacrylonitrile is a proper pral for preparation of
nanofiltration membranes. According to this reskeangaper, nanofiltration
membranes can be prepared from the PAN ultrafitnatnembranes. While Lewis
acid treatment following by sodium hydroxide treatrhincreases the density of the
functional groups (in addition to —CN, -COONa ar€@iONH,) on the pore surface,
application of drying process for ultrafiltrationembranes decreases the number of
pores. As a result of this preparation processofilmation membranes were

prepared [42].

While poly (2-ethylhexyl acrylate) are produced lepnventional emulsion
polymerization route in an uncontrolled manner, ergc miniemulsion
polymerization technique provides more control ovwbe polydispersity and
molecular weight and it is suitable for the produrctof this polymer. P2EHA finds
for itself several area of usage such as presamsitsve adhesives because of its
low Tg -50, good oil resistance and adhesion taouar substrates [43]. A
copolymer of poly (acrylic acid-co-2ethylhexy aeat@) was used to prepare films
for mucoadhesive transbuccal drug delivery. To iabtiae optimal mucoadhesion
properties for poly acrylic acid, its polarity shadie reduced and fluidity should be
increased. Therefore, 2EHA monomers were usedejpape copolymer of PAA for
this purpose. Results showed that incorporating 2BRto the PAA polymer
enhanced mucoadhasive performance of PAA [44]. MarcDube and his
coworkers synthesized the poly (2-ethylhexyl adedeo-vinyl acetate) copolymer
by the miniemulsion polymerization technique byngsa mixture of an anionic and
a non-ionic surfactant. Later, the influence & thonomer, the chain transfer agent
and the surfactant concentration on droplet size wwaestigated. Results showed
that different combinations of surfactants afféxe tiroplet size and the stabilization
of droplets that polymerize [45].

In order to prepare Poly (n-alkyl (oxy)-n-hexyl @detes) copolymer, oxoalkyl
acrylates of long chain 7-oxo alcohols were syn#ggsas intermediate monomers
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and monomers were characterized by MR and mass spectroscopy. Prepared
copolymers from these monomers were also charaeteriThese copolymers are
used as fluidity improvement for petroleum crudks.oResults showed that crude
oils that were prepared from these copolymers hangoved flow properties as
compared to the crudes that were mixed with polyalkyl acrylate) flow
improvement [46]. Hexyl acrylate was polymerized bBtom transfer radical
polymerization techniques and its di- and tri blockpolymer with methyl
methacrylate were prepared. Polymerization wasiezhrout by using different
types of initiator and optimum polymerization camehs were determined in order
to synthesis HA with well defined molecular weiglasd narrow polydispersity
indices. Then, prepared homopolymer of hexyl ateylaere used in order to
prepare di- and tri block copolymer and the charazation of all copolymers were
done by GPC antHNMR [47].
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CHAPTER 2

EXPERIMENTAL

2.1 Acrylonitrile Copolymers Synthesis

2.1.1 Materials for Copolymer Synthesis and Nanopaus Filtration

Membrane Preparation

Acrylonitrile (AN, 99%) and 2ethylhexyl acrylate ERPIA, 98%) (both supplied
from Aldrich) were purified by vacuum distillatioimmediately before to use. A
water soluble initiator, ammonium persulfate (AFE®+ %), isopropyl alcohol
(IPA) and sulfuric acid (all supplied from Acros ganics), which are technically
pure, were used as received. 1-dodecanthiol (Mesgieferred as a chain transfer
agent. DOWFAX 8390 solution surfactant was usegkesived. Magnesium sulfate
(97 % anhydrous), N, N- dimethyl formamide (DMF)9(8%) and 1-methyl-2-
pyrrolidonone (NMP) (99 %) were provided from Acr@ganics and used as
received. Deionized water was adopted as the poilyat®n medium. Emaraldine
base polyaniline (supplied from Aldrich) was difgcused while preparing
nanoporous filtration membrane. 1, 5-Diphenyl caitb@ from Merck were directly

used for chromium detection.
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Figure 2.1 Schematic representations of experirhapfzaratus

2.1.2 Method for Preparation of Copolymers

The emulsion polymerization route was proceededorider to synthesize the

copolymer (Figure 2.1). Polymerization was carroed in an aqueous medium in

the following order;

The following ingredients were mixed in a 250 mle naked flask, which was

fitted with a condenser, glass stirrer, droppingnl, nitrogen inlet tube and a

thermocouple probe was charged with water; watarfastant, initiator (65% of

total initiator), mercaptan and monomer mixture ¢a20of total monomer). Before

mixing ingredients, the temperature was raised&aCsand the flask was purged

with nitrogen for an hour. The remaining monomeixtnie was added over a
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period of 2h 30 min. After the addition of the noomer mixture, the remaining
initiator was poured through the dropping funriehe latex was held at 68 for an
additional 45 min. The product was precipitatedhwi0% aqueous MgSO
solution and the copolymer was washed in distMeder for several times and left
in isopropyl alcohol for overnight. The isopropyic@hol removed any excess
monomer that could still be present in the copolyared also removed the water so
the copolymer could be dried much easily. Finalig product was vacuum dried at
62 °‘C overnight. Poly (acrylonitrile-co-hexyl acrylatéPAN-co-PHA) and Poly
(acrylonitrile-co-2ethylhexyl acrylate) (PAN-co-PEB) with various monomer
concentrations were prepared (Table 2.1) and gsisical and chemical properties

were also investigated.

2.1.3 Nanoporous Filtration Membrane Preparation

For a typical 15 percent PANI composite, emaraldiase PANI (0.18 gram) were
dissolved in DMF (8.0 gram) and mixed overnighthei, the required amount
(1,1gram) of PAN-co-P2EHA copolymer (intrinsic visity of 1.4dL/g) was added
to the mixture to provide 15 percent PANI in thextare. Later, the polymer
mixture was poured on a smooth glass plate at rtmmperature and the plates
were dipped into the IPA solvent for an hour. Hnacopolymer nanoporous
filtration membranes were soaked in water at roempterature for an hour and
doped with 1 M sulfuric acid solution for two houtBen resoaked in water
overnight. Membranes were permeated in water &.56&Pa prior to the

perform ance tests.

2.1.4 Preparation of Nanoporous filtration membraneand Copolymer Films
for FTIR

Nanoporous membranes were obtained the as sameeasomed previously.

Prepared nanoporous membranes were then driedigiveamd pounded in order to
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obtain very small pieces and used in IR. The capelyfilms were prepared by
casting from DMF (6% wt/wt) on a smooth glass plateler a IR lamb at about 60

°C and films were vacuum dried at €0for 2 hours for further drying.

2.2 Preparation of Synthetic Wastewater

An aqueous solution of chromium (500 myLwas prepared by dissolving
potassium dichromate in ultra pure distilled wgtekGA, purelab option-Q). The
agueous solution was diluted with distilled waterabtain the Cr (VI) synthetic
wastewater of desired concentrations. The pH ofstilations was adjusted using
concentrated and 0.01 M NaOH/HCI using pH meterddavtw, Inolab).

2.3 Polymer Characterization Methods

2.3.1 Fourier Transform Infrared Spectroscopy (FTIR)

Perkin EImer Spectrum100 FTIR spectrophotometerwgasl in order to record the
IR spectra of the copolymer and the nanoporousatitth membranes. Both
prepared nanoporous filtration membranes and tipelgmer films were used in
recording FTIR spectrum. FTIR spectra were takerectly. The PAN-based
copolymer films and nanoporous filtration membranese analyzed at 400-4000

cmt,

2.3.2 Nuclear Magnetic Resonance Spectroscopy (NMR)

'H-NMR spectra of polymers were obtained by Bruked0 3MHz NMR
spectrometer (BioSpin, Ettlingen, Germany). DMSOad& used as a solvent. The
sample concentration was approximately 8 mg/ml. e fmoton signals were
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referenced to tetramethylsilane (TMS) at 0 ppmhasiternal standard. The data

were evaluated by using XWINNMR software.

2.3.3 Differential Scanning Calorimetry (DSC)

The glass transition temperatureg)(df the copolymers were evaluated by Perkin
Elmer Diamond DSC under nitrogen atmosphere whkating rate of 18C/min.

2.3.4 Thermogravimetric Analysis (TGA)

Thermal stability and thermal decomposition inwgstions of PAN-based
copolymers and homopolymers were achieved by thgravimetric analysis using
a Perkin Elmer Pyris 1 TGA instrument (USA) underalimosphere with a heating

rate of 10C/min.
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Table 2.1 Recipe for Emulsion polymerizataracrylonitrile based copolymers

Acronym AN(g) 2EHA(g) HA(g) Initiator(g) Surfactant(g) C.T Ageg)( Water(ml)
PAN(84)-co-PHA(16) 22.7 - 12.7 0.035 2.83 0.67 47
PAN(88)-co-PHA(12) 22.6 - 9.09 0.031 2.54 0.60 47
PAN(92)-co-PHA(8) 22.6 - 5.79 0.028 2.27 0.54 47

PAN(84)-co-P2EHA(16)  22.6 15.0 - 0.038 3.03 0.72 47
PAN(88)-co-P2EHA(12)  22.8 10.7 - 0.033 2.66 0.63 47
PAN(92)-co-P2EHA(18) 22.5 6.8 - 0.029 2.35 0.56 47

*The numbers in parentheses indicating theerfralction of comonomer in polymers.

*PAN-co-PHA and PAN-co-P2EHA are acronyms used Poty (acrylonitrile-hexyl acrylate) and Poly (alomitre-2ethlyhexyl
acrylate) respectively.



2.3.5 Intrinsic Viscosity measurement

A copolymer was allowed to dissolve in -methyl-Z4pjidonone (NMP) and the
intrinsic viscosity (IV) measurements were thenf@ened by an Ubbelohde
viscometer at 3@. For each polymer, the viscosity of four conceitas was
measured. Multiple readings were made at eachecdration. Intrinsic viscosity
was obtained by extrapolation of a plot of speciiscosity/concentration vs

concentration to infinite solution.

2.3.6 Scanning Electron Microscopy (SEM)

Morphology of copolymer and nanocomposite membrgjeesss sections) were
obtained with a Field emission scanning electroorosicopy QUANTA 400F. The
membranes were cryogenically fractured in liquittagen and then coated with
gold/platinium.

2.3.7 Sheet Resistivity Measurement

Sheet resistivity of the nanoporous filtration meames were measured using a
Lucas type Four Point Probe equipped with Keittd90 IV Source Measure Unit.
Errors resulting from film anisotropy were minimizeby measuring the
conductivity at different spots on the film. Theesage of these measurements has

been reported in this study.

2.3.8 Swelling Ratio Measurements of Copolymer of AN (92)-co-P2EHA (8)
and PAN (92)—co-P2EHA (8)-PANI Nanoporous Filtratim membranes

Swelling ratio measurements were performed withash@es and their averages
were reported. Copolymer and nanoporous filtratimembranes were dried

overnight at room temperature and weighed. Thesr Bft in ultrapure water for 24

37



hours, membranes were reweighed and reported. dlleeving equation was used

to calculate the equilibrium swelling ratio (SR)fibins:

W, ~W
SROWE%) = 4 410
Wi 1)

whereW, is the weight of the wet sample (soaked in wat&oam temperature for

24h) andW\j is the weight of the fully dried sample.

2.3.9 Water flux and Cr (VI) Removal Tests of Membanes

Both water and permeate fluxes of solutions coirigirb0, 100 and 250 ppm
chromium (VI) were measured by using SterlittttHP 4750 type Dead end
filtration apparatus at 689.5 kPa. Moreover, régectof chromium (VI) was

evaluated for these solutions at three different @15 and 7). 1.5-Diphneyl
carbazide method [48] which was proposed by the gae Public Health
Association was used to analyze aqueous solutibrhmmium (Perkin Elmer
Lambda 35 UV-Vis Spectrophotometer). The membrares ssed in this study was
50 mm in diameter and the membrane area was 821 \Water and permeate flux
were calculated using following equation (Equat®ras a unit of L/rth for 20 mL

permeates volume by measuring the time interval.

At (2)

where V is the volume of water or chromate solutids), A is the active membrane

area (M) and t is time interval (h).

The chromium rejection, R, was calculated accortingquation 3;

C
R= 1OOX( 1- —p)

F

3)
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Cp and G are the chromium concentration in the permeate iandhe feed

respectively.

Fouling anaylsis were conducted with continuousmeation at 689.5 kPa. After 4
hour filtration, membranes were washed for 1h af@&with deionize water. Then,
pure water flux of the washed membrane ;jJwas measured to evaluate the

fouling capacities of the nanoporous filtration nianes.

Percent flux recovery (PFR) was calculated usifigWiong equation (Eq. (4))

PFR :100x(ﬂ]
Jw 4)

Fouling analyses were also done by calculating flota loss (TFL) (Eg. (5)) which

is sum of reversible and irreversible flux losses;

TFL = (1— ﬂ)
Jw 5)
Reversible flux loss (RFL) can be seen in Eq. (6)
w53
Jw Jw (6)
also, irreversible flux loss (IRFL) is defined by.K7)
IRFL = (1— ﬂ)
Jw 7)
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Poly (acrylonitrile-co-hexyl acrylate) Copolymes

Poly (acrylonitrile-co-hexyl acrylate) copolyme®BAN-co-PHA) at three different
comonomer compositions (8, 12, 16 molar percemiobdf (hexyl acrylate) (PHA)))

were synthesized by emulsion polymerization in aggemedium. FTIR and
proton NMR were used in order to clarify their cheash structures and

compositions. Molecular weights of the copolymeeyavcharacterized by intrinsic
viscosity. Thermal properties of copolymers wergoainvestigated by DSC and
TGA.

/CH2 c CO)/CH2 c
A .
C—N C o
O
Hy Hy
H,C C C
\C/ \C/ \CH3
H, H,

Figure 3.1 Chemical structure of poly (acrylonérdo-hexyl acrylate) (PAN-co-
PHA) copolymer
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3.1.1 Fourier Transform Infrared Spectroscopy (FTIR) Results

The FTIR spectra of the copolymers can be seengaré& 3.2. The aliphatic CH
asymmetric and symmetric stretching peaks wererebdeat 2923 and 2838 ¢in
respectively. Theharacteristic -EN stretching peak was seen at 2229 cand -
C=0 stretching at 1728 ¢inThe strong band at 1443 Eroorresponds to the GH
bending. The peaks between 1351 1043 emere assigned to C-C-O and O-C-C
ester stretching vibrations respectively. The clwahstructures of the copolymers
were confirmed by FTIR study.

41



84% PAN-PHA

| | AN
I M ’ | I{ ,"I“ |
(' |I | lll K‘-." F' Iu"l
S A
. C-0-C
-CN Il| // Ester group
streching
88% PAN-PHA
| A
g ] |
= L]
] |
—E ' J |
xR E "~ -
2 I ~
& ~
= -CH streching | -CH
‘ bending
92% PAN-PHA
T 3\ I e s
(! | ] I I_.'r
\l |
) | 1| L
///’f,—/,— | j I||
-C=0 I
4500 3500 2500 1500 500
cm™

Figure 3.2 FTIR spectra of the copolymers; monomessre successfully
incorporated to chemical structure.
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3.1.2 Nuclear Magnetic Resonance Spectroscopy (NMREsults

In order to confirm the chemical structure of thepalymer,'H-NMR spectrum
(Figure 3.3) of PAN-co-PHA copolymers at variouslanaatios was performed.
The resonance between 3.18-2.80 ppm were assignedCH groups attaching —
CN and carboxyl groups (c) and resonance at 4.12 pplonged to -OCH
stretching (b). The resonance peaks appeared het8eppm to 0.82 ppm were
for hydrogen attaching —GHCH,-CH,-CH,-CH3 (a) and the —CH(a) backbone
protons of hexyl acrylate and acrylonitrile. Moreovcopolymer composition was

calculated by using the integral values of theofelhg peaks and method:

-CH, backbone protons of acrylonitrile and hexyl aceyland protons of —CiH
CH2-CH,-CH,-CHjs of hexyl acrylate comonomer (a).

-OCH; (b)
The two protons from —OCHyive:
2m=x

X
m=—
2

The integral values of protons labeled as (a) give:

10m+ 2n=y
n=Y_5m
2
n=(Y=5%)
2

Finally, percent composition of acrylonitrile inpmrated into copolymer was

calculated by the following equation:
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%AN = — " x100

(n=m)

In order to obtain the percent of hexyl acrylatehia copolymer, the value of the

percent acrylonitrile was subtracted from a valli2a%:

%HA=100- %AN

The actual compositions were calculated frétaNMR (Table 3.1) and results can

be seen in Table 3.2.

Table 3.1 Calculation of PAN composition in copobm

92% PAN-co-PHA 88% PAN-co-PHA 84% PAN-co-PHA

2m=1 m=0.5 2m=1 m=0.5 2m=1 m=0.5

10m + 2n = 15.79 10m +2n =11.90 10m + 2n =9.96
n=5.395 n=3.45 n=2.48

AN% = 100*n/(m+n) AN% = 100*n/(m+n) AN %= 100*n/(m+n)
100*(5.395)/(5.395+0.5)  100*(3.35)/(3.45+0.5) 100*(2.48)/(2.48+0.5)
AN%= 91.5% AN= 87.3% AN%= 83.2%
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Table 3.2 Theoretical and experimental compositiaia of PAN-co-PHA
copolymers

Monomer feed Composition
Sample(AN/HA) _ _
(Molar ratio of AN to HA)  (Molar ration of AN to HA)
92 %PAN-co-PHA 92/8 91.5/8.5
88 %PAN-co-PHA 88/12 87.3/12.7
84 %PAN-co-PHA 84/16 83.2/16.8

84% PAN-PHA
C
v
_}(\_ JV\-__ _/ \\J'IL_;II L._.; -
1.00 247 9.96
., |88%PAN-PHA L
/ !
y / |
DMSO '
J - a [ a }
| l | | %ua—mjflmfmﬁ—v—f
/Mo Aol - o
1.00 341 1190
92%PAN-PHA | 0
b o BB
, )
l l | R
;'\ _Jk/\_ J .__/\_/\_ ,}t_ _J\_ _
1.00 5.55 15.79

Figure 3.3 'H-NMR spectrum of PAN-co-PHA copolymers with diféeit
compositions; chemical structure was provedtyNMR
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3.1.3 Intrinsic Viscosity Measurement

Intrinsic viscosities of copolymers were measureth \a Ubbelohde viscometer at
30'C and results were given at table 3.3. Althoughdbpolymers had sufficient
molecular weight to form nanoporous filtration meares, the dead end filtration
measurement revealed that the nanoporous filtrati@mbranes prepared from
PAN-co-PHA copolymer were not suitable materialsamove Cr(VI) from water
because both water fluxes and permeate fluxes wagelow and chromium (VI)

rejection was not achieved successfully.

Table 3.3 Intrinsic Viscosities of copolymers

Monomer feed [”]ggﬂz

Sample(AN/HA) (Molar ratio of AN to HA) (dL/g)
PAN-co-PHA 92/8 1.4
PAN-cO-PHA 88/12 11
PAN-co-PHA 84/16 1.3

3.1.4 Differential Scanning Calorimetry (DSC) Resus

Copolymers of poly (acrylonitrile-co-hexyl acrylatevith various comonomer
compositions were synthesized and their glass itramstemperatures were
determined from DSC.jldata listed in Table 3.4 and showed that increaseole
fraction of hexyl acrylate comonomer caused a ds@en the glass transition
temperature. Jvalues of poly (acrylonitrile) and poly (hexyl sitate) polymers are
reported at 108C and -51°C respectively [49, 50] and the obtained valueSasf
synthesized copolymer lies between these repoekes.
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Table 3.4 Glass Transition Temperature of Copolgmer

Monomer feed
Sample(AN/HA) (Molar ratio of AN to HA) T4 values of copolymer

PAN-co-PHA 92/8 69
PAN-co-PHA 88/12 56
PAN-co-PHA 84/16 52

3.1.5 Thermogravimetric Analysis (TGA) Results

Degradation temperature and weight loss behavieopblymers were investigated
by Thermalgravimetric analysis during successivatihg over a period of time.
Thermogram revealed that the percentage of the womer incorporated into the
copolymer affected the thermal behavior. The TGértiograms of the synthesized
copolymers are shown in Figure 3.4. All of the dgpwers are thermally stable up
to 372°C which was high enough for many high temperatymglieations (Figure
3.5). Two step degradations were observed for goped which attributed to the
side and the main chain degradation and this behaan be clearly seen in Figure
3.4. 10% weight loss temperatures of copolymersiaxge to each other, which can

be seen in Table 3.5.
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Table 3.5 Thermal decomposition properties of copelrs (heating rate 10°C/min,
N2 atmosphere)

Composition (mol
Sample name

percent) T’ (°C)
Poly(acrylonitrile-co-hexyl acrylate) 92/8 361
Poly(acrylonitrile-co-hexyl acrylate) 88/12 361
Poly(acrylonitrile-co-hexyl acrylate) 84/16 368

& Temperature for 10% decomposition
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Figure 3.4 Weight loss temperatures for copolymeogiolymers were thermally

stable.
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Figure 3.5 Derivative weight loss versus temperaturves of copolymer
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3.2 Poly (acrylonitrile-co-2ethylhexyl acrylate) Cpolymers

Poly (acrylonitrile-co-2ethylhexyl acrylate) copater (PAN-co-P2EHA) at three
different compositions (8, 12 and 16 mole percenpay2ethyl hexyl acrylate
(P2EHA)) were synthesized by emulsion polymerizatio an aqueous medium.
Copolymers were characterized by FTIBJ-NMR, NMR, intrinsic viscosity
measurement, differential scanning calorimetry (DSEhd thermogravimetric
analysis (TGA). Intrinsic viscosity measurementevedd that molecular weight of
the copolymers were sufficient to form nanoporoiisation membranes. TheyT
values decreased with increasing the weight fractd 2ethylhexyl acrylate.
Moreover, the TGA results clarified that the stegmvithermal degradation was
observed for copolymers and decomposition temperatwf copolymers were

almost same.
CH—C co CH—C
n m
C=—=N c¢—=0
O
H, H,
H,C C C
~_
ci’ ¢ \CH3
Hy
CH,

Figure 3.6 Chemical structure of poly (acrylon@rdo-2ethylhexyl acrylate) (PAN-
co-P2EHA) copolymer
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3.2.1 Fourier Transform Infrared Spectroscopy (FTIR) Results

The FTIR spectrum of copolymer can be seen in EiduR. The aliphatic CH
asymmetric and symmetric stretching peaks wererebdeat 2929 and 2813 ¢n
respectively. Theharacteristic -EN stretching peak was seen at 2278 cand -
C=0 stretching at 1713 ¢inThe strong band at 1465 Croorresponds to the GH
bending. The peaks between 1281-1030" emere assigned to C-C-O and O-C-C
ester stretching vibrations. The chemical strustuoé the copolymers were
confirmed by FTIR study.
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Figure 3.7 FTIR spectra of the copolymers; monomesmsre successfully
incorporated to chemical structure.

3.2.2 Nuclear Magnetic Resonance Spectroscopy (NMREsults

In order to confirm the chemical structure of copoér,'H-NMR spectrum (Figure
3.8) of PAN-co-P2EHA copolymers at various molaiogawere performed. The

resonance between 3.21-2.78 ppm were assignedClidr groups attaching —CN
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and carboxyl groups (c) and resonance at 4.08 pphlonged to the -OCH
stretching (b). The resonance peaks appearing bat@®3 ppm to 0.8 ppm were
for hydrogen attaching —GHCH,-(CH,-CHj3)-CH,-CH,-CHj3 (a) and the —Ckl(a)
backbone protons of 2ethylhexyl acrylate and aaifite. Copolymer composition

was also calculated:

-CH, backbone protons of acrylonitrile and 2ethylhexgtyéate and protons of
CH,-CH,-(CH,-CH3)-CH,-CH,-CHs of 2ethylhexy lacrylate comonomer (a).

-OCH; (b)

The same calculation method was applied for therdebation of the PAN-co-
P2EHA copolymer composition and the calculation lsarseen in Table 3.6 and the

results in Table 3.7.

Table 3.6 Calculation of PAN composition in copogm

92% PAN-co-P2EHA 88% PAN-co-P2EHA 84% PAN-co-P2EHA

2m=1 m=0.5 2m=1 m=0.5 2m=1 m=0.5
17m + 2n = 21.47 17m + 2n = 15.99 17m + 2n = 14.36
n=6.485 n=3.745 n=5.395
AN %= 100*n/(m+n) AN %= 100*n/(m+n) AN %= 100*n/(m+n)
100*(6.485)/(6.485+0.5) 100*(3.745)/(3.745+0.5) 100*(2.93)/(2.93+0.5)
AN%= 92.8 % AN%= 88.2 % AN%= 85.4 %
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Table 3.7 Theoretical
copolymers

and experimental compositdata of PAN-co-P2EHA

Monomer feed Composition
Sample (AN/2EHA (Molar ratio of AN to (Molar ratio of AN to
2EHA) 2EHA)
92% PAN-co-P2EHA 92/8 92.8/7.2
88% PAN-co-P2EHA 88/12 88.2/11.8
84% PAN-co-P2EHA 84/16 85.4/14.6
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Figure 3.8'H-NMR spectrum of PAN-co-P2EHA copolymers with difént
compositions; chemical structure was provedtyNMR

3.2.3 Intrinsic Viscosity Measurement

Intrinsic viscosities of the copolymers were meadurwith an Ubbelohde
viscometer at 3C and the results were given at table 3.3. %92 RANP2EHA
copolymer had sufficient molecular weight to formanoporous filtration
membranes and dead end filtration measurementlegl/deat nanoporous filtration
membranes prepared from %92 PAN-co-P2EHA copolywere suitable materials
to remove Cr (VI) from water. Chromium (VI) rejemti was achieved successfully

by using this copolymer.
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Table 3.8 Intrinsic Viscosities of copolymers

Monomer feed [U]NngP

Sample(AN/HA) e
(Molar ratio of AN to HA) (dl/g)

PAN-co-P2EHA 92/8 14
PAN-co-P2EHA 88/12 1.0
PAN-co-P2EHA 84/16 0.8

3.2.4 Differential Scanning Calorimetry (DSC) Resus

Copolymers of poly (acrylonitrile-co-2ethylhexyl rgfate) with various
comonomer compositions were synthesized and thassgransition temperatures
were determined from DSC. Thg data listed in table 3.9 and showed that increase
in the mole fraction of the 2ethlyhexyl acrylateamnomer caused a decrease in the
glass transition temperaturey Values of the poly (acrylonitrile) and the poly
(2ethylhexyl acrylate) polymer are reported at °688and 103°C respectively [46,

49] and the obtained values of df the synthesized copolymer lies between those

reported values.
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Table 3.9 Glass Transition Temperature of Copolgmer

Monomer feed
Sample(AN/HA) T4 values of copolymer
(Molar ratio of AN to HA)

PAN-co-P2EHA 92/8 55
PAN-co-P2EHA 88/12 50
PAN-co-P2EHA 84/16 47

3.2.5 Thermogravimetric Analysis (TGA) Results

Thermal characteristics of poly (acrylonitrile-cetBylhexyl acrylate) copolymers
were studied. Degradation temperature and weigt# behavior during successive
heating over a period of time were investigated thiedlT GA thermograms revealed
that the amount of the comonomer in the copolynffeceed the thermal behaviors
of copolymer. The TGA thermograms of the synthesieepolymers are shown in
Figure 3.9. All of the copolymers are thermallytd¢aup to 385C which was high

enough for many high temperature applications (€gi8.10). Two step

degradations were observed for copolymer whiclibatid to the side and the main
chain degradation and this behavior can be clesgn in Figure 3.9. 10% weight

loss temperatures of copolymers are close to edalch can be seen in Table 3.10.
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Table 3.10 Thermal decomposition properties copelgr(heating rate 10°C/min,
N2 atmosphere)

Sample Name Composition (mole percent) 100 °C)
PAN-co-P2EHA 92/8 363
PAN-co-P2EHA 88/12 364
PAN-co-P2EHA 84/16 368

& Temperature for 10% decomposition
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Figure 3.9 Weight loss temperatures for copolymeogiolymers were thermally
stable.
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Figure 3.10 Derivative weight loss versus tempeaeaturves of copolymer
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3.3 Chromium (VI) Removal Performance of NanoporousFiltration
Membranes

Both poly (acrylonitrile-co- hexyl acrylate) and lpdacrylonitrile-co-2ethylhexyl
acrylate) copolymer were converted into a nanop®riitration membrane and
their performance was tested with deadend filtratE&xperimental results showed
that the nanoporous filtration membrane preparenh fpoly (acrylonitrile-co-hexyl
acrylate) copolymer had very low pure water fluseswe further continued with
the poly (acrylonitrile-co-2ethylhexyl acrylate) pmdymer in order to remove the
chromium (VI) from the water. Test results relatedthe poly (acrylonitrile-co-
hexyl acrylate) nanoporous filtration membranestoaiseen in Table 3.11.

Table 3.11 Pure water flux of nanoporous filtrataembranes prepared from poly
(acrylonitrile-co-hexyl acrylate) copolymers

Membrane Pure water flux ( LAm)
PAN(92)-co-PANS)-PANI(5) 08
PAN(92)-co-PAN(8)-PANI(10) 99
PAN(88)-co-PAN(12)-PANI(5) 94
PAN(88)-co-PAN(12)-PANI(10) 93
PAN(84)-co-PAN16)-PANI(5) 89
PAN(84)-co-PAN16)-PANI(10) 91
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3.3.1 Chemical Structure of the Nanoporous Filtratbn Membranes Prepared

from Poly (acrylonitrile-co-2ethylhexyl acrylate) with PANI

Electrically conductive polyaniline (PANI) polymevas used in order to prepare
poly (acrylonitrile (92)-co-2ethylhexyl acrylate){8 PANI nanoporous filtration

membrane solutions with three different PANI loaginby phase inversion.
Prepared nanoporous filtration membrane solutiorerewthen converted to
nanoporous filtration membranes. Acid treatment veaplied to nanoporous
filtration membranes in order to turn emeraldineseb&o electrically conductive

emeraldine salt.

The chemical structure of emeraldine based polyenivas shown in Figure 3.11.
Nanoporous filtration copolymer membranes were yaeal by FTIR analysis
(Figure 3.12). Aliphatic CH and CN stretching oAN (92)-co-P2EHA (8)
copolymer were observed at 2923 tand 2329 cri respectively. The ester group
of methyl acrylate was detected typically at 1728'c Characteristic peaks of
benzoid and quinoid rings of polyaniline were olsdrat 1597 cihand 1643 ci.
The peak at 1322 chmwas assigned to the angular deformation of CN grou
polyaniline.

an% e = W
Jn
Polyaniline Emeraldine Base

(Blue) |

Protonation

Polyaniline Emeraldine Salt
(Green)

Figure 3.11 Chemical Structures of Emeraldine lzamksalt of PANI (X is dopant
cation, H+)
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3.3.2 Fracture Morphology of the Nanoporous Filtraton Membranes

Fracture morphologies of poly (acrylonitrile (92)-2ethylhexyl acrylate (8))
copolymer membrane, poly (acrylonitrile (92)-cofBdhexyl acrylate (8)) —PANI
(5), poly (acrylonitrile (92)-co-2ethylhexyl acryga (8))-PANI (10) and poly
(acrylonitrile (92)-co-2ethylhexyl acrylate (8))-RA (15) nanoporous filtration
membranes can be seen in Figure 3.13 and fractarphmlogies of membranes
were comparable . The scanning electron micrograplosved that there was no
phase separation in the fracture morphology. Thie pizes of the membranes were

also comparable (Figure 3.14).

Figure 3.13 Fracture morphology of a. PAN (92)-&=RA (8) b. PAN (92)-co-
P2EHA (8)-PANI (5) c. PAN (92)-co-P2EHA (8)-PANI )(&d. PAN (92)-co-
P2EHA (8)-PANI (15) membranes
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Figure 3.14 Pore size of the membranes a. PAN ¢8B2EHA (8) b. PAN (92)-
co-P2EHA (8)-PANI (5) c. PAN (92)-co-P2EHA (8)-PAND) d. PAN (92)-co-
P2EHA (8)-PANI (15) membranes

3.3.3 Swelling and Electrical Properties of the Nawporous Filtration

Membranes

As seen in Table 3.12, the swelling ratio was ation of PANI content. In other
words, the swelling characteristics of nanoporoilsafion membranes were
attributed to PANI, since fracture morphologiestb&é membranes were almost
similar. It is well known that hydrophilicity makédsr easier transport water though
the membranes. Therefore, the doping process wpkedpin order to create
additional hydrophilicity on the surface of the mmanes. Further increase in the
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PANI causes the membrane to absorb more watese@s in the Table3.12, the
swelling ratio of the poly (acrylonitrile (92)-caethylhexyl acrylate (8)) — PANI
(15) composite membrane were two times greater thanof poly (acrylonitrile
(92)-co-2ethylhexyl acrylate (8)) bare copolymer nmbeane. Additionally, the
increase in the PANI content from 5 to 15 percesddl| to increase electric
conductivities of the membrane, showing that adddl protonation was achieved

with increase in PANI content.

Table 3.12 Swelling Ratios and Sheet Resistivitie€opolymer and Nanoporous
Filtration Membranes

Polyaniline Swelling
. Sheet
Copolymer and Nanoporous Content Ratio Resistivity
Filtration Membranes . :
(weight (weight (@Isa)
percent) percent)
PAN(92)-co-P2EHA(8) - 26 i
PAN(92)-co-P2EHA(8)-PANI(5) 5 5.8 4.7x40
PAN(92)-co-P2EHA(8)-PANI(10) 10 8.8 2,010
PAN(92)-co-P2EHA(8)-PANI(15) 15 9.2 4.4¥10

3.3.4 Performance of Nanoporous Filtration Membrane Prepared from poly

(acrylonitrile (92)-co-2ethylhexyl acrylate (8))

The pure water flux of nanoporous filtration menm@s increased as PANI
loadings were increased from 5 to 10 and 15 pesc@d® weight), as seen in the
Table 3.13, since the recorded pure water was¥ts L/nth, 175 L/nth and 212

L/m?h respectively. As noted before nanoporous fittratmembranes were in
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comparable fracture morphology and further addittdrPANI made membranes
more hydrophilic due to charges created during mppirocess. This explains the
increase in the water flux. It is well known thaten water uptake increases, water
transport becomes much easier [51, 52]. Permeate df nanoporous filtration
membranes having three different PANI percentagee whown in Table 3.13. It
can be concluded that as chromium (VI) concentnaiticreases, there is a decline
in permeate fluxes because of so called concemtratolarization which reduces
mass transport. Later, chromium removal perforraaneere evaluated by dead
end filtration. A 250 ppm chromium (VI) solutionaw directly passed through
membrane with almost no rejection (maximum 1 %) m@noporous filtration
membrane having 5% PANI. This was almost equabute copolymer matrix
performance without PANI loading. At 50 ppm and01l@pm chromium (VI)
concentrations, permeate flux were ranged fromtb2B65 L/nfh. One can easily
notice that PANI has an influence on both perméate and chromium rejection
during the filtration. PANI content increased fréto 10 and 15 percent to further
explore the influence of PANI on membrane perforogan Permeate fluxes were
increased when the PANI content was increased #seircase of pure water flux
(Table 3.13). For nanoporous filtration membranesitg 15 percent PANI,
permeate fluxes were in between about 142 and I®dhLat lower concentrations
where rejection was always very successful. Adddlly, there was an
improvement in the chromium (V1) rejection for stduns containing 50 ppm and
100 ppm but there was still almost no chromium (W#)ection observed for
solutions containing 250 ppm Cr (VI). Chromium YVémoval was successfully
achieved at 250 ppm for 15 weight percent PANI amihg nanoporous filtration
membrane (labeled as poly (acrylonitrile (92)-cthgthexyl acrylate (8)) — PANI
(15)) at pH 2). Moreover, membrane having %15 @erd®ANI have greater
permeate fluxes and chromium (VI) rejection forusimins containing 50ppm, 100
ppm and 250 pmm chromium (VI) (Table 3.13). It d@concluded from results
that increase in the PANI content increased thenpate fluxes and chromium (V1)
rejection. This was because of additional hydropikyl created during the doping
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process. Also, it seems that doped PANI adsorbnohte on the surface of the
membrane as well as protons from chromate solwtdower pHs. This will help
chromate adsorption on the surface and the watasport through the membrane

with higher chromium (V1) rejection.
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Table 3.13 Pure Water, Permeate Fluxes and Toted Ebsses of Nanoporous Filtration Membranes atiodar Chromium (V1)
concentrations and pHs
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It can be understood from the results that the raium (V1) removal from the
water is highly pH dependant. Moreover, the hydmomion has an influence on
the chromium rejection because of its adsorbentaafp and effects on the
chemical nature of the metal ion. Therefore, thenaical nature of the Cr (VI) ion
depends on the pH and concentration of the solu@r(VI) is found in different
oxy-anion forms such as £3;" CrO;* and HCrQ and HCrO, depending on pH
and the total concentration of the solution (Fig8re5) [53]. Since experiments
were carried out by varying pH of the solutionsnirgpH=2 to pH=7 at three

different concentrations (5, 100, 250 ppm) dichrtarspecies is out of focus of this
study.

1m %
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Figure 3.15 Influence of pH and hexavalent chromzoncentration on formation
of hexavalent chromium species

Since acid treatment made nanoporous filtration branes positively charged due

to its amine protonation, it is estimated that thmine salt functionalized
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nanoporous filtration membranes successfully babedCr (V1) as monavalent and
divalent chromates. This explains the how chromiiyft) rejection successfully
achieved with nanoporous filtration membranes,aaitin the fracture morphologies
of copolymer and nanoporous filtration membranemmarable.  Figure 3.16
shows the percent chromium (V1) removal capabiityPAN (92)-co-P2EHA (8)-

PANI (5) nanoporous filtration membranes at thraf#eent chromium (VI)

compositions and various pH values. Maximum repacof 99.9 % was observed
at pH=2 for 50 ppm chromium (VI) solution. At 5@m concentration rejection
was decreased till about 84.9 % with increasingfigeh pH=2 to pH=7. Similar

behavior was also observed for 100 ppm solutioRgjection was high as 95.1
percent at pH=2, but it was reduced to 87.6 % at/pHIt can be concluded that
hydronium ion concentration on the membrane surtiEmeases with increasing

pH causing the decrease in removal of the chrongiim

PAN(92)-co-P2EHA(8)-PANI(5)

100
90
80 —
70 —
60 —
50 —
40 —
30 —
20 —

W50
0100

Percent Cr (VI)

m250

10 —

pH=2 pH=5 pH=7

Cr (V1) Concentration

Figure 3.16 Percent chromium removal of PAN (92P&EHA (8)-PANI (5)
nanoporous filtration membranes at various pHs
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When the polyaniline weight content was increagethf5 to 10 percent, better
performances were observed at pH 5 and pH 7 fosdhéions containing 50 ppm
and 100 ppm chromium (V1) (Figure 3.17). Betterachium (VI) removals (99.9
%) were observed for the PAN (92)-co-P2EHA (8)-PANInoporous filtration
membranes having 10 percent PANI loadings at pldrX50 ppm concentrations.
At 50 ppm concentration rejection was decreasédhlibut 85.8 % with increasing
pH from pH=2 to pH=7. Additionally, the chromium IjVremoval by the PAN
(92)-co-P2EHA (8)-PANI (10) nanoporous filtration embranes was almost
comparable for solution containing 100 ppm Cr (\ét) various pH. For these
membranes having 5 and 10 percent PANI loadingethv@s almost no chromium
(V1) rejection for 250 ppm solutions at three diffat pHs.

PAN(92)-co-P2EHA(8)-PANI(10)
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70
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H50
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0100
W 250

pH=2 pH=5 pH=7

Cr (V1) Concentration

Figure 3.17 Percent chromium removal of PAN (92P&EHA (8)-PANI (10)
nanoporous filtration membranes at various pHs

When polyaniline content further increased fromtd. Q5 percent, Cr (VI) rejection
at pH 2 for solution containing 250 ppm chromiuml)(Was achieved (Figure
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3.18). This was possibly due to an increase inrthmber of positive charges
provided by the doped polyaniline which adsorbedemmono and divalent anion
on the membrane surface. However, there wereagtilbst no chromium rejections
at pH 5 and pH 7. At 50 ppm concentration rejecidas decreased from 99. 9 to
about 96. 2 % with increasing pH from pH=2 to pHAdditionally, the chromium
(V) removal by PAN (92)-co-P2EHA (8)-PANI (15) naoorous filtration
membranes was almost similar for solution contgriif0 ppm Cr (VI) at various
pH.

PAN(92)-co-P2EHA(8)-PANI(15)
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Figure 3.18 Percent chromium removal of PAN (92P&EHA (8)-PANI (15)
nanoporous filtration membranes at various pHs

Since better chromium (VI) removal performancesenarserved for all three types
of nanoporous filtration membrane at pH 2 and 50n pgontaining solutions,
fouling analyses were only performed for these nramés at 689.5 kPa for 4h

continuous permeation. The data from the foulinglysis were used to calculate
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the percent flux loss, total flux loss, reversiblel irreversible flux loss [54-56]. It
was observed that all nanoporous filtration memésahowed higher flux recovery
(greater than 90%) promising better long term peménces (Table 3.14). Lower
total flux loss number indicates that there weraltsn numbers of adsorption on
the surface of the nanoporous filtration membrarkstal flux loss includes

reversible and irreversible flux losses. Reversihig loss can easily be removed
by water washing of membranes. However, irrevessilix loss is permanent and
caused by irreversible deposition of permeate an rttembrane active surface.
Table 3.14 shows that the total flux loss can biébated to both reversible flux loss
and irreversible flux loss. Reversible and irretdesflux losses were comparable
for all samples, i.e, they are almost similar fdr taree nanoporous filtration

membrane. In other words, permanent depositionackenistics of chromium on

nanoporous filtration membranes and temporary adisoron surface were similar.
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Table 3.14 Pure Water, Permeate Fluxes and TaiallEdsses of Nanoporous Filtration Membranes &fteiring Test

Types of Nanoporous Filtration oH Cr(VI) Percent flux Total flux Reversible flux  Irreversible flux
Membrane (ppm) recovery loss loss loss
PAN(92)-co-P2EHA(8)-PAN(5) 2 50 93 0.11 0.044 0.069
PAN(92)-co-P2EHA(8)-PAN(10) 2 50 92 0.11 0.037 @07
PAN(92)-co-P2EHA(8)-PAN(15) 2 50 92 0.11 0.035 @07




1)

2)

3)

4)

CHAPTER 4

CONCLUSION

Polyacrylonitrile was copolymerized with hexyl detg and 2-ethylhexyl
acrylate and copolymer of poly (acrylonitrile)-cetBylhexyl acrylate) was

used in order to prepare nanoporous filtration mamds.

Random copolymers of acrylonitrile with hexyl aatd and 2ethylhexyl
acrylate was synthesized by one step emulsion paigation technique in
aqueous medium and FTIRH-NMR was used to clarify their chemical
structure. Moreover, FrortH-NMR spectrum, the chemical composition of
copolymer was investigated and it was said that cctwmers was

successfully incorporated into the polymer backbone

TGA results proved that poly (acrylonitrile-co-hé&agcrylate) was thermally
stable up to 372C and this was 38%C for poly (acrylonitrile-co-2ethylhexyl

acrylate).

DSC investigations revealed that glass transiteanperatures of copolymers
differs between the Tg values of homopolymers andingrease in mole
percent of comonomer led to the decrease in gtassition temperature of
copolymers. The reported glass transition tempezatéor polyacrylonitrile
and polyhexyl acrylate homopolymers are 13 and -37°C respectively
and glass transition temperatures of synthesizedlgmers were lowered to
68.7 °C, 56.09°C and 52.4°C with increasing mole percent of hexyl
acrylate incorporated into copolymer from 8 to 1 46. The same situation

was observed for poly (acrylonitrile-co-2ethylhergrylate) copolymers. The
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5)

6)

7)

8)

9)

reported glass transition temperatures for polyaoririle and polyhexyl
acrylate homopolymers are 10% and -50°C respectively and glass
transition temperatures of synthesized copolymesseviowered to 54.7C,
50.04°C and 47.3°C with increasing mole percents of the hexyl atey/l
incorporated into copolymer from 8 to 12 and 16.

Thermal analyses of the copolymers were investijabedetermine weight
loss behavior during successive heating over aogedf time. It was

observed that the 10 % weight loss temperaturee@as@s with increase of
molar ratio of hexyl acrylate and 2-ethylhexyl datg.

Both poly (acrylonitrile-co-hexyl acrylate) and pol(acrylonitrile-co-
2ethylhexyl acrylate) copolymer were converted inemoporous filtration
membrane by mixing with PANI and their performanested with deadend
filtration. Results showed that nanoporous filmatmembranes prepared with
PAN-co-PHA had lower water flux compared to PANRBEHA so the
chromium (VI) removal was achieved by using the apamous filtration
membranes prepared from poly (acrylonitrile(92)2ethylhexyl acrylate(8))
copolymer with three different PANI loadings (5, &0d 15 weight percent).

Fracture morphologies of the copolymer and nanamofittration membranes
were studied by SEM.

Swelling ratios and electrical conductivity of ng@ooous filtration

membranes increase with increase of PANI addition.

Almost complete chromium removal was achieved at2pfér the solution
containing 50 ppm chromium with nanoporous filimatmembranes having 5,
10 and 15 weight percent PANI. Moreover, approxetya®0 % chromium
removal was achieved for solution containing 10éhpghromium at pH 2, 5
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10)

11)

12)

and 7 with all types of nanoporous filtration mearn®s. However, for
nanoporous filtration membranes having 5 and 1@egrer PANI loading,
there was observed almost no chromium (VI) rejectar 250 ppm solutions
at three different pH. When polyaniline contenttlier increased from 10 to
15 percent, Cr (VI) rejection at pH 2 for a solaticontaining 250 ppm

chromium (VI) was achieved.

Permeate fluxes of the nanoporous filtration memésarange between 125-
177 L/nth, which indicates that increase in content of PAidin 5 to 10 and

15 weight percent lead to increase both permeatgare water flux.

Porosity sizes of the copolymer and nanoporousfitin membranes were

comparable (in the range of 20-110 nm).

PANI has a great effect on chromium removal becaifighe charge created
during the acid treatment, making water transpotcim easier, and the
adsorption of mono and the divalent chromium on tiniembrane surface

causing better filtration of chromium (V1).

80



1)
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3)

4)
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6)

CHAPTER 5

SUGGESTER FUTURE RESEARCH

Production of copolymer with higher molar percent@monomer.
Investigation of effects of amount of initiator,riactant, and chain transfer
agent and temperature on the molecular weight pblgmer and kinetics of
polymerization.

Examining monomer reactivity ratios of copolymetiaa system.

Examining the thermal degradation behaviors of toper by using TGA-
FTIR.

Investigation of mechanical properties of copolysneand effects of

comonomer molar percent on mechanical properties.

Utilizing nanoporous filtration membranes for ditfat materials areas.
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