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ABSTRACT

EFFECT OF IONIC STRENGTH ON THE
PERFORMANCE OF POLYMER ENHANCED
ULTRAFILTRATION IN HEAVY METAL
REMOVAL FROM AQUEOUS SOLUTIONS

Islamdjlu, Sezin
Ph.D., Department of Chemical Engineering

Supervisor: Prof. Dr. Levent Yilmaz

November 2006, 210 pages

Effect of ionic strength on the efficiency of heavy metal real@and recovery from
agueous solutions via continuous mode polymer enhancedfilatation (PEUF)

method was examined. Application of PEUF to divalent ionsaafmium, nickel and
zinc after their prior linking with polyethylenimine (PEi@sults in complete removal

of metal ions from single component aqueous solutions &t pids.

Binding ability and hence the extent of metal retention irhhi@nic strength medium
exhibits differences between solutions containing siragld multicomponent metal
mixtures. In single component metal solutions, extent ¢éréon decreases but
binding order of metals remains unaffected both in low anghhbnic strength
medium. But, in binary component metal mixtures, with ineee@ ionic strength

the binding order of metals changes.



Fractional separation of Cd, Ni and Zn ions from equimolarabmand ternary
mixtures of these metals and effect of ionic strength ortitvaal separation efficiency
were investigated. Depending on pH and salt concentratidmeetal pairs presentin

the solution fractional separation can be achieved.

Dynamic and static light scattering experiments were peréal in order to gain
insight about the conformational changes in PEI structwre td the pH and ionic
strength alternations in solution. It was found that, therease in ionic strength

reduces the size of the macromolecules.

A chemical equilibrium model was developed in order to eatemthe apparent
binding constants of metal-PElI complexes. Based on the datained from

continuous and batch mode PEUF experiments apparent girminstants were
estimated and compared to reveal the performance diffesetetween these

operational modes.

Keywords: Ultrafiltration, Membrane Separation Techngjdenic Strength, Heavy

Metal Removal, Polyethylenimine



Oz

SULU ORTAMLARDAN POL IMER
KOMPLEKSLEMEL | ULTRAF ILTRASYON
YONTEMIYLE A GIR METALLER IN
AYRILMASINDA IYONIK G UCUN ETKISI

Islamdjlu, Sezin
Doktora, Kimya Mihendisl§i Bolumi

Tez Yoneticisi: Prof. Dr. Levent Yilmaz

Kasim 2006, 210 sayfa

Metal bilesikleri iceren sulu ortamlardan,gia metallerin ayrilmasi amaciyla
kullanilan polimer komplekslemeli ultrafiltrasyon (PKURKpnteminde, ortamin
iyonik guiciiniin ve pH seviyesinin proses performansina etkisi incelgtimy tiksek

pH seviyesinde, PKUF gntemiyle, metallerin tekli metal bilesikleri icerenlsu

ortamlardan tamamen uzaklastirilabil§ceaptanmistir.

lyonik giiclin ve pH etkisinin, tekli ve coklu metal bilesikleri igar @zeltilerde
farkhhklar gosterdgi belirlenmistir. Tekli metal bilesikleri icererdgeltilerde, iyonik
gucin artmasiyla metal iyonlarinin alikonma orani azalirkeg)-metal bglanma
sirasinin dgismedgi saptanmustir. ikili metal bilesikleri iceren ¢zeltilerde ise
iyonik giicin artmasiyla alikonma oranindaki azalmanin yanisirallegtebaglanma

sirasinin da dstigi gdzlenmistir.
Ikili veya uclu kadmiyum, nikel ve cinko metal bilesikleri iceren swttamlarda,

Vi



iyonik gu¢, pH ve ortamda bulunan metal cesidinglbalarak metallerin kademeli

olarak ayristirilabilecg belirlenmistir.

Polietilenimin  molekillerinin sivi ortam icerisinde, ortamin tuz dengesine
ve asit seviyesine e disterebilecg bicimsel d@isiklikleri inceleyebilmek
amaclyla dinamik ve statik I1sik sacilimbitemiyle cesitli analizler yapilmistir.
Analizler sonucunda iyon dayancindaki artisin polietieakromolekil boyutlarinda

kiiciimeye neden oldyu belirlenmistir.

Polietilenimin metal komplekslenme sabitlerinin hesaplasina olanak gtayan
teorik bir model gelistirilmistir. Kesiksiz ve kesiklilkUF yontemleriyle elde edilen
veriler dgjrultusunda hesaplanan sabitler karsilastirilagakemler arasindaki olasi

performans farkhliklari incelenmistir.

Anahtar Kelimeler: Ultrafiltrasyon, Membranli Ayirmad¥itemleri, lyon Dayanci

AQir Metallerin Ayrilmasi, Polietilenimin
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CHAPTER 1

INTRODUCTION

1.1 Environmental Impacts of Heavy Metals

Metal species released into the environment by technabgativities tend to persist
indefinitely, circulating and eventually accumulatingahghout the food chain,
becoming a serious threat to the environment [1]. Enviramaigoollution by toxic

metals occurs globally through military, industrial, argtiaultural processes, coal,
natural gas, paper, mining, and chlor-alkali and electiopd industries [2, 3]. Fuel
and power industries generate 2.4 million tons of As, Cd, Cr, i, Ni, Pb, Se,

V, and Zn annually. The metal industry adds 0.39 million tpes year of the same

metals to the environment, while agriculture contributeks[4].

Among heavy metals, cadmium (Cd) is considered in many regasca significant
pollutant because it is one of the most toxic metals at edelvaioncentrations.
According to the regulations of U.S. Environmental PratetiAgency, the highest
level of cadmium that is allowed in drinking water is 5 ppb. idtalso reported
that, ingestion of water which contains 5ppb or more cadmiuay cause a kidney

damage [5].

The most remarkable properties of cadmium are great raesistéo corrosion,
excellent electric conductivity, and low melting point. rRbese reasons, cadmium
Is employed in many important industrial applications, retbough its release
in the environment can cause ecological and health haz&jds Cadmium is
used primarily for metal plating and coating operationsluding transportation
equipment, machinery and baking enamels, photographeyisgn phosphors. In
spite of its toxic nature and high cost, cadmium plating isflered because of its

ability to provide a corrosion protective coating with amrattive appearance on
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various basis metals, especially on iron and steel. Duedadlatively high price
of cadmium, it is largely applied in the form of thin coatingsircraft, marine, and
military outdoor uses are common. The electrical industakes use of Cd-plate on
steel and other metals because it is easily soldered andWwasontact resistance.
Cadmium plating is often used on parts of assemblies comgisfidissimilar metals,
such as steel and brass to minimise the galvanic corrosjoh [§ also used in nickel-
cadmium and solar batteries, in pigments, as a stabilizglastics and synthetic

products, alloys and other uses [6].

In aqueous environmef@d?* shows a relative mobility: it depends on pH, presence
of organic molecules and water hardness. High acidity asee the release 6"

and consequently, its uptake by plants and bioaccumulaltioaquatic environment,
invertebrates accumulate Cd rapidly, followed by fish andaéiqyplants and in some

cases the presence of Cd in soil inhibits the growth of somap([&].

Nickel (Ni) and zinc (Zn) are also elements of environmeaotadcern. Niis known as
hazardous pollutant with general toxicity causing skierglies and asthma. Cancer of
the lung and nasal sinus is the most serious consequencéaingrterm exposure [9].
For nickel and zinc, there are no primary drinking water faggons which are
legally enforceable standards apply to public water systerowever according to
secondary drinking water regulations which are non-erfalte guidelines regulating
contaminants that may cause cosmetic effects (such asistanth discoloration) or
aesthetic effects (such as taste, odor, or color) in driplater, maximum allowable

zinc level is reported to be 5ppm [5].

Zinc (Zn) and its compounds found in wastewaters in elevieels can be harmful
although low levels of zinc are essential for maintainingdydealth. Zn generally
plays either catalytic or a structural role; in some mefalhbeins that interact with
DNA. It is an essential constituent of many enzyme systennerd is more than 2g
of zinc in the average adult. There are believed to be 200reiqairing enzymes in
the human body. Zinc is essential for healty skin and propmung healing, for a

strong immune system, for bone metabolism and for normstd tasd smell whereas



exposure to large amounts of zinc can cause stomach crangraja and changes in

cholesterol levels [10].

Nickel is used in many industrial and consumer productduding stainless steel,
magnets, coinage, and special alloys. It is also used fdingland as a green tint
in glass. Nickel is pre-eminently an alloy metal, and itse€hise is in the nickel
steels and nickel cast irons, of which there are innumbergaatietes. It is also
widely used for many other alloys, such as nickel brassesbamazes, and alloys
with copper, chromium, aluminum, lead, cobalt, silver anttigNickel consumption
can be summarized as: nickel steels (60%), nickel-coppeysabnd nickel silver
(14%), malleable nickel, nickel clad (9%), plating (6%);kel cast irons (3%), heat

and electric resistance alloys (3%), nickel brasses anzks(2%), others (3%) [9].

Wastewater from electroplating processes usually caomtairhigh concentration
of heavy metal ions such a€uw’t,Cd*",Zr?" Ni®*,Cr(VI), etc. If it was
discharged into a natural water body without any treatméméye would have
been an environmental disaster, because these inorgarmopuilutants are
nonbiodegradable, highly toxic, and of carcinogenic é¢fféd]. In recognition of
this growing problem, there has been an increase in the nuofbenvironmental
regulations introduced by various bodies to protect thdityuaf surface, ground
water and drinking water from pollutants such as cadmium.[1Ek Table 1.1,
recommended water quality criteria published by EPA (Eowinental Protection
Agency), for priority toxic pollutants were given [13] andy Table 1.2, EPA
standards for plants discharging 38,000 liters (10,00D @amore per calendar day

of electroplating process wastewater were tabulated [14].

Increasingly stringent legislation on the decontamimatibwastewater is forcing the
manufacturing industries to take responsibility for theatment of their own waste.
In the water industry, such legislation is causing an ineega wastewater disposal
cost. This increase has made the development of efficiesiterprocesses for the
disposal of the waste effluent [15]. Besides the negativeremviental and health

effects, heavy metals are non-renewable resources andiqtiaad of these metals



Table 1.1: EPA Recommended Water Quality Criteria for Pyoraxic Pollutants

Freshwater Saltwater Human Health For Consumption of
Water+Organism  Organism only
MC CC MC CC MC MC
(ppb) (ppb) (ppb) (Ppb) (el (PPDb)
As 340 150 69 36 0.018 0.14

Cd 4.3 2.2 42 9.3 - -
Cr(vl) 16 11 1100 50 -
Cu 13 9.0 4.8 3.1 1300 -

Hg 14 077 18 094 0.050 0.051
Ni 470 52 74 8.2 610 4600
Pb 65 25 210 8.1 - -

Zn 120 120 90 81 9100 69000

Table 1.2: Common Metals Facilities Discharging 38000 kiter More Per Day
Discharge Limitations

Pollutant or pollutant property Maximum for any 1 day (ppm)

Cu 4.5
Ni 4.1
Cr 7.0
Zn 4.2
Pb 0.6
Cd 1.2
Total metals 10.5

for commercial uses is difficult. Therefore recovery of heanetals as reusable
compounds for industrial applications is as crucial as r&ahof them from waste
effluents. Recent developments in separation processes theeway of establishing

cost-effective methods for fractional separation andvegpoof heavy metals.

1.2 Wastewater Treatment Alternatives

Various alternative processes have been developed foretheval and recovery
of heavy metals from industrial effluents. Adsorption, [péation, liquid-liquid

extraction and ion-exchange are some of the techniques umsdbe removal
and recovery of heavy metals from waste streams [16]. Whileosimg the
suitable operation for the removal and the recovery of metdiaracteristics of the

wastewater, desired concentration range for the end ptashalcthe feasibility of the



recovery process should be considered [17].

The conventional method for treatment of metal waste isipitation [18]. Chelating
ligands and/or precipitating agents are used to bind theyhewetals or precipitate
them as metal chelates. Many of these ligands are easilyneltand relatively
inexpensive but are not specifically designed to bind thgetad heavy metals and
may often results in unstable metal ligand precipitatescivitan decompose and
release the metals back into the environment over varyinggeof time [19-21] and
the sludge obtained is difficult to treat to recover the nsefe¢; sludge dewatering),
particularly if it is a multi-metal sludge [22,23]. The shygl is often disposed
of at landfill sites, resulting in loss of useful resourced @ossible environmental
problems at the sites. In order to minimize the sludge treatmprocess scheme
consisting of an absorbent media coated on the sand surfacpacked column [24]
and in fluidized bed [25, 26] to collect heavy metals from bgtit waste water was
developed. In this processes the packed column and fluidiaed bed provided a
great amount of specific area for heavy metals to be pretzpitaSince the heavy

metals were coated on the sand surface, there was no nedddge slewatering.

When lime is used for hydroxide precipitation then, depegdin the level of acidity
and amount of heavy metals present in the effluent, variaidatities ofCa2* will
be introduced into the system and forms a number of secong&gipitates by
either direct reaction with the spectator anions to prodarcensoluble salt, or by
the possible formation of a multicomponent solid phase.[$&condary precipitates
significantly destabilise the primary heavy metal preai@s by inducing colloid
formation, thus making solid-liquid separation a diffiqutoposition [28]. In another
precipitation study with lime it was stated that, hydroxiplecipitation with lime
may be unsatisfactory for removal of cadmium, due to the Ipiglrequirement for
effective treatment. The use of sodium sulphide for cadmpetipitation is said to
be feasible [29].

Ligands with multiple bonding sites such as pyridine-thisds also used for

precipitation of heavy metals. By this method , metal ion @miations of feeds



containing 50ppm copper solution , pH of 4.5 and 50ppm cadnsalution , pH of
6, can be reduced to 0.00093 ppm 99.99% removal) and 0.06 ppm>(99.88%

removal), respectively [21].

A more sustainable and effective precipitation method wedifred for heavy
metal removal and recovery by a process scheme which camvaciselective
separation of metals and produce reusable pure metal Sungad be developed.
This process scheme was developed by pH sequencing withpimisation of

parameters like ; added doses and kind of precipitating tagemaiting period

before removing the precipitate from solution [17]. Codeefive precipitation
schemes may be developed depending on the composition oWvadlsée water
and the desired end product, by optimizing operating patersie For instance
from Cd dominated waste water containing Fe, Cu, Ni, Zn and iritips

(Co, Mn), Cd was recovered as pu@d(OH), and CdS which are valuable
compounds for electroplating and paint industries [17].th@ligh it is generally
used as a stand alone method [30, 31] chemical precipitatay not satisfy
the produce end products obeying the environmental regokatout when it is

systematized properly, can be very appropriate as a firgtafta hybrid separation
processes. Precipitation of sparingly soluble metal camgds followed by micro- or
ultrafiltration [32], bioaccumulation and microfiltratidB83], precipitation followed

by polymer enhanced ultrafiltration [34] are among the pokises as the second

step of the hybrid processes.

Solvent extraction is widely utilized in metal recovery og#ns including; copper
recovery using oil soluble extractants [35], Ni, Cu, Mn, Coragtion by extractant
di(2-ethylhexyl)phosphoric acid (DEHPA) [36]. In metalcovery operations, the
target metal ion is extracted from an aqueous solution,(beap leach solution or
effluent from a plating operation) into an organic solventhsas kerosene which
contains the active reagent [37-39]. Solvent extractioneorted to be most
suitable for removal of solutes that are present in high eotrations; for very dilute
solutions the cost of the solvent becomes high as compathd twst of the recovered
material [40].



Another widely reported techniques for removing heavy tseflamm a solution is
adsorption. Much research has been addressed to idemfyensive and satisfactory
adsorption materials [41-45]. Among these, clays show gmsbrbent properties
both for organic species and for metals because of theie latgface areas and
negative charges [46-51]. Montmorillonite [52], hemalt&8], clinoptilolite [30] and
paper mill sludges, those deriving from papermaking preegshat use kaolinite [54]
as the reagent have also been considered as a possiblegsordinx. Adsorption
studies showed that the sorption process is influenced bydhée of the ionic
charge: cations are sorbed much more readily than anioagftimity series for the
cations tested i€u(ll) > Pb(ll) > Cd(ll) ~ Ag(l) [55]. A similar sequence was
found by Reynolds [56] for zeolites and by Weiss and Amstufj {ér clay minerals.
Modified barks [58], apple residues [59], a blast furnacetevasaterial [60], cross-
linked carboxymethyl corn starch [61], were the materidéds ased as an absorbing
agents used for heavy metal removal. The adsorption on srisereported to be
effective method for the removal of metal ions in low (ppmhcentrations, but for the
multicomponent mixtures with high metal concentrations thethod may became

ineffective [16].

The process of ion-exchange refers to the replacement of teeavy metal ions
in the solution by the more benign counter ions that balaheestirface charge of
the solid exchanger, and is an alternative heavy metal rehprecesses. Synthetic
aluminosilicate zeolites [62, 63], Na-Y zeolite [64] andtiioa-exchanger textiles
(CET) carrying carboxylate, sulfonate or phosphate fumetiggroups [65], act as
an efficient porous solid exchange media. Lacour [65], stlidhe removal of
cadmium and copper by three different cation exchangeitdeXCET) being a weak
acid CET, a strong acid CET and a chelating cation exchangeohserved that,
exchangers exhibit higher affinity for divalent cationsrtfiar monocovalent cations
in infinitely dilute solutions and CET showed better affinity theH™* counter-ion
than for divalent cations. Na-Y zeolite is reported as eifecfor removal of trace
amounts of metals and zeolite affinity was proved to be deekhy increasing metal

concentration. Disadvantages of the ion-exchange metteod meported to be, high



resin cost, solvent wash-out for impregnated resins avd iglte of operation [66].

Flocculation with hydroxyapatite [67], ammoniacal leaah{68], foam separation
[69], biosorption [70] are some of the examples of otherrafibve heavy metal
removal techniques. Among these techniques biosorpticcomsiderably a new
technology investigated for toxic metal removal, but cotitey large volumes
of metal-bearing aqueous solutions with microbial biomasgonventional unit
processing operations is not practical, largely becaussobdl/liquid separation
problems [71]. In foam separation technique the separaffanency mainly depends
on ionic strength. Generally efficieny decreases with ane@®e in ionic strength.
Because industrial wastewater is a complex mixture, thiwblaak is the main reason

holding back their wider applications [69].

Although classical treatment techniques have now reacheddaanced stage of
optimization, the growing development over the last 40 yeamembrane separation
techniqgues has made them attractive for the heavy metalvanamd recovery
from waste streams [72]. The main element of any membranaratimn process
is the semipermeable membrane. Certain solution compomghtpass through
the membrane forming the permeate, whereas others will nesl by the
membrane forming the retentate or concentrate [73]. Therevarious methods
to enable substances to penetrate a membrane. Examplessef thethods are
the applications of high pressure, the maintenance of aertration gradient
(i.e.,pervaporation, gas separation, dialysis and liqn&mbranes) or temperature
gradient (i.e.,thermoosmosis, membrane distillationpoth sides of the membrane
and the introduction of an electric potential. Membranecpsses involving an
electrical potential difference are electrodialysis atet®oosmosis. The nature of
these processes differs from that of other processes imgpodvpressure, temperature
or concentration difference as the driving force, since @hlarged molecules or ions

are affected by the electrical field [74].



1.3 Use of Membrane Technology in Wastewater Treatment

Today, membrane technologies have been one of the emeegingdliogies used in a
large number of separation processes. Low energy consom@ase of upscaling
and combination with other separation processes, mildragpa conditions and

variable membrane properties are the benefits of the memimacesses, however
concentration polarisation, fouling and low membranetilifie can be listed as the

disadvantages of these processes [74].

In the development period of membrane technology, firstii membrane
processes were used and previously most of the studiesnfmved of heavy metals
has been carried out with liquid membranes [75, 76]. Liquientbrane systems
contains a hydrophobic membrane phase which acts as an ioarldzetween two
agqueous phases. An ion carrier may be dissolved in the mambrBhe carrier is
a liposoluble molecule that is capable of increasing iomilsitity in the membrane,
and of providing ion fluxes and transport selectivities lnsesof specific ion-carrier
interactions. The aqueous phase, containing ions to bepoated is commonly
designated as the source phase or feed solution, while treoag phase into which

lons are transported is called as the receiving phase ppstg solution [77].

Mainly, three types of liquid membranes have been used ferseparation and

transport of metals from aqueous solutions:

e Bulk liquid membranes: This membrane type consists of a bigkmic phase
separating two aqueous phases. In order to establish themamt of the cation
from the source phase into organic phase, stable metagcaomplex should
be formed. However, the stability of this complex must be kbsn that of the

metal-anion species in the receiving phase for cation p@mastion [78].

e Emulsion liquid membranes: This type of membranes are peepa two
steps. Firstly, two immiscible phases, water and oil fomegke, are mixed and
emulsion droplets are formed, which are stabilized by ttuitieh of surfactant.

Secondly, the obtained water-oil emulsion is added to aelesmtaining an

9



agueous phase where a water/oil/water emulsion is now fhrthe oil phase

being the liquid membrane in this concept [74].

e Supported liquid membranes: Such membranes can easily dpaned by
impregnating a hydrophobic porous membrane with a suitatgjanic solvent.
The liquid film is immobilized within the pores of a porous mamane. The
porous membrane serves only as a framework or supportieg faythe liquid
film [74].

Bulk liquid membranes are quite inefficient as ion transpgsteams because of low
fluxes caused by small interfacial areas and thick membrargasgpported liquid
membrane processes (SLM), combine the process of extnaatid stripping in a
single unit operation. Several different membrane sugpuat/e been used to make
SLMs. These include PP, PVDF, PTFE, silicones etc. [79-8d4rious studies
focused on the separation of lanthanides, actinides ang athar metals by the SLM
process [82—84]. The emulsion liquid membranes (ELM) hdse been studied for
the preconcentration and separation of metal ions [85,&], it was reported that
the stability of the membranes may be a problem for emulsaguid membranes,
since breakdown of the organic films causes loss in extraetificiency and loss of
stripping solutions [66]. The most serious problem of supgabliquid membrane
operation is due to instability caused by the dissolutiortha liquid membrane
solution, which is held in the micropores of support membgsdoy the capillary force,

in aqueous source and receiving phases [87].

Special attention was also given to commercially availgéssure driven membrane
processes for their applications in wastewater treatmekl¥ith respect to the
membrane pore size and applied pressure parameters udeel mocess pressure
driven membrane filtration can be divided up between micrbudtrafiltration on the
one hand and nanofiltration and Reverse Osmaosis (RO or hytatidih) on the other
hand.

10



1.4 Pressure-Driven Membrane Processes

Improvement of membrane pressure-driven technologiesesmalkem a suitable
alternative to be used in a large number of industrial aawisuch as, water

treatment, production of paint and coating, biotechnolagg many others [88].

Various pressure-driven membrane processes can be useddentrate or purify
a dilute aqueous or non-aqueous solution. The particle decutar size and
chemical properties of the solute determine the structespgecially the pore size,
necessary for the membrane employed. There are variousgz®s which can be
distinguished related to the particle size of the solutea@rdequently to membrane
structure. These processes are microfiltration, ultrafitin, nanofiltration and

reverse osmosis [74].

As we go from microfiltration through ultrafiltration and radiitration to reverse
osmosis, the size (or molecular weight) of the particles aletcules separated
diminishes and consequently the pore sizes in the membrasebacome smaller.
This implies that the resistance of the membranes to massféraincreases and
hence the applied pressure (driving force) has to be inete@msobtain the same flux.

Comparison of the various pressure driven processes is giviable 1.3 [74].

Among the pressure driven membrane processes, reverssiggiRO) was originally
developed for the purpose of seawater and brackish watealinkson. Today, RO
processes can be used for a wide range of applications, roegtioh are in the
purification of water, mainly desalination of brackish aedwater to produce potable
water. In these applications, the salt content of brackiatewand seawater can be
as high as 1000-5000 ppm and 35000 ppm, respectively. Pwoduaf ultrapure
water for semiconductor industry, the concentration ot fuice, sugar and coffee in
food industry and reclamation of process waters and wagtesvare examples of the
other RO applications [74]. Separation principle in RO carekplained by solution-
diffusion model, where solvent and solute dissolve andiddf During diffusion, in
order to overcome molecular friction between the particieébe permeate stream and

membrane polymer, large operating pressures should beedpg9].
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Table 1.3: Comparison of Various Pressure Driven Membraoed3ses

Microfiltration Ultrafiltration Nanofiltration
Reverse Osmosis
Separation of Separation of Separation of
particles macromolecules low MW solutes
Osmotic pressure Osmotic pressure Osmotic pressure
negligible negligible high( 1— 25 bar)
Applied pressure low | Applied pressure low Applied pressure high
(< 2 bar) (=~1-10 bar) (=~10-60 bar)

Symmetric structure | Asymmetric structure Asymmetric structure
Asymmetric structure

Thickness of Thickness of Thickness of
separating layer separating layer separating layer
Symmetric 10- 150um 0.1—1.0um 0.1—1.0um

Asymmetric Jum

Separation based on| Separation based on Separation based on

particle size particle size differences in solubility,
and diffusivity

Nanofiltration (NF) falls between UF and RO; its separatibaracteristics are based
on sieve effect, but most of commercial NF membranes argjedaSo, the rejection
of ions by NF membranes is the consequence of the combinafi@hectrostatic
and steric interactions associated with charge shielddamnan exclusion and ion
hytration [90—92]. These interactions depend on the cleniatics of the solution to
be treated and the membrane itself. NF is mainly used in vgaftening, removal of

trihalomethanes and natural organic matter, retentiorye$ énd metals [93].

Microfiltration (MF) mainly used in food and pharmaceuticaldustries for
sterilisation and clarification, for the removal of parmisl for ultrapure water
production in semiconductor industry and for cell harvegiin biotechnology [74].
In MF the separation is achieved by sieving mechanism [94%. thfe size of the
particles retained by MF are larger than the sizes of sohetesned by NF or RO, the
osmotic pressure for MF process is negligible, and requnatsmembrane pressure

Is relatively small as compared to other pressure driven Ipnang processes.

Ultrafiltration (UF) was initially developed for the treadémt of wastewaters

and sewage, however today it is also being used extensivelyhé food,
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pharmaceutical, biotechnology(enzyme recovery, mengbrémoreactors) and
electrocoating (automobile electrocoat paint) industri@ recent survey cited over
100 000n? of installed membrane capacity in the dairy industry (sugdining,
vegetable oils, corn, fruit juices, wine and beer, fluid mitheese and whey)
alone [95]. Itis also used for kaolin dewatering, for fernagion broth clarification,
antibiotic recovery [96]. UF needs lower transmembranesure for operation as

compared to that of RO and typical permeate fluxes in UF aredtinan those of MF.

The performance of the ultrafiltration process is evaluaigtl two main criteria,

which are the retention of the target component and pernfieate

Retention can be expressed as;

Cp
R=1—-— 1.1
Cr (1.1)

whereCp is the solute concentration in the permeate@nds the solute concentration

in the feed stream.

Permeate flux can be defined as:

PermeateF e PermeateFlowRate (1.2)
E f fectiveMembraneArea ’

For the filtration of multicomponent mixtures, the seleityiwf a membrane towards
a mixture is generally expressed by one of the two parametezsetention or the

separation factor.

Membrane selectivity towards gas mixtures and mixturessigally expressed in
terms of a separation factar. For a mixture consisting of components A and B

the selectivity factonis g is given by:

(1.3)
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whereya andyg are the concentrations of components A and B in the permedte a

Xa andxg are the concentrations of components A and B in the feedmstrea

Membrane selectivity towards liquid mixtures (S) contagbinary solute species is

expressed as:

CpB/CfB . 1—RB

Sus = e " 1oR (1.4)

whereCpa andCpg are permeate ardia andCsp are feed concentration®&a is the

retention of component ARg is the retention of component B in the mixture.

In pressure driven membrane processes, the differenceebertithe pressures of
the feed side and the permeate side of the membrane is thegdfwce of the
separation process. Higher pressure gradients resulgiehpermeate fluxes, but it
should be taken into account that when polymer containihgisas are ultrafiltered,
deformation of polymeric molecules may occur due to highdiiwhich results in a

passage of macromolecules through the pore.

The retention of a component by the membrane depends on meaympters
including solute type, solution composition, pH, temperat ionic strength,
membrane material, pore size, hydrodynamics, etc. In masgs; however, the size

of a dissolved component is the crucial factor for retenfis].

If the dimensions of target component and non-target compiodiffer significantly,
then a good separation of target component from the solgbomaining non-target
component should be expected. When both the target and rget-tsomponents
are low molecular compounds, the selectivity of separaisogenerally low. All
components of the solution will either retained by the meambr(reverse osmosis)

or will pass through it (diafiltration, ultrafiltration, miafiltration).

Because of the size of the ions, as hydrated ions or as low wolalegveight
complexes, reverse osmosis is the only technology whicHdcallow a direct

separation of heavy metal ions, but from an economical pafinview, this method
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suffers from the fact that high fluxes of permeate need higistinembrane pressure
(> 69kPa), which results in high energy costs [97]. Reverse osmosis il not
suited for achieving selective separation of metal iongesithe size difference
between the metal ions were too small and in addition to nretahtion all other
constituents in the aqueous solution would also be moressrdempletely retained
by the membrane and the osmaotic pressure in the concensa@lteobn would become

unacceptably high [98].

In order improve the separation, with high permeate fluxes, pressure and low
energy costs with high rejection coefficients, complexaand ultrafiltration based
processes have been developed. In complexation enharncafilttation, in order
to improve separation, the target component can be boundtwamolecules, thus

enlarging the molecular dimensions of one of the comporteriie separated.
1.5 Complexation-Enhanced Ultrafiltration Processes

Ultrafiltration allows relatively high fluxes combined witbw operating pressures,
but the typical molecular weight cut-off of usual membraisaso high, as compared
to the size of metallic ions; the lowest molecular weightstabce which can be
separated from a liquid medium by ultrafiltration is approately 500 Da [99], as a
consequence, a poor retention of ions is achieved. In oodergrove separation, the
metallic ions can be bound to macroligands, thus enlargiagrtolecular dimensions
of the components to be separated. This constitutes the lbAstomplexation

enhanced ultrafiltration (CEUF) in which, metal complex amel tomplexing agent
can be retained by the membrane while water and non-contplers pass through
the membrane. The complexation-ultrafiltration method hatsyet been applied
on industrial scale, however it has been reported that tlethod can be a suitable
technique for the treatment of wastewaters [100], grounemand seawaters [101]
and separation of radionuclides [102]. CEUF can be class#@ubrding to the

complexation agent used [103];

¢ Micellar Enhanced Ultrafiltration (MEUF)

In MEUF, the advantage of a surfactant’s ability to asseciaith itself
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and form "micelles” above a certain concentration known @scal micelle
concentration (CMC) is used. Surfactants are emphiph#geghey contain a
hydrophobic tail, which is generally a hydrocarbon chaihileithe hydrophilic
head consists of anionic, cationic or nonionic groups [1@8}. The separation
of the micellar pseudophase from the purified continuougags phase can be
achieved by ultrafiltration using membranes with pore digmsesmaller than
the size of the micelles. The surfactant forms micelles whace spherical
aggregates containing 50-150 surfactant molecules [1T0f advantage of
using micelles may be found in the large variety of commdiciavailable
surfactants used in the process. The hydrophobic core dlies; owing to
its hydrocarbon-like structure, may solubilize lipopbikubstances such as
hydrophobic extractants [111-113]. This offers a way ofa@eimg metal ions
which shows strong similarity with solvent extraction [114n MEUF, ions
with the same charge are removed with approximately eqiedtren [108]
since binding of the cations to oppositely charged miceliéage is primarily
electrostatic in nature. To enhance selectivity in MEURetber with the
surfactant an amphiphilic ligand was added to the contamihsolution under
conditions where most of the surfactant is present as regellhe ligand has
a high degree of solubilization in the micelles and a tengencselectively

complex the target metal ion [115,116].

Colloid Enhanced Ultrafiltration (CoEUF)

In CEUF, colloids of metal hydroxides, especially iron andinainium
hydroxides were used as a complexing agent to enlarge tigettanetal
molecular size [117]. Because of low selectivity and pH latidns this

technique is not used widely.

Polymer Enhanced Ultrafiltration (PEUF)

In PEUF, water-soluble polymers are used as a complexingt &gbind metals
to form macromolecular complexes. In the polymer bindingnbeane assisted
separation processes, the membrane is just a barrier i hetain everything

bound to polymer and allow permeation of all unbound comptsg’3]. Thus,
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selective and efficient separation of ions can be achievedaddlition to the
removal of heavy metals from aqueous solutions, itis ptssirecover metals
and polymer by PEUF in such a way that: linking of metal ionthwgolymer
ligands is a reversible process so it is possible to regentiraretentate in order
to recover the metal and complexing agent by changing thdilegum and
introducing a successive ultrafiltration stage [118]. Roksty of the recovery
of the metals and regeneration of the polymeric agents isrtpertant features

making PEUF a preferable process.

1.6 Polymer Enhanced Ultrafiltration (PEUF) Processes

The majority of the applications of polymer enhanced ultration are related to the
removal and recovery of heavy metals from liquid waste efiisie It was reported
that metals, such as copper, nickel, lead, chromium, mgrand arsenic, can be
selectively removed from multicomponent solutions of @liént origins [119-121].
It is also used to remove components from natural watergyynghoater [122] and

seawater [123].

The separation process will be succesfull if the polymedunses high affinity toward
target component, inactivity towards nontarget compagnbigh molecular mass,
possibility of regeneration, chemical and mechanicalistghow toxicity and low

cost. There are various kinds of water-soluble polymers ¢ha be classified into
several groups according to chemical groups present as etyndlany of these
polymers were designed for different industrial applicas, but only some functional

soluble polymers were found to be suitable for PEUF procejds#].

Most of the PEUF studies employ batch [125, 126] or semiioanus processes
[127], but the feasibility of a continuous PEUF process mgaplto water

softening [128] and heavy metal separation [129-131] has héen studied. In
the previous studies of our research group continuous madmer enhanced
ultrafiltration processes were applied for boron [132, 188frcury and cadmium [98,

103] removal from aqueous solutions.
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1.7 Aim and Scope of the Study

The performance of the ultrafiltration process is evaluatétl two main criteria,

which are the amount of retention of the target componenthleymembrane and
permeate flux. Operational parameters such as pH, temperéted concentration,
membrane type and configuration affect the degree of reteatid permeate flux and

hence the performance of the process.

In  polymer enhanced ultrafiltration ~ processes in  additiono t
these conventional operational parameters, factorstjiratfecting polymer-metal

binding characteristics can be very important for the psegeerformance [134].

Aim of this study is to investigate the effect of ionic strémgnd presence of counter
anions on polymer-metal complexation together with othparational parameters in
order to improve heavy metal removal and recovery from singinary and ternary

metal mixtures by polymer enhanced ultrafiltration.

As a first step of the study, performance of two different meanb materials and
configurations: polysulfonic flat sheet and cellulosic alpwound membranes were
compared in order to select the suitable membrane materdhicanfiguration for

effective heavy metal removal.

Cadmium, zinc and nickel were selected as target metalsi®stindy because these
three metals are widely used in industrial applicationepahiough their release into
the environment can cause serious ecological and healbihepns. Polyethylenimine

(PEI) was used as a complexation agent.

In polymer enhanced ultrafiltration, the separation preces supposed to be
successful if the polymer used has high molecular massijhplitysof regeneration,
chemical and mechanical stability and has high affinity talsaarget metals and
inactivity towards non-target components present in tHetism. Proven ability of
polyethylenimine (PEI) to strongly bind heavy metals andtiay inactive towards

alkali earth metals make it prefferred polymer to be usetimgtudy.
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This research can be divided into two experimental parts: the first part,
ultrafiltration experiments were performed in order to obsethe retention
behaviours ofcd?t, Zrét andNi?* in single, binary and ternary mixtures of these
metals at different pH and loading (amount of metal/amof@iREd) values and impact
of high ionic strength conditions on the retention profiléCa?*, Zré* and Ni2*

were investigated.

In the second part of the experimental study, the charattesiof association between
highly branced PEI and metal ions and effect of salt coneéptr on this association
were investigated by performing dynamic and static ligl#tsring measurements.
Radius of gyration, hydrodynamic radius and second ordé&l\apefficient of PEI
macromolecule and metal-PEI complexes were estimatediffereht experimental

conditions.

The binding (complexation) constants of various metalspar complexes and the
corresponding average coordination number for such pafgnselutions have been
extensively evaluated. They were usually determined eitften potentiometric

or pH titration curves by Bjerrum’s method [135-137], or by @edroscopic

method through the molar absorption coefficient of the boonedals and the peak
position in the spectra [138-140], or by the equilibriumiygs method using an ion-
exchange membrane [140]. Recently ultrafiltration is used@eferrable alternative
method to estimate the binding constants of metals withouaripolyelectrolytes
and polychelatogens. Besides the experimental parts, tindy flso covers the
development of a theoretical model that best fits the experial data for the
estimation of binding constants &d?", Zr** and Ni>" with PEI at different pH

values and with varying amounts of salt.

19



CHAPTER 2

LITERATURE SURVEY

2.1 Polymeric Ligands Used in PEUF Studies

There are many studies related with the removal of heavy Imétam aqueous
solutions by means of PEUF and, most of them deal with sele@nd synthesis
of a special ligand for target metals [118, 141-143]. Theiahof polymers and
macroligands remains important for developing this tetdgyand it was stated that
the separation process will be successful if the polymed hss high affinity toward
target component and inactivity toward non-target comptsydigh molecular mass,

possibility of regeneration, chemical and mechanicaliktaland low cost [144].

The molecular mass of the polymeric ligands should be higbugh to ensure

efficient separation of the non-target components and cetepdtention according to
the molecular exclusion limit of the membrane. Howeveh& molecular mass is too
high, this results in a high viscosity of the solution whegtsa polymer is added to
it, as macromolecules reduce their size in concentratedmmi solutions [145]. This

size reduction along with concentration polarization legsuan increased polymer
permeation through the membrane. This will reduce the patenux and increase
the process cost. Frequently, polymers with a moleculasrtathe range between
30 000 and 100 000 g/mol are employed when the ultrafiltranembranes having a

molecular weight cut-off 10 000 g/mol are used [73].

Mechanical and chemical stability of the polymers are oitmgortant parameters that
should be considered while selecting a suitable polymeoparation because, feed
solutions containing polymer are pumped through the ultration unit by different
pumps (i.e., centrifugal, diaphragm pumps), if polymer loas mechanical stability

degradation may occur due to the mechanical shearing cduyséte pump [123].
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Chemical instability may also be a problem in such a way thegraldation of soluble

polymer may occur by hydrolysis effects [73].

The great majority of polymers or polymer-based materiedsveater insoluble and
in many cases they are required to be water resistant (i.ebery silk, cotton,
paper, wood). On the other hand, there is a relatively smallifaportant group
of polymers that are water-soluble, where their solubiktyn important feature of

their applications in polymer enhanced ultrafilration [[L46

Water-soluble polymers can be mainly divided into threaugso

e Natural water soluble polymers include many important exas of the so-
called biopolymers. Well known example of biopolymers rhossed in PEUF
applications is chitosan [131,141,147-149].

e Semisynthetic water soluble polymers: these are natutgihmErs which have
been modified to make them water soluble, in particular toeki ethers
(i.e: methyl-,hydroxyethyl-, hydroxypropyl-, carboxythgl-). Amoung these
polymers carboxyl methyl cellulose was used in some of theP&udies for
metal removal [129, 150, 151].

e Synthetic water soluble polymers

Water soluble synthetic polymers may be non-ionic, or thay tve polyelectrolytes,
possessing many ionizable groups that give rise to anion@atonic character in
agueous solution or they may be polychelatogens, bearmgi@mnal groups with the
ability to form coordination bonds. Polychelatogens aefgnable polymeric ligands
in heavy metal removal from aqueous solutions, becauseenf #ffinity towards

transition metals and inactivity towards alkali and alledrth metals [73].

Examples of common synthetic non-ionic water-soluble pays are poly
(acrylamide), poly (oxyethylene), poly(vinylalcohol) cupoly(vinyl pyrrolidone).

Polyvinyl alcohol can be used for removal of anions such ad82]and boron [132]
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and also cations [153, 154] from aqueous solutions. Paty(yyrrolidone) was
previously used folPk?t [155], Zr*+, Pr3+, Th®* [156] removal from aqueous

solutions and also iodine (I) removal from highly mineratizgroundwater [157].

Common synthetic anionic polyelectrolytes are poly (phosighacid), poly (styrene
sulphonic acid) and poly (acrylic acid) which was reportedt¢ effectively used for
P?t removal [158] and selective separation of metal ions froougdwater [159]

by membrane filtration techniques.

Poly (vinylamine), poly (dimethyldiallylammonium chlaie) [160], poly (4-vinyl

pyridine), poly (allylamine) [161] and poly (ethyleniminare the examples of
common synthetic cationic polymers [162]. In the previcusli®s, poly (allylamine)
was used for uranium recovery from sea water [163], polyyfeimine) was used for

Cwt [164] andCd?*, Ni?* [165] removal from single component synthetic solutions.

Among the synthetic water-soluble polymers, poly(ethiytene) has high binding
ability, because of having unshared electron pair on theokhathich can form donor
bonds with coordination unsaturated transition metal®©]16Poly(ethylenimine)
(PEI) is a basic polymer synthesized by acid-catalyzed mehzation of
ethyleneimine (aziridine) and is known to exist as a linearcture (LPEI) [166] or
a branched structure (BPEI). Under normal conditions fotlssis, the polymer has
a high degree of branching at the amine nitrogens [167]. LREIonly secondary
amino groups in the main chain [168] and therefore it hasatimg sites only in the
main chain. Branchy poly(ethylenimine) (PEI) contains &hyine as the repeating
unit. The tertiary amino nitrogens are the branching pdifig. 2.1) [169]. A typical
PEI of MW 60000 contains ca. 350 primary amines, ca. 700 strgramines, and
ca. 350 tertiary amines [170] and it has chelating sites imatie main chain and side

chains.

Having a branchy structure, high solubility in water, anddy modification of its
amines by acylation, alkylation, or imine formation polyleneimine (PEI) has found
a number of interesting applications in biotechnology,.,eiy facilitating protein

recovery [171] and biocatalyst immobilization [172]. Itshalso been shown to
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Figure 2.1: Structure of Branched PEI

have a stabilizing effect on several enzymes in solutiorBf177] as well as in
biosensors [178]. Because of high binding ability towards iins of transition
metals, PEI was widely used in previous studies for the rexnoitransition metal
ions from synthetic wastewaters via PEUF. In Table 2.1, etamof heavy metal

removal studies by PEUF and target metals in these studiessuenmarized.

Table 2.1: Examples of PEUF Studies with PEI

Polymer Target Metal(s) Reference
PEI Cu(ll), Pb(11), Cd(l1), Hg(ll), Ag(l) [155]
PEI Hg(ll) [179]
PEI Cu(ll), Co(ln), Ni(Iy, Zn(1 [180]
PEI Cu(ll), Ni(I, Co(ln), Pb(Ir), Cd(I1), Zn(lr) [181]
PEI Ni(ll) [182]
PEI Cu(ll) [183]
PEI Cr(llN [184]
PEI Cu(ll), Ni(I1), Zn(l1), and Cd(lI) [185]
PEI Cu(Il, Ni(I), Zn(l1), and Cd(l1) [186]
PEI Cu(In), NiIn) [187]
PEI Hg(ll), Cd(ll) [134]
PEI Hg(ll) [188]

Some of the sample studies presented in Table 2.1, can beangeohas follows; In

the study of Osipova [155], the stability of the metal compkewith PEI was found
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to be in the ordeHg(ll) > Cu(ll) > Ag(l) > Cd(ll) > Pb(ll) for pH < 5. Effect of
pH and ionic strength on the removal efficiency of Hg(ll) waamined in the studies
of Uludag [188] and Zambrano [179] respectively. It was fduhat, PEI-Hg(ll)
complexation was favourable f@H > 4, and extent of binding decreases fit < 4
because of the protonation of PEI molecules [188]. Chlorihehas a strong effect
on mercury retention rate for pH lower than 5. The retentibmercury decreases as
the chloride ion concentration increases. However for phér than 6 the chloride
ions do not affect the complexation of mercury by the PEI. fidtention rate reaches
a plateau R > 95%) and the retention values are the same that observeduwith
chloride ions [179]. Juang and Chen [180], proposed a chemdgalibrium model
to estimate the equilibrium constants for the binding o¥/fethylenimine) (PEI) with
the ions of Cu, Co, Ni, Zn in the aqueous sulfate solutions bgtbattrafiltration
(UF) in the pH range of 3.0-3.8. According to the estimateadirig constants,
binding order of the metals was found to &g(I1) > Ni(ll) > Zn(Il) > Co(Il).

In the study of Rivas [181], it was reported that PEI showed highest metal-
retention values, particularly at higher pHs, towards GQui(ll), Co(ll), Cd(ll),
Zn(ll) whereas Pb(ll) was only poorly retained. The affinityr all the metal
ions, except Pb(ll), increased significantly at pH 5. Malifa83] compared the
affinity of several chelating agents towards Cu ions and im shidy it was reported
that, amoung the chelating agents like polyetilenimingRtblyacrylic acid (PAA),
polyacrilic acid sodium salt (PAASS), and poly(dimethylaerco-epichlorohydrin-
co-ethylenediamine) (PDEHED), PEI showed the highest Gantiein values.

2.2 Batch and Continuous Mode PEUF Studies

In most of the PEUF studies, batch systems are employed1285,In these studies,
the binding properties were documented in retention psfikhich are plots of the
retention (R) versus the filtration factor (Z) [189]. Z is defihas the ratio of the
volume of the filtrate and the volume of the cell solution. c®inthe concentration
of feed solution can not be kept constant throughout thehbptocesses, as Z
increases the retention value of the metals are reporteddedse or increase due

to the changes in feed concentration therefore it is diffitubbserve the effects of
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concentration and loading on rejection and flux.

One step forward in the processing mode of operation is theratipn and
modelization of semi-continuous processes in which a patesream goes out from
a system comprising a reactor and membrane module, and atfeadh of equal flow
rate was added from a reservoir to this system in order to tanaiconstant volume
[127].

Continuous mode of ultrafiltration was reported to be prefde for large scale
processes [190]. In one of the previous studies feasikilita continuous PEUF
process was tested for water softening process in the mes#ra weakly ionized
polyelectrolyte (poly(acrylic acid-maleic anhydride)daem salt) [128] and it was
shown that that the proposed system can continuously resi@afefrom water in a

satisfactory way.

In the study of Schlichter et.al. [129], continuous hybritirafiltration process
consisting of consequitive separation and regeneratidts wvere used for the
separation ofCl?t, Co?t and Pb*™ and at the same time for the regeneration of

the bonding agent (i.e., carboxymethyl cellulose).

Continuous mode ultrafiltration was also applied @t and Zrét removal by
zeolite [130] and to measure the extent of heavy-metal cexaplon by dissolved

organic-matter [191].

Sabate [131], analyzed extensively the running of a contislPEUF applied to the
separation of heavy metals that join a chitosan by complaxdiinding. It was

reported that, by the simulations based on the process, #yethat the process
works may be understood and the conditions required to eekigiven treated water
composition, saving reagents and energy can be deternimadother study, design
and construction of a modular pilot plant operating in camtius mode, was made for

the treatment of oil-containing wastewaters [192].

In the previous studies of our research group continuousenpmidymer enhanced

ultrafiltration processes were applied for boron [132, 188jrcury and cadmium [98,
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103] removal from aqueous solutions and effects of oparatiparameters like
metal/polymer ratio and pH on the performance of the procassbe observed by

courtesy of continuous mode operation.

Uludag [188], studied polymer enhanced ultrafiltration amitnuous mode in order
to separatélg®t by complexing with polyethyleneimine, and was able to obs¢ne

effect of loading on retention which is not possible to dawaatch ultrafiltration. In
this study it has been observed that, the retention rathesacplateauR > 98%) up

to the critical loading. When loading exceeds 1, sharp deergaretention profiles
was observed. It was also reported that, retention is degpérah the ratio of the
mercury and polymer rather than on their amounts. This m#atsconcentration

level of Hg?* does not pose a limit to the application of the process.

2.3 Effects of Operational Parameters on Performance of PEUF
Process

Rejection of polyelectrolytes, polychetalogens and mewinmexes of these
macroligands are pH dependent, therefore effect of pH, enbthding ability of

polymers and as a consequence on the performance of the Pp&fgtion was
the subject of various studies in literature [141, 179, 185, 193, 194]. It was
reported that, polyethyleneimine (PEI) has a high catiarfiarge density owing
to the protonation of amine groups as a function of pH. When takés part in
the complexation with metal ions the relationship betwekingmd charge density
of PEI plays an important role. Complexation efficieny risas, amine groups
are deprotonated. Stable complexes of heavy metals witharElformed at a
pH interval from 5 up to 7.5 [144]. In the study of Rivas and &8lada, the
retention capacities of theolylacrylamide— co— 1 — (2 — hydroxyethyjaziriding

andPoly[1 — (2 — hydroxyethylaziriding with Cu(ll), Cd(ll), Co(ll), Cr(lll), Ni(ll),

Pb(ll), Zn(ll), and Fe(ll) were studied at different pH by BE technique and the
results are compared with those of branched polyethyle@milt is concluded
that, PEI has high complexing capacity for Cu, Cd, Co, Ni and Znaspared to
other two chelating agents [195]. In another study, congiler of Cd(ll), Co(ll),
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Hg(ll), Pb(ll) and Ni(Il) with polyethyleneimine were stigdl, and metal ion bonding
mechanisms is elucidated by using two-phase potentiométris concluded that
Ni(ll) is somewhat better complexed by PEI than Co(ll) and §d@b(ll) would
be best removed at high pH by ultrafiltration and pH depenel@fidig(ll) removal
would not be so critical as compared to that of Cd(ll) [196].isTbbservations are
in complete agreement with the polymer enhanced ultrafdtmavork performed by
Muslehiddinoglu [134].

lonic strength is another important parameter in polymdraeced ultrafiltration,

which can be expressed by the following formula [197]:

lonicstrength= p = % (AJZZ+[B]Z§+[ClZ3+...)

where [A], [B], [C].... represent the species molar concdiung of ions A, B, C,...

andZa, Zg, Zc... are their charges.

It was reported that the amount of metal ions free in soluaad that of bound
to polymer and the retention of the metal ions are strongfyeddent on the ionic
strength [198]. Degree of dependency of the forces thatditee metal-polymer
interactions on ionic strength was related with the chearéstics of the bonds.
Bonds may be electrostatic or coordinating bonds. In thisesethelating polymers
may be differentiated from polyelectrolytes. Polyelelytres-metal interactions are
generally dominated by electrostatics whereas polyobg¢sis formed coordinative
bonds with metal ions [196, 199] which are significantly meedective than ionic

interactions [200].

It is known that the interactions which are dominated by tetestatics are more
sensitive to the ionic strength as compared to the cooidenbabnds [201] but it was
also reported that neutral salts like sodium chloride oiitsadhitrate influence the

complexation of metal-polychetalogen complexation [202]

Some of the examples of studies cited in literature dealiitg the effects of ionic

strength on the complexation mechanism of the componemsept in aqueous
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solutions are; biosorption of metals by marine algae [208}ention of Ni on
illite [204], adsorption of metal ions on activated carbd2€5], metal-ligand
interactions in theCo?t-citrate andNi%*-citrate systems [206]. The common
conclusion derived from these studies is that, dependinfp@nature of interaction,
increase in ionic strength may increase or decrease themidsoor complexation
of the metals. For instance in case of metal adsorption avaéetl carbons, when
the interaction between the metal ions and the carbon suriare repulsive, a
progresive increase of the ionic strength also brought ahquogresive increase in
the adsorption of metal ions. Thus, the electrostatic augons, either attractive or
repulsive, can be reduced by increasing the ionic strenigtheosolution [205]. In
the case of copper, cobalt and nickel ion absorption on gmigamine-polyurea
resins, experimental trials show a general increase in liserption of the metal
lons by adding NacCl to the analyte solutions, this enhancémas predicted to be
caused by an ionic strength effect which would cause anaseren the metal-amine
formation constant on the resin or may be due to the promatfaine absorption
of metal-chloride ion pairs which are more readily formedi@mnexcess chloride ion
conditions [207].

Effect of ionic strength on the retention of ions in nanddifion was studied using
positively charged membranes by nanofiltration. Mecharo$metention of coions
with positively-charged NF membranes was studied by vgrgait concentration and
it was found that, retention of catiomMéé", tylosin and tetracycline) exceptsO™

decreased with the increase in ionic strength [208]. Snaidehal [209] studied the
influence of ionic strength of dispersed systems on micrafitin and showed that
the added saliNagPO,) resulted in the instability of the dispersion and reduciod

permeate flux.

It is reported that the ionic strength of aqueous effluents gr@atly influence the
effectiveness of the PEUF process [101]. In studies wittygtblylene imine or
polyacrylic acid as the complexing polymer, loss of metaéméon was observed
when the salt concentration and thus the ionic strength waseased. In the

case of polyethyleneimine, polymer precipitation can asour in the presence of
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sulfate [210]. Rether et.al. [211], investigated the effeicsodium nitrate on the
complexation of copper and nickel ions by the benzoyltreaumodified PAMAM

dendrimer. The nitrate salt was used in a 70-fold molar ex@egelation to the
metal concentration in the aqueous solutions. It was obsgdhat, the complexation
of copper and nickel ions by BTUPAMAM is not significantly inflaced by the
added sodium nitrate salt in the studied pH range<(dH < 8). Same effect
was also observed for complexation®*t, Zr?+, Pb? and Ni%t with carboxyl

methyl cellulose (CMC); the ionic strength practically doest mfluence metal

retention [150].

In the study of Rivas and Villoslada [212], semiemprical tielas between the ionic
strength and the experimental retention profiles were deeel in order to predict the
retention values of metallic cations that should be obthineexperiments where the
initial ionic stregth is changing. Predicted retentionwes were compared with the
mathematical results with those of a set of experimentopadd with poly(sodium
4-styrenesulfonate)(PSS) in the presenc€df™ and variable amounts dia’ in
excess, and poly(vinyl alcohol)(PVA) in the presencébf" and variable amounts
of Na' in excess. PSS was chosen as a representative of a polgiectwhere the
sulfonate groups produce typical electrostatic intecastiwithCd?*, and PVA was
selected as a representative of a coordination-predompadymer. It was reported
that, for both PVA and PSS, the increase in ionic strengtlseaan increase in the
dissociation constants of polymers and hence decrease methntion ability of the

polymer.
2.4 PEUF Studies with Multicomponent Metal Mixtures

In a limited number of studies effective removal and fratdibseparation of heavy
metals from binary or multicomponent mixtures and/or raduistrial effluents using

PEUF have been reported.

It was shown that, Pb can be fractionated from solutions animg Cu-Pb
binary mixture by the hybrid process comprising of bisaptionto Sphaerotilus

natans cells confined by a ultrafiltration [213] an@i*t can be fractionated
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from the multicomponent solution containing Cu, Mn, Fe and iBb PEUF,
when carboxyl methyl cellulose (CMC) was used as a water-solmetal-binding
polymer [150]. Other selected examples of the fractionphsation studies by PEUF

was summarized in Table 2.2.

Table 2.2: Fractional Separation of Metals from Multicompnt Metal Mixtures

Metal Solution Polymer| pH | Ref.

AT | ag. soln. ofC?t, Cw?F, Ni%t, Aw*t andPt* | HPVP [144]

Cuwt ag. soln. oCw’+, Cd** MS [ 7.5] [121]

cwt ag. soln. oCw, Ni*t, Co*™ andU O%* PEI |5.7] [214]

Zrét aq. soln. oZr?*, UO5", Mg?* PPEI | 4 | [214]
M2+, Fe?+, C?t, Ni2+, ClA+, Hg?+

Pu* ag. soln. ofPu*t, Ant, Np>+ OPVP | 3.7 | [156]

Muslehiddinoglu and Uludag et.al, studied the effects of pHd loading
(metal/polymer ratio) for selective removal @&+ andHg?" from aqueous streams
by using PEI as complexation agent and in this study it waggarthat the retention of
cadmium is more sensitive to the pH than mercury. This esad#éective separation
of two metals at selected pH and loading (metal/polymeoyatalues [134]. In
another study fractional separation of Ni(ll) and Zn(Il) svachieved by using
sodium polyacrylate as a complexing agent [118]. But sameesscin fractional
separation of metals from multicomponent aqueous solsittan not be achieved
by poly(acrylic acid), because of the poor selectivity ¢ thacroligand towards the

target components [215, 216].

Application of the complexation enhanced ultrafiltratiorogess was studied for
the removal of Cu, Ni, Zn ions from galvanic wastewater by gdimstarAS(which
contains polyacrylic acid) as a complexing agent. It isestathat, application
of the optimum amount of metal and suitable pH enabled thega®to achieve
retention values between 85-97% [100]. This technique hes ldeen applied
to the recuperation of metals, and data exists on the reatiperof Cu from

residual streams using carboxymethyl cellulose [99], Or{dm underground water

30



using hexadecylpyridine [217], Cd from industrial wasteeatns by Na-dimethyl
dithiocarbamate [72] and for selective concentration ainsitum from brackish

waters [218].

Hybrid precipitation and polymer enhanced ultrafiltratiprocess was applied for
fractional separation of heavy metals from real electriipdawaste effluent. Samples
contain large amount of Cd, Ni, Fe, Zn, Cu and trace amounts oinGdvin. Metal

complexes were decomposed by nitricacid, and after acatnrent large amount
of Cd was recovered aSd(OH), by the addition of NaOH. At the end of the
precipitation steps, concentrations of metals in the samplere reduced down to
suitable limits for PEUF. By using PEI as a complexing agentatsavere removed

effectively [219].
2.5 Polymer-Metal Binding

Polymers may be roughly classified as polyelectrolytes antychelatogens.
Polyelectolytes have the ability to exchange metal ionsredepolychelatogens have

the ability to form chelation complexes with metals [2201R2

A chelating agent, or chelant, contains two or more electtomor atoms that can
form coordinate bonds to a single metal atom. After the fushscoordinate bond,
each successive donor atom that binds creates a ring cogtéite metal atom. This
cyclic structure is called a chelation complex or cheldie,iame deriving from the

Greek word chela for the great claw of the lobster [222].

The most investigated functional groups present in poljatbgens are amines,
carboxylic acids, amides, alcohols, aminoacids, pyrslinéhioureas, iminos,
etc. Among them, polymers containing amino groups have bedansively

studied in ultrafiltration, particularly functional polys/leneimine. The most used
polyelectrolytes include those with carboxylic acid, pblesric acid, sulfonic acid in

their structure [223].

The polyelectrolyte/metal-ion interaction can be onlycelestatic in nature or can

include the formation of coordinative bonds whereas padaiogens/metal-ion
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interactions mainly include coordinative bonds. Coordimalbonds are significantly
more selective than ionic interactions. Apart from the po& ability of some
polyelectrolytes to form coordinating bonds with metal sprall polyelectrolytes
undergo electrostatic interactions with other ions. Inyptectrolyte theory, when
long-range electrostatic interactions are dominant, gleltrolytes are assumed to
bind counterions nonspecifically and they are consideraddee freely around the
axis of the polymer chain [200, 224, 225]. Thus, the eletatas water-soluble
polymer metal ion interaction may be regarded as an adsorphenomenon of

counterions on the surface of the polymer domain.

Polymers containing sulfonic acid moieties, such as PV34y(pinyl sulfonic acid)),

do not act as ligands, but the functional-group/metal-igaraction is predominantly
of the electrostatic type [181] whereas the resins comtgiamino and imino groups
form stable chelates with copper,nickel and other tramsithnetals [226]. Binding of
heavy metal ions onto PEI is an example [227]. In generald sekins and water
soluble polymers that have similar functional groups stiadeémonstrate similar
chemical properties, i.e., similar ability to bind certaoms. This analogy in the
properties can be used in order to predict the behaviour afinknown hydrophilic

polymer if the properties of a similar resin are known [73].

Weakly basic exchange resins possess primary, seconddfgraertiary amino

groups as functional groups. At neutral pH the nitrogen atomthese groups are
not protonated. Therefore, they have a free electron pdican act as LEWIS bases.
Many heavy metals have only six electrons in their outertedecshell and, therefore,
are LEWIS acids. Due to the interactions between LEWIS basgaeds the heavy
metals are adsorbed. However, because this is not an exclongns but a mere
adsorption of cations, a parallel co-adsorption of egenabmounts of anions has
to occur to maintain electroneutrality in the liquid andimgshases. As a total, the
process develops as the adsorption of heavy metal saltag dadmium and sulfate

as an example, the service cycle can be written as:
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R—NH; +Cd*" +SG~ = R— NHp(Cd?>.SG )

(Overbarred symbols refer to the resin phase). Correspgridirthe coordination
properties of both the resin and the metal, one ion can bediné one, two or even
more nitrogen atoms [228]. Alkaline earth ions do not havagarable LEWIS acid
properties. As a consequence, they are excluded from tloepas and an extreme
selectivity for heavy metal salts is observed. Among défgrheavy metals there is a
series of selectivity correspondingltg®t > Cu?+ > Pb?™ > Cd?t > Zr?t > Ni?t
as reported by Kawamura and Holl [229, 230]. The nitrogematof the functional
groups strongly prefer the uptake of strong acids over thateavy metal salts.
With decreasing pH, therefore, the uptake of acids inceasd the metal salts are
desorbed [231].

Contrary to the adsorption of metal salts the uptake of aciéseldps
stoichiometrically. In the acidic form, the exchanger aatrive reused for adsorption
of heavy metal salts. In a second step of the entire regeoerithas, therefore,
to be neutralized and reconverted to the free base form, Bygneans of sodium
hydroxide [228].

R—NH;HSO, +2NaOH = R—NH; + NaSQ; + 2H,0

Considering the sorption equilibrium, this kind of processlasively exhibits
favorable equilibrium: There is a strong preference fonigaaetal salts at neutral
conditions and for strong acids at low pH values [228]. Ttesom of this preference
can be explained as follows; when dissolved in water andru#pg on the solution
pH, poly(ethylene imine) (PEI), can protonate via the dmmabf the lone pair of

electrons on the N atoms within the polymer structure intpgrhl ™ orbital [181].

While molecules of PEI form chelates with transition metalkian aqueous solutions.
Alkali and alkali earth metals do not interact with this polgr [73]. This

phenomenon may be explained as follows; it is a well knowntfeat alkali and alkali
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earth metals do not form stable ammonia complexes in watati@o. In aqueous
solution the hydrate is far more stable than the ammine. fewe cations, the metal
lon-ammonia bond in solution is weaker than the metal iotewiaond. On the other
hand, cations such as copper(ll), silver(l), cadmium(higl zinc(ll) which are found
in Periodic Groups IB and 1IB, form amine complexes which arecmmore stable
in agueous solution than are the hydrated ions. For thesalsn#te metal-ammonia
bond is significantly stronger than the metal-water bonds HlIso interesting that
the coordinating ability of many metal cations with aminass in the ordeNHz >

primary amine-secondarytertiary amine [232].

In addition to solution pH, it is known that ionic strengthslelso an important role in
the complex formation of PEI molecules. When the ionic sttiergg the solution
is high polymer precipitation may occur due to the reduciiorsolubility of the
polymer [146]. Protonation of PEI and charge effects areimghed by increasing
the ionic strength of the solvent and it is also reasonalaleiticreased ionic strength

would open up the polymer chain and increase the ease ofticime]233].
2.5.1 Coordination Chemistry

The ability of the molecules to form complexes with metalsatepends on several
variables, such as the charge/radius ratio, charge difitij polarization of both

ligands and the central atom and possibility of chelate &rmom. In Table 2.3,

atomic and ionic radius of the selected metals and theitreleic configurations are
given [181].

Table 2.3: lonic and Atomic Radius and Valence Electronic @umétions of the
Metal lons

Metal lon | lonic Radii (A) | Atomic Radii (A) | Electronic Configuration
Cd*+ 0.92 1.55 d1o
Zret 0.74 1.35 d1o
NiZ* 0.69 1.35 d®

In ionic models, while determining the coordination alilaf the ions, generally

rigid, spherically symmetrical ions or molecules was assdimnd it was suggested
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that, ionic potential, which is defined as the charge of tmedivided by its crystal
radius in Angstrom units determines the strength of the bionehed by the ion.
In general coordinating ability assumed to be increaseth wit increase in the
ionic potential of the central ion [234]. However, IrvingdaiVilliams [235] have
demonstrated that the ionic potential alone is not an adeqoarameter for the
estimation of complex stability constants of metal ionsolder to obtain reasonable
agreement between fact and theory, concepts of ion defarmand interpenetration
must be used along with any ionic model. Actually, the etattr clouds of each
atom or ion are deformed by the fields which are set up by neigidpions or dipolar

molecules. This deformation of ions is related to their paktion.

The role of polarization and interpenetration in complesnfation was illustrated
in Figure 2.2 [232]. In Fig. 2.2X no deformation of either tbation or dipolar
molecule has occured and the charges are separated by t#ecdrs; in Fig. 2.2Y
the coordinated groups have been deformed and the negatigeop the groups
is pulled in toward the positive cation and the distance betwthe positive and
negative charges become smaligr< ry and the resulting potential energy of the
system is reduced, giving a greater stability. In Fig. 2.2fhithe central ion and
the coordinated groups have been deformed, producinglasidller distance of

separationz; case Z represents the most stable bond.

The amount of distortion is determined by the strength ofdilséorting field and by
the magnitude of the force binding the electron cloud to tieenéc nucleus. If the
cation has low polarizability (if it is tightly bound), li# distortion occurs, on the
contrary if an ion has large polarizability (if it is loosdiypund), it may be seriously
deformed from its spherical symmetry. As the positive charg the central cation
increases, its polarizability decreases. Cation polalliatand deformation have
great importance in ions of low charge. The ions that belorige B group in periodic
table (i.e., Zn, Fe, Co, etc. ) are easily deformed and pdedtas compared to A

group ions (i.e., Na, Ca, Mg, etc.) [232].
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Figure 2.2: The Role of Deformation in Coordination

2.6  Characterization of Polymers and Polymer Complexes

Proceeding from observing macroscopic behavior of maclecotes (i.e.,

viscosity, solubility), one can make a decision about maiecular structure of
macromolecule-metal complex [236]. In order to observentlaeroscopic behavior
of macromolecules, characterization tests should be n@we important method for
the characterization of particles in the solution phaselires scattering visible light

in the solution.

Scattering light by the colloidal particles in solution is nportant property which
gives rise to characterization of particles. The incidegiitiscatters in all directions.
The intensity of light scattered of a solution is depend aworaf size/molecular
weight of the particle, scattering angle, concentratioth stmape of the partical. The
difference between the coming light and scattered lightxisressed in terms of

scattering vector (q):

B 4msin(9)

)\ 2.1)

where,

36



e Ois scattering angle
e nis refractive index

e A is wavelength of the laser

The theory behind light scattering in gases was first praphbgeRayleigh in the late
1800s, and Smoluchowski and Einstein extended light saagtéheory to liquids in
1908 and 1910 respectively [237]. These two scientistsqueg that the patterns of
light scattered from a pure liquid are caused by irreguésiin the medium due to
random thermal motion. In a solvent/solute system, lighttecing is also caused by

small variations in the solute concentration [237].

Different patterns of light scattered from a solvent/selaystem can be measured
by dynamic and static light scattering methods. In dynanmghtl scattering
method by utilizing the real time intensities of scattengght, diffusion coefficient,
hydrodynamic radiusRy) of the particle can be estimated. Second virial coefficient
(A2), radius of gyrationRg) and molecular weight are the characterization parameters
that can be estimated by utilizing the time averaged intessof the light scattered

in static light scattering method [238]. Photon correlatgpectroscopy is the most

common way to analyze dynamic light scattering data [237].
2.6.1 Static Light Scattering Theory

Static light scattering measures the intensity of lightitecad off of a solution at a
single time (Fig. 2.3) and by using the time averaged ligtensity data molecular

weight of the sample can be estimated.

In the Static Light Scattering method the aim is to recliR (where K is an optical
parameter, c: concentration and R: Rayleigh ratio of the s&)mgt/R value can be

obtained by following equations:

2
K = 4m°n? (%) Ny IAG? (2.2)

where,
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Figure 2.3: Schematic of Static Light Scattering

n is the index of refraction

dn/dc is the refractive index increment

Ao is the wavelength of the incident light

Na is the Avagadr®s number

Ro = Re(90P).sin(6).(lo/Ic) (2.3)

where,

e R:(90deg: the absolute scattering intensity of toluene
e lg: the experimental intensity corrected by the software

e |.: the corrected experimental intensity of toluene at 90deg

After obtainingKc/R value, by using different methods such as Zimm, Guinier and
Berry, average molecular weight, radius of gyration and seaarial coefficient of

the sample can be estimated.

1. Zimm Method

In Zimm method, following equations are used:
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~ = +2A5C (2.4)
q

(g% 4 Kc) versuskc/R plot is constructed according to equation 2.4. Then by
using the polinomial equations 2.5 and 2.6, average maewdight (eqn. 2.7,
eqgn. 2.8), radius of gyration (eqn. 2.9) ar firial coefficient (eqn. 2.10) of

the sample can be estimated.

Kc
— = ay +axP +asq + .. (2.5)
R c=constant
K
ne =by +byc+asc®+.. (2.6)
R g?=constant
1
c=0,4—0 MW(qZ):a—1 (2.7)
#=0,c—0 Mw (C) :bi (2.8)
1

Ry = 4/ 3a2Mw (¢?) (2.9)

Ap = 2 (2.10)

2. Guinier Method

In Guinier method, following equation sets are used:
1

Kc
In (—) =In
R Mw exp(—3R8a?2)

(g?+Kc) versudn(Kc/R) plot is constructed according to equation 2.11. Then

5+ 2AoC (2.11)

by using the polinomial equations 2.12 and 2.13, averagescutdr weight
(eqn. 2.14, eqn. 2.15), radius of gyration (eqn. 2.16) dfdvRial coefficient

(egn. 2.17) of the sample can be estimated.
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Kc
In ( ) |c - constane= 81 + 820 +agq” + ... (2.12)

R
In (K—RC) | (2—constant= 01+ b2C+baC® + ... (2.13)
c=0,f—0 Mw (0°) = exp(—aq) (2.14)
®=0,c—0 Mw (c) = exp(—bz) (2.15)

Ry = /32 (2.16)
1 by
o= M () (2.17)

3. Berry Method

In this method following equation sets are used:
1
1 2

Kc 2
) = 2A 2.18
< R) ™ (1—%qu2)2+ 2C ( )

o?+Kc versus(Kc/R)l/2 plot is constructed according to equation 2.18. Then

by using the polinomial equations 2.19 and 2.20, averagecntdr weight
(eqn. 2.21, eqn. 2.22), radius of gyration (eqn. 2.23) d¥d/Rial coefficient

(eqn. 2.24) of the sample can be estimated.

1
Kc) ?
(H) ’c = constant= a1 + a2q2 + a3q4 + ... (2.19)
=
C
(ﬁ) ‘qzzconstant: by + baC 4 bsc® + ... (2.20)

40



c=0,4—0 Mw(qz):¥ (2.21)
1
2 1
q°=0,c—0 Mw (C) = 02 (2.22)
1
Ry = 1/ 682,/ Mw (0?) (2.23)
pp— 02 (2.24)

vMw (€)
2.6.2 Dynamic Light Scattering Theory

Dynamic light scattering (DLS) theory is a well establishechnique for measuring
particle size over the size range from a few nanometers tw anierons. The concept
uses the idea that small particles in a suspension move mdamapattern (Brownian
Motion). According to Brownian Motion theory larger pargsl move more slowly
than smaller ones if the temperature is the same. When a culsmerce of light
(such as a laser) having a known frequency is directed at thengp particles, the
light is scattered, but at a different frequency (Fig. 2.#his shift in frequency is
termed a Doppler shift or broadening. For the purposes digmeasurement,
the shift in light frequency is related to the size of the joées causing the shift.
Due to their higher average velocity, smaller particlesseaa greater shift in the
light frequency than larger particles. It is this differenin the frequency of the
scattered light among patrticles of different sizes thatsisduto determine the sizes

of the particles present [237].

Dynamic light scattering is based on measuring fluctuatiorthe intensity of the
scattered light arising from phase and/or amplitude flueina induced by particle
dynamics [239]. In dynamic light scattering method flucioratof scattered light
intensity with time is measured and light scattering intises recorded at various
time are compared and by the help of the autocorrelator. étiyadramic radius of the

particles can be estimated by using these data.
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Figure 2.4: Schematics of Dynamic Light Scattering

By deriving the cumulant expansion hydrodynamic radius @&f plarticle can be
estimated :

Dapp = = Dz(1+koC+...) (1+C(S) P +.)

(2.25)
where,

e Dappis apparent diffusion coefficient

e [ is cummulant
e ( IS scattering vector

e kp is diffusional virial coefficient

o C(S) is constant related with polydispersity

e D, is diffusion coefficient

e Cis concentration

By using the polynomial expansion (eqn. 2.26 and 2.27)
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Dapp ‘ c=constant= a1 + a2q2 + an4 + ... (2.26)

Dapp ’ g2=constant= P14 D2C+ bsc® + ... (2.27)

By using eqgn. 2.28 and eqgn 2.29, diffusion coefficiBatan be estimated:

c=0,0—0 D, (0%) =& (2.28)

#=0,¢c—0 D,(c) =by (2.29)

Other unknowns in eqn. 2.25C<S‘2> and kp are obtained from the following

equations:

C() = % (2.30)
b

finally, apparent hydrodynamic radius is calculated frorok8s-Einstein equation

(eqn. 2.32)
KT

~ 6mD,

Ry (2.32)

where,

e Ry: Hydrodynamic radius
e ky: Boltzmans constant
e T:temperature (Kelvin)

e 1: viscosity of solvent
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Static and dynamic light scattering give complementarggseof information, and for
this reason they are commonly used for characterizatiomlyihper solutions [240—

242].

In literature there are many studies related with the chieraation of different
polymers [238, 243], structure of polymer-metal compleiess Poly(methacrylic
acid)-copper ion [244]), polymer-surfactant complexe45246] and determining
macromolecular size of polyelectrolytes containing ammwonand sulfonic acid

groups [247] by dynamic and static light scattering methods

Since considerable interest has focused on the use of Pt firetd of biotechnology,
special attention was given to the characterization of Rizirfg molecular weight in
the range between 2000-60000Das and PEI complexes by tigtteeng methods.
Light scattering experiments performed with PEI (50 wt.4saps soln.,M.W.
50000-60000,Acros Organics) show very weak light scaitesignals over the
wavelength range of 200-700nm even if its concentratioohres 1x103 mol/l. Light
scattering intensity of PEI is almost unchanged in the pHeaof 1-10 and increase
in the ionic strength did not change the intensity [248]. Ha study of Andersson
et.al. [249], Ry was estimated as 45nm at pH 7.2 for high molecular weight PEI
(MW= (0.6 — 1)x1CP ). In another study, at pH 7.8y of PEl (MW 25000 g/mol,
Aldrich) was found to be # +0.2 nm [250]. In addition to polymer characterization,
details of interaction of PEI with nucleic acids [248], saali dodecy! sulfate [251—
253], short DNA fragments [250] and lactate dehydrogen248][were also studied
by light scattering methods.
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CHAPTER 3

MODELLING OF CONTINUOUS PEUF PROCESS

Interactions between polymers and different metal ionsaarenteresting field of
study due to potential analytical and technological appiins. The behavior of
metals in the complexation reactions is intimately relatdheir physicochemical
form. Many speciation methods were developed for detergirthe nature and

concentrations of different chemical forms of metal ions4255].

The binding constants of various metals with water solulolgmpers and polyacids
have been extensively evaluated by potentiometric teci@sifR55-257], particularly
ion selective electrodes, fluorimetry [255, 258], and smesetry [257, 259] or by
voltammetric [260, 261] and chromatographic [262, 263]hoés.

Recently several authors have tried to determine the equilib constants of

complexes of metal ions and polymeric ligands by ultratiiratechnique [264—266].

3.1 Estimation of Binding Constants of Metal-Polymer
Complexes by PEUF

The ultrafiltration technique has been previously used Iydimn determine size

distribution [267,268]. It is also well known that ultrafdtion has frequently been
used to investigate protein-drug binding equilibria (lngdconstants lying between
10° and 10) due to its simplicity of operation and installation [269Previously,

biochemists used ultrafiltration technique to determine bimding constants for
complexes between proteins and low molecular weight biokdgpecies, but the idea
of adding a synthetic soluble macrocomplexing agent foustidal separation was
first proposed by Michaels in 1968 [270] and several authave ltried to determine
the equilibrium constants of complexes of metal ions andromaolecular ligands by

this method [180, 271].
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There are several approaches for modelling the batch modgmepac
binding/membrane separation process. First attempt émrétical modelling for the
determination of the equilibrium constant for the formatmf a complex between a
metal ion and water soluble macroligand by batch ultrafitratechnique was made
by Nguyen et. al. [264]. The case of one metal reacting witblggridic chelating

agent was considered with the following assumptions:
The ligand groups XH on the polymer chain behave as indepgnztemplexing

groups;

e Only 1:1 complexes form
e The metal-polymeric complex is completely retained by tlemhrane
e There is no interaction between the membrane and free noetsl i

The reaction between the ligand group (XH) and the metabodti™ is represented

by the following equilibrium equations:

XH=X +H" Ka (3.1)

X~ 4+M™ = XM-D+ K (3.2)

It is assumed that, protonated form of the ligand (XH) is napable of forming
complexes with the metal ions, complexaton occurs only beiwthe metal ions and

non-protonated form of the ligand (X).

The concentrations of the different species can be detednifrom the

thermodynamic and mass balance equations:

_ X7J[HT]

Ka = XHI Ka is acidity constant
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X~ M . .
K = w Kj is stability constant
X M(n=1)+

The total concentration of the chelating agéx}; is the sum of the free [X] and

protonated [XH] forms and of the form of the metal complex [MX
XJ, = [X 7]+ [XH] + [XM" 2]

The total concentration of the met@]; is the sum of the free metal [M] and the
complex [MX]:
M = [M™]+ [XM("07]

The metal retentioR can be expressed as :

. M
=1

andR; can be found from the following equation, which links theatatoncentration

of the metal and the polymer, the pH of the solution and thertbeynamic constants:

K:KA[M]t(l—Ri) [X]t 1
Ka+ 10-PH M|; R

When the acidity constanKf) (Ka=1/protonation constarig)) is known, all the
other quantities are experimentally accessible for thigleho This model can be
applied for the estimation of binding constants of metakh\wblyacids or polymeric
agents that have acidity constants easily determined bgnpotnetric titration
methods. However as far as polyethyleneimine is concermegrtesence of three
different amine functional groups (primary, secondary tartlary) complicates the
calculation of protonation constants of this polymer [18&¢l inaccurate results may
be obtained because of the errors coming from the deternmmaf protonation

constants of PEI.

A similar approach was made by Aulas et.al. [265]. Once aghim formation of

1:1 complexes and complete polymer rejection by a membrame assumed. Buffle
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and Staub [272] developed a theoretical relationships vpermit the computation
of concentrations and equilibrium constants and test thath known ligands.
Important features of that study are; other than 1:1 congsléetween Zn-calgamite
and Zn-tiron, 1:n complexes of Zn in natural medium were atswlied. In another
study, using poly acrylic acid (PAA) used as a complexinghagad the equilibrium
binding constants dE?, Agt, Ni%t,Cd?" were investigated taking into account the

1:n binding of metal ions to macroligand [273].

Effect of metal hydrolysis on the investigation of the theiiégrium constants was
first analyzed by the authors Juang [274] and Volchek [27®Bpp8fying assumptions

of their model are as follows:
e There is no interaction between the free metal ions and thebrane
¢ Retention of a macromolecular complex is the same as thaeqgidlymer
e The chemical equilibrium constants do not depend on pH océmeentration

of species involved in the reaction

The reactions occurring in the solution include the dissioan of the ligand, metal-

ligand complexation, and the formation of soluble metalroyxgt complexes:

HX=HT+X7, K; (3.3)
M2 £ nX— = MXZ T, 1Ky (3.4)
M2t + mOH™ = M(OH)Z ™" 1/K (3.5)

Where n is the average coordination number of ligands boumdéometal ion.Ky
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andKy are apparent dissociation constants.
Solute rejection by the membrane is expressed as:
Rj=1- “.ﬁ (3.6)
[ilo

Where|j]p and[j]o are the concentrations of species j in permeate and feeahsire
respectively.
The overall concentrations of the metal ion in the initiaédesolution and in the

permeate can be expressed by the following mass balantemnsta

Mo = M2+ [MxZ ]+ 5 [M(OH)E ™" (3.7)

My = [M2]+ [MxZ ] (1-Ry) (3.8)

Combining equations 3.6, 3.7 and 3.8, the following expoesfor metal retention

Rwv was obtained:

Ru = { [MXZ™ R+ 3 [MOH)E™ ]} /M, (3.9)

or, Ry may be expressed in terms of retention coefficient of ligamtl dissociation

constants by combining eqns 3.4, 3.5 and 3.7.

12 —_1Nn
o, [OH T /Ker (X 1/ Ka} R 3.10)
1+ [X]"/Kg+[OH]? /Ks

In egn. 3.10, the concentration of the free ligaxd |, is determined from the

following mass balance equations:
[HXJ = [X 7]+ [HX] +n [Mx "]

= [X ]+ [X ] [HY]/Ka+ n{ Mg [X]"/Ka} {2+ [X]" /Ky + [OH" 12 [}
(3.11)
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Provided that the values of iz andKy are known, the value diX~| can first be
calculated iteratively by egn. 3.11 under the given expenital conditions, and then

the rejection coefficient of the metal ion may be determingddm. 3.10.

Following similar equations listed above, Volchek [275tided a model for polymer
binding/ultrafiltration process for a multicomponent dmn containing the ions of
several metals, each of which is capable of forming cootdinacomplexes with
a polymeric complexing agent introduced into solution.eHigand concentration in
feed solution can be calculated by iterative procedure asddbon this value rejection
coefficient of each metal can be predicted if the protonationstant of the ligand
is known. It was reported that, the computations given irt gtady are accurate
should the volume of the feed solution remain more or lessteon. Under practiced
conditions, a significant decrease, possibly several sroemagnitude, is observed

in the volume of feed solution for batch mode ultrafiltratgmocess.

All the aforementioned models are derived by the equilioridata obtained from
batch ultrafiltration systems. In the systems that are dijpgran batch mode,
permeate and retentate streams are not recycled back tedti¢ank, this produces
a substantial change in the composition of the feed solutesding to a shift in
the chemical equilibrium, which causes a change in the @egirenetal binding and
retention values. If the retention value of the metals cakdpt constant through out
the process, theoretical models based on the experimeartaingters (i.e. retention,
metal/polymer ratio) can be improved in terms of their aacyr This may be
achieved by the application of semi-continious and/oriodu mode of ultrafiltration

processes.

Equilibrium studies in semi-continuous mode ultrafiltoatisystems were made by
Canizares et.al. [127]. Mathematical model used in thisysivats based on the model
previously derived by Volchek [275]. The model was deriveahf conservation
equations and analyses of equilibrium reactions in an aggigalution. The following

reactions were assumed to be taking place in solution;
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_ [H]X]
HX < H+ X KA_W (3.12)

_ [MX]
M+X e MX K= MIX] (3.13)

[MXq]
M+nX < M Kn=——n 3.14
Overall mass balance, polymer balance and metal ion balae=expressed by the
following equations;

Qp(t) = Qx(t) (3.15)
Rd[zj(t]R = —QpX]p (3.16)
VRd“(\j/lt]RZ Qr[M]—Qe[M], (3.17)

Metal ions and ligand retentions were found from the follagvformulas;

_ M
_ X

By substituting equations 3.18 and 3.19 into eqns. 3.16 & &llowing equations
were obtained,;

diX]r

VeR—g = ~QeIX]r(1—Rx) (3.20)
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_dMl
dt

Total metal concentration is:

\ = Qr[M]e—Qp[M]g(1—Ry) (3.21)

Mly= M+ [MX,] (3.22)

Assuming complex retention is the same as polymer retentimetal ion

concentration in permeate stream can be expressed as;

Mlp=M](1—Ryg) + (1= Ry) 3 [MX] (3.23)

n

whereRy is the free metal retention. From Eqgns. 3.22 and 3.23, metahtion can

be estimated as;

(1= Rye) M)+ (1= Ry) 3 [MX,]

Rv=1— (3.24)
" M]3 MX)
By substituting Eqn. 3.14 into Egn. 3.28y can be expressed as;
Rwr+Rx § Kn[X]"
Rv= n 3.25
M 1+ z Kn [X]I’] ( )
n
Total ligand concentration is:
X]t=[X]+ [XH]+Zn[MXn] (3.26)
n
Combining Egns. 3.12, 3.13 and 3.26;
X][H
X=X+ 205 kg 3.27)
A n

From Eqgn. 3.22, free metal concentration can be determisied a
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[M] LU (3.28)

Introducing Eqgn. 3.28 into Eqn. 3.27;

)], MirEKalX

(3.29)

The only unknown term in Eqn. 3.29 is free, so active, ligamaoentration. Asitis an
equation of complex analytical resolution, numerical Navet method was applied.
After the estimation of free ligand concentration, meta¢néion can be calculated.
By this model, rather than estimation of binding constantveenh metal ion and
polymer, prediction of metal concentrations in retentaite permeate streams could
be made, if polymer dissociation and polymer-metal comfilexation constants are

available.

In this study, we have tried to obtain a better understandihghe retention
mechanism using a simple equilibrium model. Rather thamgryto develop a
universal model suitable for any metal and polymer systematéempt has been
made to adopt previous models used to estimate polymei-inie@ding constants
by batch PEUF method to continuous mode PEUF system. If tbposed model
can be applicable for both batch and continuous mode PEUEmgsand can give
comparable results (i.e., similar apparent binding camnsjathen the results of batch
mode experiments can be used to predict the performanceootimgous mode PEUF
system. This gives rise to the scaling-up for industriacpsses, since these systems
can handle larger effluent volumes and various types of cawiaienembranes with

different configurations.

Bearing in mind the benefits of continuous mode PEUF operatieneloping an

equilibrium model which allows:

e To determine the relation between the retention value ofrib&al ions to the

complexation constants involved in the polymer-metal clexgtion reaction
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in continuous mode PEUF operation

e To compare the equilibrium data obtained from batch mode comdinuous

mode ultrafiltration systems

will be important outcomes of this study.

Binding constants aEd?t, Ni%*, Zr?* with polyethyleneimine (PEI) were calculated

according to the model which is based on the following asgiomg:

1. There is no interaction between free metal ions with thmbrane, that is free

metal ions are not retained by the membrane
2. Retention of unbound PElI, is the same as that of the metatdtiplex

3. Formation of insoluble metal hydroxy complexes were amsiito be negligible
since the formation of insoluble metal hydroxy complexesas favorable in
the pH range studied (pH 4-6.5)

4. Concentration polarization and/or membrane fouling doatsoccur in the

concentration range studied

5. Only the non-protonated form of the PEI has the abilityoimf complexes with
metal ions whereas the protonated form of the ligand (PERastive towards

the metal ions.

For a single or multicomponent solution containing the iohseveral metals, each of
which is capable of forming coordination complexes withploé/meric complexation

agent, following reactions were assumed to be occurringersolution:

The formation of metal-PEI complexes:

M+nPEI= M .PEl,

Protonation of PEI molecules depending on the acidity leféhe solution :
H+PEI=PEI-H

54



The ionic charges have been omitted because they are ndicgsighfor modelling

the process.

For a solution containing a total metallic species coneiatn [M]; and a total water

soluble polymeric agenPEl]; , loading is defined as:

(3.30)

In contrast to the metal-ligand complex, free metal ions pass through the
membrane. The free metal concentration in the permeate mayfressed a1,

and retention coefficient is defined as:

_ M
R=1 M (3.31)

And the apparent binding constafyp, of complexes by:

M- PEIq]
Kapp= —————o .32
Where
[M - PEIy,] :total concentration of complexed metallic species
[M]:total concentration of non complexed metallic species
[PEI]:total concentration of free water soluble polymer
n:the number of ligand molecules per metal ligand complex
Total concentrations of metallic and ligand species arerglwy relations:
[M]; = [M],+ [M-PEI] = [M] + [M - PEI] (3.33)
[PEIl], = [PEI]+n[M-PEly (3.34)
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By substituting the equations 3.30- 3.34 into the relati@1 3ve obtain:

R
Karp= 7Ry [PENM1—nLR"

(3.35)

Apparent binding constants @d?* ,Ni*" and Zrét with PEI were determined
from measurements of R, L anBEl];. Loading (L) and[PEl}; are predetermined
guantities and retention values were obtained experirtignide only quantity that
can not be determined experimentally is the number of ligaontecules per metal
ligand complex. The number of PEI ligands participatingha tomplex formation
with divalent metal ions was found to be either one, two orenthian two amino

groups, depending on the conditions [196, 264].

The presence of three different amine functional groupsn@gmy, secondary and
tertiary) in diverse proportions complicates the estioratof the number of PEI
ligands (n) participating in the complex formation with alient metal ions. Different
speculations have been made based on the results of UVevégibctroscopic titration
analysis of the complexes. In one of the previous studieg;lsbmetry of complex
1:1 (ML) was assumed and n is taken as 1 for Ni-PEI complex aghper repeat
unit comprising seven monomer un{ts;HsN) was considered to be the ligand at pH
5[182]. In cases where single monomer unit is consideredyasd, n (the number
of PEI ligands participating in the complex formation witlvalent metal ions was

taken as 2.1 and 2.3 at pH 6 and pH 5 respectively.

In this work, each monomer unit is considered as ligand amdpbex formation is
simply considered to proceed in a single step as it was askiumseveral previous
papers [269,271]. For the number of ligand molecules peahtigand complex only
n = 2 is taken into account for the target metals. Although pHsdoet appear in
the equations of the proposed model, for the three targetlsn@d?t, Ni%t, Zrét),
effects of pH and ionic strength on the degree of binding weresidered. For this
reason, the complexation constant was named apparenhgindnstant. Impacts of

low pH values and high salt concentrations were observedtiyating the apparent
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binding constants at different pH and ionic strength val@sdculations based on the

proposed model were given in Section 5.7 of Chapter 5.
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CHAPTER 4

MATERIALS AND METHODS

4.1 Materials

In the ultrafiltration experiments and in atomic absorptgpectrometry analysis,
polyethyleneimine (PEI) (Sigma) with average molecularngie of 60,000 Da,
cadmium nitrate tetrahydrat€d(NOz3),.4H,O (Merck), zinc nitrate hexahydrate
N2OsZn.6H20 (Acros), nickelous nitrate hexa-hydratg(NOz)2.6H,0 (J.T.Baker),
sodium nitrateNaNGQ; (Merck), sodium sulfate anhydrouda,SOy(J.T.Baker),
sodium hydroxideNaOH (Merck), nitric acidHNOs (Merck) and ultrapure water
having a specific conductance of .381Qcm ! obtained from water purification
system (Human Reverse Osmosis(RO)-UltraPure (UP) watdfigation systems)

were used. All the chemicals used in this study were analyjade reagents.
4.2  Apparatus

Throughout the experiments in this study, continuous moilil® gcale system
was used. But for the selection of suitable membrane matanidlconfiguration,
preliminary experiments were performed in laboratory ecabntinuous mode
ultrafiltration system. In the final stage of experimentaldgs, limited number of
experiments were carried out in dead end stirred cell uthaion system. Therefore
details of each equipment employed in the experimentalietudere given in this

section.
4.2.1 Pilot Scale Ultrafiltration System

In pilot scale experiments, SP20 ultrafiltration systemdraployed. The system can
accomodate spiral wound regenerated cellulose cartrigiamdnag an effective area of

0.93?, or polysulfone hollow fibre cartridges and contains inéégeservoir which
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allows processing of feed volumes from 20 liters down toer.liThe flow is provided

by a sanitary positive displacement lobe pump.

Helicon cartridges used in SP20 ultrafiltration system hawe efficient spiral
structure that maximizes available filtration area per wniume. Comprised of
alternating layers of Millipore Ultracel membrane and piaseparator screens

wrapped concentrically around a hollow core.

Process solution enters the spiral cartridge via the irdatr and is directed into a

series of flow channels between the membrane layers (Figlye 4

Filtrate

/

Membrane

Retentate

Figure 4.1: Millipore Spiral Cartridge

Transmembrane pressure drives solvent and low moleculeyhtveolutes through
the membrane, with permeate spiralling inward until it rezcperforated permeate
collection tube at the cartridge center. Upon reachingdfiection tube, the permeate
(i.e., water, salts and low molecular weight materials)rdraff through a port on the

inlet header. After passing through the flow channels, m®a®lution (containing
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retained solutes) exits the cartridge via the outlet headdris routed back to the

sample reservaoir.

The system is controlled by a dedicated microprocessorctwhdjusts the pump
speed and back pressure valve to enable optimal runningtmmsito be maintained

throughout the process. The microcompressor exhibits @dexf control; manual,

automatic and semiautomatic, in addition to holding the diown set points for over
pressurisation, over temperature and low feed volume. THesating temperature
and pressure is displayed digitially on the control cabingt manual mode the
inlet and outlet pressures are achieved by the operatoerhirgutomatic mode the
operator specifies the desired inlet and outlet pressurathahe then maintained by
the microprocessor controller. In full automatic mode tperator merely enters the
cartridge configuration and the controller then selectsaaititains optimal operating

parameters.

Pressure of the feed side was 13kPa and that of permeate agl®&ki?a, which
produces a pressure gradient of 6kPa. Each experimentaiorduAEUF process

perpetuates for 3.5 hours to reach steady state.

For particular application requirements several proogssiodes can be used. In this
study semi-automatic continuous processing mode is usgdré4.2). In continuous
processing mode both permeate and retentate streams eméateid back to the
reservoir in order to keep the feed concentration constardirculating water bath
Is employed in order to keep temperature constant while pthefeed solution is

monitored by a pH meter (WTW, Germany) throughout the expenim
4.2.2 Laboratory Scale Continuous Mode Ultrafiltration Systen

The experimental set-up for laboratory scale continuouslenaltrafiltration cell
(Osmonics Sepa CF Membrane Cell) which is shown in Figure 4ailgnconsists of
membrane cell, rotameter, microprocessor controlled gewp, a water bath, valves
and teflon tubings. Cell body and cell holder were the two megonponents of the

UF cell. Membranes having an effective area of df5were mounted on the cell
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Figure 4.2: SP20 Pilot Scale Ultrafiltration System (ConbunsiMode)
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1. Water Bath 7.Pressurized Air

2. Feed Vessel 8. Pressure Gauge

3. Pump 9. Back Pressure Valve

4. Cell Body 10. Retentate Stream

5. Membrane 11. Permeate Stream

6. Cell Holder 12. pH Meter

Figure 4.3: Schematic Diagram of Osmonics Sepa CF Membrare Cel
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body. The function of the cell holder is to prevent leakagesiad the membrane
by pressurizing the cell. Cell holder was supplied by air saprfrom a compressor.
Throughout the experimental runs, pH of the feed solutiaoigtrolled by pH meter

which was placed in the feed tank.
4.2.3 Laboratory Scale Batch Mode Ultrafiltration System

Batch mode ultrafiltration experiments were carried out oabadcale Model 8400
dead-end stirred membrane cell manufactured by Amicoigdie. Equipment has
a cell capacity of 400ml. and its effective membrane ared.Bo#?. Schematic view

of the stirred cell is illustrated in Figure 4.4. The cell laged on a magnetic stirrer
to agitate the fluid inside the cell. Nitrogen gas cylindecasinected to the cell in

order to pressurize the system. Pressure should not exépsd(0.01Pa).

&

Magnetic Stirrer

Gas Cylinder

Figure 4.4: Schematic of Model 8050 Stirred Cell

4.2.4 Membrane Specifications

All commercial ultrafiltration membranes have a charast&r, called molecular
weight cut-off (MWCO), which corresponds to the minimum mallec mass of a

substance that can be retained by the membrane in practpecifi§ations of the
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membranes used in three different ultrafiltration systeragaen in Table 4.1.

Table 4.1: Specifications of the Membranes

System | Membrane] MWCO (Da) Material Recommended
pH Range
Sepa CF HGO1 5000 Polyethersulfone 0.5-13

Sepa CF HG19 20000-3000 | Polyethersulfone 0.5-13
Sepa CF HGO09 20000-3000 | Polyethersulfone 0.5-13

Sepa CF AGO08 10000-3000 Polyamide 1-11

SP 20 S10Y10 10 000 Regenareted 3-11
Cellulose

M8400 PL-10 10 000 Regenareted 3-11
Stirred Cell Cellulose

4.3  Ultrafiltration Experiments

4.3.1 Sample Preparation

Feed solutions were prepared prior to ultrafiltration ekpents. For pilot scale
system 5L, for continuous mode laboratory scale system 21 fan batch mode
system 50ml. feed solution were sufficient. The desired antsoof PEI and metal
salts were separately dissolved in ultrapure water. WhemlREblIves in water, pH of
the solution becomes about 10. In order to prevent pretipitaf metals, pH of PEI
solution was adjusted by additfNOs andNaOH. Then metal solution was mixed
with PEI solution and stirred at 250-300 rpm for at least 2redo make sure that
complexation equilibria between metal ions and PEI wasbésted. Experiments
with longer mixing times showed that 2 hours was enough teeaehcomplexation
equilibria [98]. The pH of the solutions was adjusted to dEbivalues during the

mixing period and during the experimental run.

In the preparation of salt containing solutions, same ptoce was applied: metal
and PEI solutions were prepared separately and then mixeptiaum pH value.
Predetermined amount dfaNQ; was added to the metal-PEI solution and stirred at

250-300 rpm for overnight.
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4.3.2 Membrane Cleaning Procedure

All the membranes used in membrane filtration experimente w&aned before
and after each experimental run. Membranes were cleanegflyirg in place

cleaning procedure, i.e., they were kept in the module whiecleaning solutions
were pumped through the system for a given period while thengate and retentate

streams were discarded.

Prior to ultrafiltration experiments membrane cleaning pagormed by osmosized
water. Upon the completion of each experimental run, firsylgtem was stopped,
drained and flushed with osmosized water. Secondly, feddvas filled with 5L.

of 0.1M NaOH solution and cleaning procedure was continued by pumpia@H
solution through the system for 15 min. During cleaning pohae, transmembrane
pressure was adjusted to the same value as in the experimentand temperature
was adjusted to 4%C. Thirdly, system was drained and flushed with osmosizedwate
After that, 3ml/I HNO3z 60% (v/v) solution was pumped through the system for
15min. Finally, system wad drained again and flushed withossred water, untill

the pH of the permeate stream appeared to be in neutral pié.rang
4.4  Analytical Methods
4.4.1  Atomic Absorption Spectrophotometry (AAS)

Philips PU9200X atomic absorption spectrophotometry(A&s used in order to

determine concentrations of cadmium, nickel and zinc im@ate and feed solutions.

For the analyses, acetylene-air flame AAS (FAAS) was usedalNns in the sample
were atomized by nebulizer and air-acetylene flame. Backgl@orrection was
achieved by means of deuterium lamp. At the beginning of eaeltysis, calibration
of the instrument was performed by blank and standard solsitiDetails of analysis
procedure is given in Appendix A. Typical calibration curfge cadmium, zinc

and nickel obtained during the analysis are depicted inreigul, Figure A.2 and
Figure A.3 in Appendix A.

In each measurement, samples were sucked three times aneladbr suction
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absorbance signal and corresponding concentration valgalibration curve were
obtained. Average of the three signals and correspondingsaf concentration was

recorded to be the measured concentration of the sample.
4.4.1.1 Analysis of Polymer Containing Solutions

In the previous studies, it was found that, presence of Pdilli®in decrease in atomic
absorption signals and as a consequence increase in PEntmaton in samples
causes a decrease in measured metal concentrations [2li&.adverse effect of
PEI on absorption signals should be taken into account vamédyzing the samples
taken from the feed stream, since these samples contaifPEeand/or PEI-metal
complexes. For the samples taken from the permeate streaxtraotreatment was
needed to get accurate signals, since TOC analysis shoaiéEhcan be completely
retained by the membranes selected for this study and persgaams were free

from PEI macromolecules.

In order to get rid of the adverse effect of PEIl present in thedf samples,
following approach was recommended for the correction @flyasis results and to
get accurate concentration values [98, 276]. Accordinghédroposed approach,
in order to reduce the effect of PEI, its concentration in faenples should be
reduced by dilution to acceptable limits for detection oftate by AAS. Then,
standard solutions containing same amount of PEI as in theedisamples should
be prepared in addition to the preparation of standard isoitwithout PEI. Then,
the standard solutions of metals containing PEI were catiior and absorbance of
samples containing PEI with unknown concentrations of ieet@re measured and

the concentrations were determined using these calibratioves.

Another important point that should be considered for thalymis of samples
containing high amounts of salt is, during the suction of glas through the flame
by the nebulizer, excess salt may cause clogging in nebuliréand because of the
clogging effect flame may extinguished. In order to minintize negative effects of
salt concentrations, samples were diluted to acceptahleslfor detection of metals
by AAS.
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4.4.2  Conductivity Measurements

Conductivities of the samples were measured by Jenway 4028uCtivity meter.
Prior to conductivity measurements, samples were nestadiar bath which was
adjusted to 25C. After temperature adjustment, conductivities of the damfaken

from permeate and retentate streams were measured.
4.4.3 TOC Analysis

Total organic carbon (TOC) content of samples taken from &ebpbermeate streams
were detected by Shimadzu 5000A TOC Analyzer in order tathespermeability of
polymer through the membranes. In TOC measurements, higpei@ture burning
method was applied to estimate total inorganic and orgaaibon content of the

samples.
4.4.4 Dynamic and Static Light Scattering Analysis

Stock solutions containing predetermined amounts of pehyand salt were prepared
with Milli-Q water with R~ % 18 MQ-cm. The pH of all solutions was adjusted by
adding a corresponding amount of a 0.HW Os solution or a 0.2MNaOH solution.
Prior to analysis, depending on the desired concentraipDES/SLS experiments,

samples were diluted and then filtered using a 0.4-mm filtesample cells.

Static and dynamic light scattering measurements wereopeeld by ALV/CGS-
3 Compact Goniometer System simultaneously. An argon ioer laperating at
a 633-nm wavelength and 35-mW output power was used as adahite. The
measurements were done at 10 different angles in the rar@f¥ f 6 < 150° and at
25°C. For each angle three different measurements were perdantesubsequently
averaged. The data were normalized to absolute scale by tduene as a reference
material. For polyethleneimine (PEI) solutions the refikecindex increment of
the solution is taken asi{/d. = 0.299&n?/g) which was determined in previous
studies [253].

Two different data file systems were used in ALV5000 and 60Xfiveare. Data
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obtained during the DLS and SLS experiments were stored indifferent files.

The correlation function and count rate trace data togetlitr all relevant sample
parameters can be stored as ASCII values, and the angulagrdoaioon dependent
normalized mean values of the scattering intensity as veetliiusion coefficients
derived by Cumulant analysis of the correlation functions stiored in DILS file

format. An analysis of DLS/SLS data stored in DILS file forntan easily be
performed using the ALV/Static and Dynamic Fit and Plot pewg by creating Zimm,

Guinier and Berry plots, plots of diffusion coefficients wesg? and form factor plots.

The average molecular weight, radius of gyration, hydraayic radius and second
virial coefficient of the samples are calculated via Zimmtplwhere(g? + Kc) is

plotted versukc/R according to Equation 2.4.

Each fit at constant angle data is extrapolated to zero ctratiem, and each fit

at constant concentration is extrapolated to zero angl®irobg two lines. The

average molecular weight (Mw) is calculated from the iné@taf each extrapolated
line with the vertical-axis. Radius of gyratioR{) is calculated from the slope of
the extrapolated line at zero concentration while the seéetnal coefficient &) is

calculated using the slope of the extrapolated line at zegtea
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CHAPTER 5

RESULTS AND DISCUSSIONS

5.1 Conductivity Measurements

Besides the possible effects of salt concentration, thenggilef the anions released

by the dissolution of salts were thought to be an importardampeter in ionic strength

experiments. Therefore two different saltsNaNQ;, having monovalent anionic

group and 2)NaSQy, having divalent anionic group were selected and, in order

to visualize the relationship between the conductiviti€gthese salts in varying

concentrations, conductivity profiles were obtained (Feghtl1).
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—e— Na,SO,
--O-- NaNO ,
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Figure 5.1: Conductivity Measurementsi&NOQ; andNaSQ, at 25°C

As it can be seen from Figure 5.1, when the salt concentraticgolution is less

than 0.25N, dissolution of eithédaNQ; or NaoSQ, causes tantamount increase in

the conductivity of the solution.
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concentrations reveals that, in order to observe the effeclency of anionic groups
studies should be made at low salt concentratien8.25N), to reduce the errors that

may possibly occur due to the conductivity differences.

After examining the effect of salt type and concentrationtb@ conductivity of
different salt solutions, influence of pH and metal/polymaio on the conductivity of
single component solutions containing different types efals were investigated. In
Table 5.1, conductivities of nickel containing solutionidéferent pH and loading
values were given. The results in this table is a represeataf other single

component solutions containing same amounts of Zn and Cadired aaidity level.

The data presented in Table 5.1 reveal that, conductiufidse samples were slightly
affected by the changes in metal/polymer ratio and pH. Astmae pH level, increase
in the metal/polymer ratio causes an increase in the coivitycof the solution,
because the relative amount of free metal ions as comparedatwomolecules
increases. Same effect was also observed by the decreast ekgessH™ ions

increases the conductivity of the solution.

By looking at the results of conductivity measurements, i d& concluded
that, interaction of free metal ions in the solution and memb was minimum,
uncomplexed free ions can pass through the membranes. wer loadings,
conductivities in permeate side was slightly decreasedtdube reduction of ion
concentrations in permeate side because of binding of iptisdopolymer in the feed

side.

In order to observe the effect of salt concentration on thedaotivity of the
solutions and on free metal ion-membrane interactionsgectivity measurements
were performed for representative samples contai@idtf and varying amounts of
NaNQ;. Results were given in Table 5.2 through Table 5.5.

As seen from the data in Tables 5.2- 5.5, with the additioNaN G;, depending on
the salt concentration, 100-500 times increase was regdamad®nductivities. Besides

such a drastic effect of salt concentration, it is not megioiinto talk about the effect
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Table 5.1: Conductivities of Single Component Ni Mixtures

Loading=0.05 pH 6
Time Feed Conductivity Permeate Conductivity
(min.) at 25C (mS/m) at 285C (mS/m)
60 0.11 0.12
90 0.18 0.13
180 0.17 0.14
240 0.17 0.13
Loading=0.05 pH 5
Time Feed Conductivity Permeate Conductivity
(min.) at 25°C (mS/m) at 25C (mS/m)
60 0.20 0.14
90 0.19 0.15
180 0.20 0.14
240 0.19 0.14
Loading=1 pH 6
Time Feed Conductivity Permeate Conductivity
(min.) at 25°C (mS/m) at 25C (mS/m)
60 0.27 0.22
90 0.25 0.23
180 0.25 0.24
240 0.25 0.23
Loading=1 pH5
Time Feed Conductivity Permeate Conductivity
(min.) at 25°C (mS/m) at 25C (mS/m)
60 0.33 0.24
90 0.31 0.20
180 0.29 0.32
240 0.34 0.27
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Table 5.2: Conductivity of Cd Solutions in the Presence anceAbs of 0.1NNaNG;

Cd (NoNaNQ;) Loading=0.05 pH 6
Time Feed Conductivity Permeate Conductivity
(min.) at 25°C (mS/m) at 25C (mS/m)
60 0.21 0.18
90 0.23 0.20
180 0.30 0.27
240 0.34 0.28
Cd (NoNaNG;) Loading=0.7 pH5
Time Feed Conductivity Permeate Conductivity
(min.) at 25C (mS/m) at 28C (mS/m)
60 0.28 0.36
90 0.34 0.34
180 0.33 0.34
240 0.34 0.35
Cd + 0.INNaNG; Loading=0.05 pH 6
Time Feed Conductivity Permeate Conductivity
(min.) at 25°C (mS/m) at 25C (mS/m)
60 10.25 9.38
90 9.67 9.42
180 9.66 9.50
240 9.71 9.53
Cd + 0.INNaNG; Loading=1 pH 6
Time Feed Conductivity Permeate Conductivity
(min.) at 25°C (mS/m) at 25C (mS/m)
60 10.15 9.39
90 9.33 9.23
180 9.23 9.33
240 9.12 9.15
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Table 5.3: Conductivity of Cd Solutions in the Presence of B.RB&RNQ;

Cd + 0.25NNaN QG Loading=0.1 pH 6
Time Feed Conductivity Permeate Conductivity
(min.) at 25C (mS/m) at 28C (mS/m)
60 20.3 19.7
90 21.2 20.3
180 20.6 20.1
240 20.0 20.0
Cd + 0.25NNaNG; Loading=1 pH 5
Time Feed Conductivity Permeate Conductivity
(min.) at 25°C (mS/m) at 25C (mS/m)
60 21.5 20.7
90 21.8 21.3
180 20.2 20.4
240 20.0 19.8

Table 5.4: Conductivity of Cd Solutions in the Presence of INaiNG;

Cd + 0.5NNaNQ; Loading=0.05 pH 6.5
Time Feed Conductivity Permeate Conductivity
(min.) at 25°C (mS/m) at 25C (mS/m)
60 42.0 42.0
90 42.0 42.0
180 42.0 42.0
240 42.0 42.0
Cd + 0.5NNaNG; Loading=1 pH 6.5
Time Feed Conductivity Permeate Conductivity
(min.) at 25C (mS/m) at 28C (mS/m)
60 43.0 43.0
90 43.0 43.0
180 43.0 43.0
240 43.0 43.0
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Table 5.5: Conductivity of Cd Solutions in the Presence ofNAN O3

Cd + INNaNGs Loading=0.01 pH 6
Time Feed Conductivity Permeate Conductivity
(min.) at 25C (mS/m) at 25C (mS/m)
60 93.7 85.9
90 86.9 86.3
180 87.3 86.5
240 87.1 86.5
Cd + INNaNG; Loading=0.7 pH 6
Time Feed Conductivity Permeate Conductivity
(min.) at 25C (mS/m) at 28C (mS/m)
60 93.7 85.9
90 90.1 86.3
180 88.2 86.5
240 87.1 84.2

of pH and/or metal/polymer ratio on conductivity in the mese of salt. It is also
important to note that, conductivities of permeate and fetedlams did not show
significant differences which means interaction of freeaheins in the solution and
membrane was negligible, uncomplexed free ions can passghthe membrane and

counterbalance the conductivities on both sides of the maneb
5.2 Characterization of PEI by DLS/SLS Methods

The data obtained by static and dynamic light scattering stnesnents were
processed by utilizing the governing equations of Zimm rodthThe typical Zimm
plots of the PEI solutions, calculated by ALV-5000 & 60XO0 tsedre is given in

Appendix B and parameters extracted from Zimm plots wetedign Table 5.6.

The data in Table 5.6 indicate that, solution pH has no sianiti effect on the
hydrodynamic radiusRy) of PEI. On the contrary, radius of gyratioRy) tends
to decrease with decreasing pH. Molecular weight of PEI praotecules was
estimated to be 7.9x#0which was slightly higher than the values stated by the
supplier (in the specification sheet of PEI, average mosowkight was reported

to be 6x18). Positive second virial coefficienté) indicates the repulsion between
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Table 5.6: Zimm Plot Data for PEI/Water Solutions at DifierpH Values

Sample | Rg(nm) Ry(nm) | Ry/Ry | Az (dmP.mol/g?) | Mw (g/mol)
PEI (pH 6)| 75+7.3% | 57+83% | 1.3 1.63x107° 7.9x10
PEI (pH5)| 56+8.3% | 55+101% | 1.1 7.99x10°® 7.9x10
PEI (pH 4) | 49+6.7% | 55+7.7% | 0.88 7.99x10° 7.9x1¢

molecules. Hydrodynamic radius of PEI which was estimateldet 57nm at pH 6
and 55nm at pH 5 and pH 4 are in agreement with the values egporthe study of
Bastardo [253] such thaRy was found to be between 50-60nm in the pH range of
5< pH < 10.

To comment on the impacts of parameters liRg, R4 andA, on PEI conformation,
preferential consideration should be given to understhedptysical meanings of
these parameters. For instance, radius of gyrafghdescribes the overall spread of
the molecule and is defined as the root mean square distatieeaillection of atoms
from their common centre of gravityRy characterizes hydrodynamic interactions
and indicates how deeply a particle is drained by the sohaedeep draining causes
a reduction iRy [238]. In the light of this definitions, it can be said thatctease

in pH did not cause extra draining on PEI molecules and as secuenc&y values
stay almost constant. Conversefy,tends to decrease with the decrease in pH which

indicates that, PEI molecules became more tidy at low pHeslu

The direct combination of radius of gyration and hydrodyr@aradius leads to useful
dimensionless parameter designateRg&Ry. By this parameter, structure of the
molecule can be predicted. It was stated that, the polydsggeauses an increase of
Rg/Rn whereas branching leading to a decrease. For randomlytedrahains both
effects balanced out. In Table 5Ry/Ry values of typical molecular structures were

given [277].

When theRy/Ry values found for PEI molecules at different pHs (Table 5.6jav
compared with the ones presented in Table 5.7, it can be Isaidat pH 6 and pH 5
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Table 5.7:Ry/Ry Values of Typical Molecular Structures

Rg/Ru Molecular Structure

(3/5)%2=0.775| Uniform non draining sphere

10-13 Hyperbranched polymer cluster

1.504 Linear coil chain

PEI molecules posses the hyperbranched structure. Hoaepker4, conformation of

PEI molecule was predicted to lie between uniform spherehgpérbranched chain.
5.2.1 Effect of lonic Strength on Conformation of PEI

In order to have a general idea about the salt effect on théwuoation of PEI
molecules, DLS/SLS measurements were performed for PEtisos containing
varying amounts oNaNG; salt. Experiments were performed at pH 6 and d&t@5
Ry, Ry and 24 Virial Coefficient of the samples were estimated and tabdlate
Table 5.8.

Table 5.8: Zimm Plot Data for PEY¥aN Q; Solutions

Sample Ry(nm) | Ry(nm) | Ay(dmP.mol/g?)
PEI (NoNaNG;) 5+9.6% | 57+£5.7% 1.6x107°

PEl + 0.1NNaNQ; | 72+8.5% | 43+8.6% 5.1x10/

PEI + 0.25NNaNG; | 57+ 7.6% | 41+9.6% 1.1x10°°

PEl + 0.5NNaNGQ; | 48+9.8% | 39+ 5.9% 1.4x10°°

As compared to the values obtained in the absendéad O; (Table 5.6), decrease
in radius of gyration, hydrodynamic radius aritf firial coefficient was observed by
the addition oNaNQ; (Table 5.8). This phenomena may be explained as follows; an
association, defined as the reversible formation of phy/bieads between chemical
groups, occurs due to intra and intermolecular forces. Bbeaa intramolecular

association polymer coils become more compact. Since tihhaneo molecules
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become more compact by intra-molecular associatithyi?ial coefficient decreases
with the addition ofNaNG;, but remains positive indicating the repulsion between

molecules [278].

Ry/Ru of 1.38 and 1.24 for PEI solutions containing 0.25 and ONBNGO;
respectively proves that PEI molecules persist hypertwashconformation even at

high ionic strength.
5.3 PEUF Experiments
5.3.1 Selection of Membrane Material and Configuration

In order to select suitable membrane for the operation, manas with different
material and configurations were employed in pilot-scale #boratory scale
ultrafiltration system. In pilot-scale system spiral wourefjenerated cellulose
membrane (S10Y10) having a molecular weight cut-off of IID&®and effective area
of 0.93m? and in laboratory scale system flat sheet membranes havingecutar
weight cut-off of 5000Da and effective area of t&% and made of polysulfone
(HGO01) was used. Performance of the membranes were compar@okserving the
retention profile of cadmium in different pH and loading \edun both laboratory and

pilot scale systems (Figure 5.2). Data tables for Figurevgtz given in Appendix C.

As it can be observed from Figure 5.2, retention values areesdat lower in pilot

scale system as compared to lab-scale system especialtyhdbhading values (i.e.,
higher free ion concentrations). Differences betweemtite profiles obtained in
two different systems may be due to the different charagtiesi of the membranes
employed. Membrane used in the pilot-scale system is alspoand cellulosic

ultrafiltration membrane whereas HGO1 (membrane employddh-scale system)
is reported to be used in both nanofiltration and ultrafitbraiapplications and it is

known that nanofiltration membranes may be charged.

In the previous studies, membrane HGO1 was characterizeambbgrving the salt
rejection performance of the membrane. Salt rejection 0®H(S found to be in order

of: R(N&SQ;) > R(NaCl) > R(CaCk), which is typical for a negatively charged
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Figure 5.2: Retention Profiles @fd?t in Pilot Scale (Membrane S10Y10) and Lab
Scale (Membrane HG01) Systems at pH 6.5 and 6
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membrane [90].

Sample solutions in this study were prepared BpOH, HNOs;, NaNG;,
Cd(NOs)2.4H,0 and PEI. Therefore unbonded ions that were present in théicol
were likely to beNat, Cd** , OH~ and (NO3)~. Because the membrane HGO1
may posses a negatively charged surface, cations couldlleg oy the membrane
and the concentration of the cationic materials may becadgteehin the membrane
phase. This adsorptive behavior of membrane HGO1 may lieghk higher retention
values. In order to test this suggestion and examine thedepibility of results,
experiments were repeated four times within the period af feeeks and results

were depicted in Figure 5.3.
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Figure 5.3: Performance of the Membrane HGO1

As depicted in Figure 5.3, because of the adsorptive nattireeonbrane HGO1,
retention increases by the time and as a consequence of @oaducibility, no

reliable data can be taken from the experiments performedidiyg membrane
HGO1. To improve the reproducibility of the results, the nbeame was washed

with 0.1 M NaOH and then with distilled water after each run, till the pH oé th
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circulating water reaches neutral pH range. By applyingdlganing procedure after
each experimental run, fouling effects were minimized agde retention drop was
observed (Figure 5.4) but considerable improvement inoayibility can not be

achieved.

097 Lab-Scale System
0.8 Memb;z;;eéHGOl
0.7
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0.4+

0.34 W After Washed with
. 0.1M NaOH

Retention

ONo Washing

0.2+
0.1

0.1 0.238 0.36 0.5
Loading(ng”/gPEl)

Figure 5.4: Effect of Membrane Cleaning on Retention in Ladles&ystem

In order test the performance of other flat sheet membrankearacterization
experiments were performed. Since the permeate water fld>oatecular weight
cut-off of the membranes are the important parameters in breme selection,
as a first step, fluxes of the membranes having different MWCGQCe wegasured

(Table 5.9).

Table 5.9: Specifications of Sepa CF Flat Sheet Membranes

Membrane Molecular Weight Cut-Off Permeate Water Fluxn(’.h)

HGO1 5000Da 9.68

HG19 20 000-3000 Da 96.78
HGO09 20 000-3000 Da 10.75
AGO08 10 000-3000 Da 446.65

Among the membranes given in Table 5.9, AGO08 gives the highesneate water
flux. As far as the flux data was concerned, performance of AG@BHG19 seem

to be high, however in order to test the eligibility of the nm@anes for this study,
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in addition to flux measurements, polymer retention testeweade. Extent of PEI

retention was examined by TOC analysis and results wereipies in Table 5.10.

Table 5.10: Results of TOC Analysis

Membrane TOC of feed stream (ppm) TOC of permeate stream)(ppm

HG19 2615.1 111.15
HGO09 2478.6 3.289
AGO8 2552.1 3.30

The results showed that HG19 is not suitable for the experishebecause low
molecular weight PEI fractions may pass through the mengré@m the other hand,
HGO09 and AG08 show promising performance for the rejectigmobymer. In order
to test the performance of membrane AGO08, experiments vwefermed in lab scale
system with solutions containingd?* and varying amounts of PEI and obtained
results were compared with the data taken from the piloessgdtem (Figure 5.5 and
Figure 5.6).
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0.2 0.4 0.6 0.8 1.0

Loading (g.Cd(ll)/g.PEI))

Figure 5.5: Retention Profiles @fd?* in Pilot Scale (Membrane S10Y10) and Lab
Scale (Membrane AG08) Systems at pH 6.5

As it can be seen from Figure 5.5 and Figure 5.6, even at higtling values (i.e.,

L=0.5, 1) extent of retentions was high for membrane AGO8ictviteveals that,
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Figure 5.6: Retention Profiles @fd?* in Pilot Scale (Membrane S10Y10) and Lab
Scale (Membrane AG08) Systems at pH 6

membrane AGO08 has tendency to adsorb the solutes in feetiosslu Because of
this adsorption tendency and poor reproducibility of theutes obtained from the
experiments performed with AG08, for the rest of the studgtmcale system and

membrane S10Y10 which was made of regenerated cellulosaseas
5.3.2 Pilot Scale PEUF Experiments

In pilot scale PEUF experiments to ensure the time periodired to reach the steady
state, starting from the i5minute representative samples were taken from both
permeate and feed streams in different time intervals. Guraton of the solutions
and corresponding retention and flux values were present@dhble 5.11, for two
typical runs. Rest of the representative unsteady and st&atly data for different

experimental runs were given in Appendix D.

Only small fluctuations were observed in both feed and peteneancentrations
as a function of time. But R values were observed to stay cohstfer 1.5
hour of operation, indicating that steady state can be eshetithin 90 minutes.

As also demonstrated in this table, permeate fluxes weretar@nthroughout the
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Table 5.11: Unsteady State Data for PEUF Experiments

Loading=Cd?*/PEI=0.05 pH 6

Time Feed Conc. Permeate Conc. Retention Permeate Flux

(min.) (ppm) (ppm) It./m?P.h.
15 14.7 0.39 0.97 9.87
30 14.6 0.42 0.97 9.87
60 14.3 0.40 0.97 9.87
90 14.3 0.34 0.98 9.87
120 14.3 0.35 0.98 9.87
150 14.3 0.33 0.98 9.87
180 14.3 0.33 0.98 9.87
210 14.3 0.33 0.98 9.87
240 14.3 0.33 0.98 9.87

Loading=Cd?*/PEI=0.7 pH 6.5

Time Feed Conc. Permeate Conc. Retention Permeate Flux

(min.) (ppm) (ppm) It./n?.h.
15 15.6 6.80 0.56 10.75
30 15.3 6.66 0.56 10.75
60 14.9 6.50 0.56 10.75
90 15.1 6.00 0.60 10.75
120 15.0 6.00 0.60 10.75
150 15.0 6.00 0.60 10.75
180 15.0 6.00 0.60 10.75
210 15.0 6.00 0.60 10.75
240 15.0 6.00 0.60 10.75

experimental runs. This situation is valid for all experirtad runs regardless of the

solution composition (i.e., single, binary and ternary poment solutions) and salt

concentration.

The reproducibility of experiments has been examined bytipielmeasurements.
As a representative example, time dependent retentionfoa@d?* solution, was
given in Table 5.12. The reliability of the data reportedns@red by the satisfactory

agreement of the experimental results obtained in diftedtates.

If the molecular mass of polymer is too high, this may resualeshigh viscosity of the
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Table 5.12: Reproducibility of the Retention Data ObtainearfPilot Scale System

Date Loading pH Retention
11.03.2006 0.1 6 0.95
18.05.2006 0.1 6 0.97
07.06.2006 0.1 6 0.97

solution when such a polymer is added to it and as a conseguenmeate flux may
decrease with increasing polymer concentration in feedtisol. Table 5.13 shows
the loading and corresponding permeate flux values for theesentative samples

containing nickel ions and varying amounts of PEI.

Table 5.13: Effect of PEI Concentration on Permeate FuR£6kPa, pH 6)

Loading (g.Ni(l)/g.PEI) Permeate Fluk /n?.h

0.05 9.45
0.1 9.68
0.2 9.68
0.5 10.11

1 12.13

As it can be seen from Table 5.13, for the studied range ofrpetyconcentration
(0.05 < L < 1), permeate flux was slightly reduced by the increase inmety
concentration. However, those flux changes are relativedignificant. Same trend
was also observed in the other experiments performed willtisns containing
single, binary, tertiary components of Cd, Ni and Zn ions batthe absence and

presence of salt (Refer to the tables in Appendix D).

This result also indicates that there is no significant ceangiscosity because of the
increase in polymer concentration, which is consistertt e fact that; the viscosity
value of branched PEI is almost constant over the wide rahgld 8-11 in an aqueous
solution. Branched PEI does not cause the conformation ehafrgplymer chains in
agueous solution probably due to a highly branched glotstitacture. This viscosity

behavior is observed both for low and high molecular weighthbhed PEls [168].

Steady state metal rejection results of PEUF experiments wiscussed in three

parts:
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In the first part of the experiments, in order to evaluate ardgare more completely
the complexation potentiality of PEI towards divalent iamfscadmium, nickel and
zinc and to investigate the impact of ionic strength on theglexation mechanism,
ultrafiltration experiments were performed after the catiph of complexation

reaction taking place between PEI macromolecules and heatgl ions.

In the second part, possibility of selective separation ey metal ions from
aqueous solutions containing equimdba®t — Ni¢t, Cd*" — Zré* andNi¢t — Znét
metal mixtures, was investigated and the effect of incregdiaN O; concentration on

the effectiveness of fractional separation was examined.

In the third part, PEUF experiments were performed with t@hs containing
equimolar mixtures o€d?T —Ni?t — Zr?*. Changes in the binding ability of metals

in single and ternary metal mixtures were investigated.
5.4 PEUF Experiments with Single Metal Solutions
5.4.1 Effect of pH and Loading

Complexation tests for metals were made with 15 ppm metatisakiand varying
polymer concentrations in the range where metal/polyntey ramains between 0.05
and 1. Since the previous study of Uludag [188] showed te&tntion is dependent
on metal/polymer ratio rather than their individual concations, throughout the
experiments, metal concentration was kept constant atri5@pd only relative

amounts of metal and polymer were changed.

It is also important to note that, for the loading values lowlgan 0.01 (100:1
polymer:metal concentration ratio) decrease in retenti@s observed probably
because of the decrease in the solubility of PEI and hendfcieacy in complex

formation. To ensure favorable conditions for the procesfuither parts of the
research, a maximum of 10-fold weight excess of the polymér vespect to the

amount of metal present in the feed was used.

Although complexation period of 2 hours is found to be sugfiti to achieve
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complexation equilibria [134], PEI-metal mixtures wer# fer complexation for 12

hours throughout this study.

In Figure 5.7, retention of cadmium ions at different agidiévels and metal/polymer
ratios are shown. Data tables for the figures showing thatieteprofiles of single

component metal solutions are given in Appendix E.

1.0

0.6 4

Retention (R)

0.4 A

0.2 - ‘————V——+*\

00 T T T T T
0.2 0.4 0.6 0.8 1.0

Loading (g.Cd(Il)/ g.PEI)

Figure 5.7: Effect of pH and Loading on the Retention Profil€dft

As seen from the figure, pH has very profound effecEait-PEI complexation and

as a consequence on the amourCdft retained by the membrane.

The extent of binding o€d?* by PEI at pH 6.5 and pH 6 was considerably superior
to that at pH 5. At low loadings, retention values were alnsashe and almost equal
to 1 at pH 6.5 and pH 6 which means; almost complete retenfioadmium ions can
be achieved when the amount of polymer is at least 10 folddnighan the amount
of metal in solution. As the metal/polymer ratio increassfgct of pH can be seen
more clearly since the retention values at pH 6 becomes |twaeT the retention
values obtained at pH 6.5. This result is consistent withrélsalts of previous studies

in which it was reported that, cadmium is highly responsivgHi alternation, and
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complexation reaction between cadmium and PEI is favorabjgH 6.5 [119, 134].
When pH was reduced down to pH 5, process enabled a maximumtiogteof
only 35%. Depending on loading values, 50-70% reductioméamount of metal

rejection was recorded as a consequence of pH reductiondkbm5 to pH 5.

Such a strong dependence of the retention coefficients oadidity level of the
solution may result from the changes in the binding ability°&l at different pHs.
At higher pHs, amine groups are more available and can cuatelmore easily with
the metal ions. It was determined that only 0.00001% of thénargroups were
deprotonated at pH 3, whereas at pH 5, the value reached?,@0d at pH 7, it was
0.1% [189]. This means that there is a strong competitiowéen the metal ions and
protons for the electron pairs in the amine groups of PEIs Tbmpetition is favored
for the metal ions at higher pH values, therefore effectimeling of metal ions to the

active sites of PEI molecules takes place at high pH levels.

In literature there are also other studies related with tharaxcterization of
polychetalogen-metal binding, in one of them poly(1-vi@ypyrrolidone-co-
hydroxyethylmethacrylate), polymer having chelationgadies was reported to be
effectively bind Cd(ll) ions in the pH range of @ pH < 7). At pH 3, amount of
cadmium retention was recorded to be 89% [279]. As compareddults of PEI-
Cd?t complexation tests, PEI was observed to be more sensitvetttat of poly(1-
vinyl-2-pyrrolidone-co-hydroxyethylmethacrylate) aust the pH changes. This may
be regarded as a valuable property since linking of Cd ionk REI ligands is a
reversible process, it is possible to regenerate the mdtemontaining PEGdA*t
complex, in order to recover the metal and complexing aggntducing the pH

down to 5 and introducing a successive ultrafiltration stage

As far as pH effect is concerned, same trend as in the ca8d?0tPEI binding was
also observed foNi?* (Figure 5.8). Binding oNi?>T with PEI is favorable at pH
6.5 and pH 6 and the extent of complexation is decreased uligirkdnen the pH of
the solution is reduced down to pH 5. Depending on the amaupolymer in the

solution 40-98% and 35-96% ®i%" can be retained by the membrane at pH 6.5

86



1.0 o ® Ni* pH6.5
® O Ni* pH:6
© ° v  Ni% pH5

0.8 A o) °

O
3 8 o
= 06 - o
2
5
T 8
X 04 - °
vy o
v
0.2 -
v
v v
0.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Loading (g.Ni (Il)/g.PEI)

Figure 5.8: Effect of pH and Loading on the Retention Profil&l&f"

and pH 6 respectively. But when the pH is reduced to 5, becdube ahibition of
binding ability of PEI due to protonation of amine groups?™ retention is decreased

and the maximum retention was recorded to be 34%.

Same recovery ratios were also obtained in separation gsoperformed by
polyacrylate such that, in the acid medium (pH 2 and pH 4)]INiétention was
observed to be 10-30%. However with the increase in pH up &Bost complete

retention can be achieved [118].

Previous studies conducted wiE | — Ni®* solution at pH 7, 5 and 3, showed that
more than 50% and 80% retention can be achieved at pH 5 and esp&atively but
the chelation ability of PEI was reported to be inhibitedat IpH values and only
10-15% ofNi%* can be complexed with the PEI at pH 3 [223]. Few experiments
were performed witiNi?>* at pH 7, in order to test the pH sensitiviy BEI — Ni%+

complexation system, results of these experiments ara giMeigure 5.9.

As seen in Figure 5.9, almost same retention values werénebtat pH 7 and pH
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6.5 for the same metal/polymer ratios. Although PEI showetdlar binding ability
towardsNi%* ions both at pH 7 and pH 6.5, for the rest of the nickel expenimiand
other single and binary metal experiments pH 7 was not pegffas an operational
parameter, because heavy metal ions tend to form insolylleoky complexes at
high pH values which may render metal-polymer complexatiggpecially for zinc
and nickel, metal-hydroxy complexes start to form at pH hé pH 8.5, respectively.
For cadmium probability of formation of cadmium-hydroxyneplexes is high at pH
10 [280].

It is important to note that, very little attention has beeaidpto nickel(ll) in
the previous studies. It is probably because nickel(lldéeto electrochemically
irreversible systems [137]. The results of nickel expentaavith PEI showed that,
Ni?t-PEI complexation is a reversible process and as a consegaéhigh pH values
Ni®* can be removed from aqueous solutions. Then at low pH vatlispossible
to regenerate the retentate containing RE}* complex to recover the metal and

complexing agent by introducing a successive ultrafitbrastage.

Binding ability of Zn®* with PE| was tested in the pH range of 3-6.5 (Figure 5.10). It
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Figure 5.10: Effect of pH and Loading on the Retention Profil&ie"

was observed that, almost complete retention can be ach&vagh pH values. In
addition, PEI molecules retained zinc ions effectively daw pH 4. Zré* retention
slightly decreased between pH 6.5 and 4, then steep ded®x3@%) in retention
was observed at pH 3 because the protonation of amine greags to the release of

zinc ions.

The effect of pH on zinc rejection is analogous to tha€oft andNi?*, at pH 6.5
and 6, but in contrast to this similar behavior seen in highspHit pH levels of 5
and less than 5, retention profe¥* ion is distinguished from the that &fi*t and
Cd?* ions in such a way that, at pH 5 neithdi*t nor Cd** ions can be retained

significantly whereas 80% &r?* retention can be achieved at that acidity level.

At pH 3, maximum of 30% Zn(ll) retention can be achieved withl Rvhich is a
quite low value as compared to 87% Zn(ll) retention at sameditgdevel but in

the presence of poly(1-vinyl-2-pyrrolidone-co-hydrotygmethacrylate) (P(NVP-
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co-HEMA)) which is a kind of polychetalogen like PEI [279]rdfn an engineering
point of view, process optimization can be made with the didlistinguishing

properties of several metal-polychetalogen interactisash that: If it is desired to
remove zinc ions from the aqueous solutions at low pH valitesay be better to
use polychetalogens like (P(NVP-co-HEMA)), which havehhadfinity towards zinc

even at low pH values. On the other hand, if the aim is to recbwgth the metal ions
and polymer, performing PEUF operation in the presence lgthetalogens like PEI
may be a good alternative. By this way, zinc ions can be remresa the aqueous
solutions at high pH values and both polymer and metal iondbearecovered by the

regeneration of polymer-metal complexes at low pHs.

It is known that, in general, cadmium compounds exhibit praps similar to the
corresponding zinc compounds [10], but as far as the pHteemoncerned, in the
presence of PEI and at low pH values cadmium and zinc exhibérent behaviors.
This distinct behavior of zinc at low pH can be explained lsyamphoteric nature;
zinc compounds can dissolve in both basic and acidic medlj Cadmium and/or
nickel ions may exist in different forms depending on the gHhe medium. For
example, nickel may exist in the form ¢gHNIO2)~, NiO, Ni3O4, NixO3 [281]
and cadmium may exist in the form GHCdO,)~, CdO[281] in aqueous solutions
at different pH values. But by courtesy of the amphoteric regtainc persists its
ionic form Zr?* even in highly acidic medium and as a consequence does rs# (00

complexation ability at low pH values.

For the removal of divalent zinc ions, polyacrylate was aéqmrted to be effectively
used at high pH values. On the contrary, in acidic medium (pan@ pH 4),

polyacrylate can retain only 20-40% of Zn(ll) [118]. Polygtene glycol and
diethylaminoethyl cellulose were the other examples ofype@rs used in Zn(ll)
removal by PEUF. It was reported that, complete retentioZrafl) can only be

achieved at pH values around pH 9. At the pH values lower thar6, only

30% and 40% of Zn(ll) can be retained in the presence of plojyene glycol and
diethylaminoethyl respectively [282].
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By looking at the retention profiles of cadmium, nickel andczions it can be
concluded that PEI has high binding ability towards theseaalseat high pHSs.
This result is consistent with the data cited in literatunecs it is known that
cations such as copper(ll), silver(l), cadmium(ll), nici® and zinc(ll), form stable
amine complexes in aqueous solutions. For these metalsnete-amine bond is
significantly stronger than the metal-water bond [232]oAlh PEI has proven ability
to bind metallic cations, depending on the type of metagrgjth of the PEI-metal

bond and influence of pH on metal-polymer binding may be chffie

In order to determine the binding order of metals, retentiorfiles of three metals
at different pH and loading values were compared (Figuré)5.In the studied pH
range binding order was found to Be?™ > Cd?* > Ni®*, which is consistent with
the literature. In a previous study, measurements have in@ele to investigate the
binding of divalent metal ions of Cu, Ni, Co and Zn by PEI, andasfound that the
order of binding isCW/?™ > Ni?™ > Co?* > Zr?* at lower loading ratios, but higher
free ion concentrations reverse the situation becauseedtéep rise in binding for
Zr?t: TheZré® ion is bound much more strongly than any other metal ion at hig
loading values [283]. In other studies, for nickel, zinc @opper binding with PEI,
the order of binding is found to b2r?* > Ni’* > C/?* > at pH 3.5 [144] and for
the uptake of heavy metals from synthetic aqueous solutisimg) modified PEI-silica

gels, the binding order of the metals was reported to bheCai>Ni [284].

As seen from Figure 5.11, predominance of zinc retentiom oiekel and cadmium
retentions was most clearly observed at pH 5. This is expesitece, PEE*+

interaction was favorable over those of REd?T and PEINi%* interactions.

Together with the results of single component metal expamisy binding order
of metals found in literature point out the significant bimgliability of zinc over
cadmium and nickel. In order to find out the possible reasdriavorable binding
of Zn ions over that of Ni and Cd, and the distinctions in the p#pehdency of
metals in the complexation reactions, it is important togreathe properties of both

PEI and metal ions that may play important roles in complesnation.
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As afirst step, it is better to analyze the properties of P&t &éne probably important
in complex formation. It was reported that, for polymericiaes like PEI, the
microstructure of the polymer is not operative in complexfation and they are
much less sensitive ligands to form complexes demandingfgpeonfiguration (i.e.,
planar or tetrahedral) [168]. Therefore it was assumed ttiathexagonal crystal
structures of zinc and cadmium and cubic face centeredtstaiof nickel does not

play a role in determining the binding mechanism of metasiamth PEI.

The effect of pH on the conformational changes were invatgd) by static and
dynamic light scattering as mentioned in Section 5.2. It Yoasd that decrease
in pH level did not change the hydrodynamic radius of the Pelwever, with the

decrease of pH from pH 6 to pH 4, PEI molecules tend to loosényperbranched
nature and became more rigid. This conformational chang&irmolecules may be
regarded as one of the reasons of low affinity of the moledoleards several metal

ions at low pH values.

In addition to the properties of polymer molecules, conttitn of the properties
of metals to the binding mechanism may also be important. @rnbe important
features of metallic species related with the formationasfds is the electronegativity
value which is defined as a measure of the ability of an atom olecnle to
attract electrons in the context of a chemical bond. SineeREIl molecules have
amine functional groups possesing nitrogen as electroatdanspecies, the binding
between PEI and metal ions is established via the interactiaitrogen with the
metallic ions. Electronegativities of the species whiclsiex the process solutions
were given in Table 5.14 [285].

Table 5.14: Electronegativities of the Elements

Species Electronegativity (Pauling Scale)

N 3.04
H 2.20
Ni 1.91
Cd 1.69
Zn 1.65
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From Table 5.14, it can be calculated that difference batvibe electronegativities
of the target metal iongd?*, Ni%*, Zré™) and nitrogen, which constitutes the active
site of the PEI molecules for metal binding, is largest forMpair and lowest for
Ni-N. Since it is known that, large difference between thectbnegativities of the
elements contributing the complex formation indicatesdinength of a bond [232],
it can be concluded that the strength of the bond formed letweckel and nitrogen
is much more lower as compared to that of zinc and cadmiuns dlbe helps us to

explain the binding order of target metals in this study.
5.4.2 Effect of lonic Strength

In experiments which were performed in order to observe tleeteof ionic strength

on the retention, it was decided to use two different saled\ O;, having monovalent
anionic group antNaSQy, having divalent anionic group. The aim was to observe the
effect of counter anion valency in addition to the effectsalt concentration. Metal
rejection experiments were performed at pH 6, in the presen©.25NNa,SQ, for
solutions containing 15pp@d?*T and 15ppnNi%t and, results were compared with
the data obtained from the experiments performed in theepoesof 0.25NNaNQ;
(Figure 5.12).

As it is seen from Figure 5.12, although same amount of sat added to the
solutions, lower retention of botBd?" and Ni*" was obtained in the presence of
NaSQ, as compared to the values obtained in the present&abdfC;. Figure 5.1,
demonstrate that, by the addition of either 0.25MNpSQ, or 0.25N NaNG;s,
conductivity of the solutions became almost same aroundSZ@mtheoretically.
However results presented in Figure 5.12 showed that, iitiaddo the degree of
ionic strength of the solution, type of salt may effect théeex of metal rejection in

the presence of PEI.

Salt type may affect the metal retention by changing themelyconformation and/or
by causing the formation of insoluble metal complexes. Byirihe experiments
performed with metal solutions containifga,SQ,, feed solution became blurry

which is the indication of agglomeration of the particlessmlution. This may be
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Figure 5.12: Comparison of the Retention Data Obtained in teedPce of 0.25N
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either due to the formation of insoluble metal complexesus t the precipitation of

PEI molecules.

In order to understand the reasons of the blurry nature ofdhaion, conductivity
tests were performed and it was observed that conductivitiehe feed solutions
containing 0.25NNaSQ, (conductivity=31 mS/m) were higher than the conductivity
values recorded for solutions containing 0.25MiNG; (conductivity=22 mS/m)
although same amount of metal ions (i.e., Ni or Cd) and PElgortas both solutions.
This indicates that, no insoluble metal complexes were éafnm the presence of
NaSQ, and relative amounts of free metal ions were high as comptrdtie

solutions containing 0.25NlaN Gs.

From this result it can be concluded that, agglomeratioruwed in the presence
of PElI and NaSQy was not because of the formation of insoluble metal
complexes. Other predicted reason of agglomeration malgeoprecipitation of PEI
macromolecules. It can be said that; because of precipit@vailable sites of the
macromolecule decreases and hence the extent of metalioateecreases, which

also explains the high conductivity bfaoSQ, solutions. Because of the inhibition of
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polymer-metal binding, relative amount of free metal iomghie solution increases.

As a consequence higher conductivity values are obtained.

Same behaviour of PEI was also observed in the study of Juaalg[210]. It was
found that retention of Cu ions became smaller than 0.1 wighcibncentation of
NaSQ, added exceeds about 10mM. It was also reported that, gdiksinvhite
aggregates form in the presence of eitN@pSQ, or MgSQ, at the salt concentration

of 10 mM or higher.

The reason of PEI precipitation in the presencéNepSQ, may be because of the
formation of amine sulfates. It is known that PEI moleculaséhprimary, secondary
and tertiary amine groups and these groups tend to form asuilfi@e complexes and

among these complexes tertiary amine-sulfate is known tmggeegated [286].

In order to observe the effect of salt concentration on ttenten profiles of metals in
single component metal solutions, varying amountblaNG; in the range between
0.1N and 1N was added into the representative samples. Aassitventioned before
in Section 5.1, conductivity values corresponding to 0.5 &N NaNQ; were
approximately 50 and 100 mS/m, respectively. These valees regarded to be quite
high as compared to conductivity of the solutions in the abs®fNaNQ;. However,
these values are within the reported range of conductivityastewaters that may
be encountered in industrial applications (Table 5.15)er&fore, to create realistic
experimental conditions, experiments were performedgh fonic strength medium.
In addition, as the conformation of PEI molecules was foundd changed with the
addition of high concentrations dfaN s, performing the PEUF experiments in high
ionic strength values allowed to observe the effects of pelyconformation on the

binding ability of PEI with metal ions.

Effect of ionic strength o d?* retention was examined at pH 6.5 and pH 6 by adding

increasing amount dflaN G; into the solution. Results are shown in Figure 5.13.

As depicted in this figure, at pH 6.5, where the binding abtit cadmium ions were

proved to be maximum, addition of 0.259WaNG; causes only 1-3% decrease in the
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Figure 5.13: Effect of lonic Strength on RetentionGi** at pH 6.5 and pH 6
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Table 5.15: Conductivities of Typical Wastewaters

Sample Conductivity, mS/m Reference

Polluted groundwater 191-578 [287]
Surface water 13.8-15.1 [288]

Water Containing Metal lons 25.5-76.9 [289]

Industrial Electroplating Wastewater 970 [290]
Wastewater from grinding (metal) 180 [291]
Oily wastewater (metal) 510 [291]
Coating wastewater (paper) 50 [291]

retention values. By the further increase in salt concantr§0.5NNaN Q) retention
drop was reported to be between 3-9%. ReductioBdAt retention amounting to
1-9% is relatively insignificant, therefore it may be corugd that, using PEI as a
complexation agent in PEUF process is a good alternativinéoremoval of divalent

cadmium ions from high ionic strength medium at high pH.

At pH 6, effect of salt addition was observed in wider concatiin range lying
between 0.1 and 1NlaNQ; (Figure 5.13). From the figure it can be inferred that,
effect of ionic strength o@d%" retention was observed to be more pronounced at pH
6 then pH 6.5 especially at high salt concentrations. Thsaveexpected result since
the PEICd?t complexation was proven to be more favorable at pH 6.5. Toere

the complex formed at pH 6.5 was likely to be more resistatiécsalt effects.

No considerable adverse effect of salt concentration waergbd in the presence
of 0.ANNaNG; at pH 6, which is consistent with the results of previous gtj227].
Decrease in the retention 68+ started in the presence of 0.2BMN Oz, depending
on the metal/polymer ratios 2-11% reduction in retentios veeorded by the addition
of 0.25N NaNQ;. Extent of reduction in retention values were obtained tarbe
the range of 9-24% and 12-28% in the presence of W&EWG; and INNaNGQ;,

respectively.
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In one of the previous studies, effect of salt concentratiorthe binding ability of
poly(sodium 4-styrenesulfonate) wi@d?t was investigated by PEUF under similar
experimental conditions [292]. It was reported thNetNG; had a great influence on
the retention of cadmium such that, in the absencBl@afNOQ; cadmium ions were
completely retained whereas addition of 0.AlMNQ; causes a total release of the
lons by the poly(sodium 4-styrenesulfonate). Compared thighresults obtained in
this study, it can be inferred that polyelectroly@@eé?* interaction is more sensitive
to the changes in ionic strength than that of polychetald@éft system. In case
of polychetalogerGd?t complexation, bonds can only be broken up at high ionic

strength medium.

Experiments foNi>" were performed in the presence of 0.BINQ; at pH 6.5 and
in the presence of 0.25N and 0.9M\aNQ; at pH 6 (Figure 5.14). Adverse effect of
excess salt concentration bii** retention was observed to be more significant at pH

6 than pH 6.5.

This is parallel to our expectations, sinié+-PEI complexation is favorable at pH
6.5, and the strength of the bond may probably be higher taote formed at pH

6, therefore can withstand the changes in ionic strength.

At pH 6, 1-8% and 9-28% reduction in retention values werenged in the presence

of 0.25N and 0.5NNaN G, respectively. When compared with the separation process
performed by using CMC (carboxy methyl cellulose) as a corgilen agent, in
which the ionic strength was reported to have practicallyimftuence on metal
retention regardless of the pH of the solution [150], it canshid that CMC may

be effectively used for the removal of divalent Ni ions. Hoee use of PEI as a
complexation agent may give rise to recovery of both Ni iond REI, due to the
reversible nature of PENi%* complexation reaction at different pH values and salt

concentrations.

Retention profiles of divalent ions of zinc in the presence afying amounts of
NaNQ; salt and different pHs were depicted in Figure 5.15 and Ei§ut6. Amoung

three target metals, most drastic adverse effect of ionemgth was observed in the
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retention ofZr?* especially at high loading values. In the presence of ONGIN O
and for the loading values greater than 0.5, approximate¥ 4nd 55% decrement

occured in the retention @n?* at pH 6.5 and pH 6, respectively.

As mentioned earlier, in the absence M&NQ;, 80% of Zré+ retention can be
achieved at pH 5. On the other hand, by the addition of MN&ENG;, depending
on metal/polymer ratios, 5-13% reduction in the bindingigbof Zrét with PEI
was observed and maximum of 77% retention could be achiaviizacidity level
(Figure 5.16). It was also observed that, adverse effecight $alt concentrations on
retention was not so drastic at pH 5 as compared to high pelsgiH 6.5 and pH 6).
From this result it may be inferred that, for effective sejpian of divalent zinc ions
from high ionic strength medium via the complexation with REwvould be better to

carry out the operation at pH 5.
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Figure 5.16: Effect of lonic Strength on RetentionZof+ at pH 5
As a summary, it can be said that; as far as salt effect is enadezinc is much more
sensible to the changes in ionic strength, therefore wieiddidg with zinc containing

solutions, salt concentration in the medium should be takEnaccount in order to

estimate the process efficiency properly.
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After examining the individual behaviors of each metal igthionic strength medium,
effect of ionic strength on the order of binding of metals tg5 (Figure 5.17) and
pH 6 (Figure 5.18) were evaluated.
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- N 1 Cd* -0.5NNaNO
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Retention (R)
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Figure 5.17: Effect of lonic Strength on Binding order of Mstat pH 6.5

It was observed that although increase in salt concentraéduces the amount of
metal bound to PEI and hence the amount rejected by the mamlvanding order
remains the same both in the absence and presence ofNfilyi®; concentrations
for the studied pH range. Zn(ll) exhibited a higher rejecttban Cd(ll), which in
turn was higher than Ni(ll). This phenomenon may be exptheefollows; with the
addition ofNaNG;, due to the reduction in screening effects, polymer chaamsaily
interwear, and macromolecules may not be described asaepggmbules in solution.
The concentration of monomer links of polymer in solutionddo be distributed
irregularly; it is larger in the globule of macromoleculathin the solution around the
globule. Therefore complexes with a different stabilitynfoat the treatment of metal
lons with PEI. Metal ions in the globule of macromoleculesistable complexes. At
the same time, metal ions, treated with imino groups on thiasel of globule, form
complexes with stability close to that for low molecular ass [293]. Therefore it
may be concluded that, for the metal ions which were ablenefpate into the globule

of macromolecule can form stable complexes as comporecetortas remaining in
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the surface. Based on this explanation, favorable bindirtnéf with PEI over those
of Cd?t andNi?* in high ionic strength medium may be probably due to the tytulfi
zinc ions to penetrate into the globule of PEI macromoleanié hence able to form

stable complexes.
5.5 Experiments with Binary Metal Solutions

In polymer enhanced ultrafiltration technique, selectigpasation of metals from
multicomponent metal mixtures can be achieved if severatammns form

macromolecular complexes with different complexationstants.

Results of the single metal experiments showed that affifiiBEd towards the three
target metals was favorable in the orderZof™ > Cd?t > Ni?*. This result gives
positive expectations about the possibility of selectiepagation of metals from

multicomponent aqueous solutions.

To test the performance of PEUF process in selective separat target metals
by using PEI as complexing agent, experiments analogousogetcarried out on
model solutions which contained single metal ions werequeréd for equimolar
binary mixtures of cadmium, nickel and zinc ions. The prscesnditions (pH,
metal/polymer ratios) were the same as stated previouslia fables for the figures
showing the retention profiles of binary component metautsmhs are given in

Appendix F.
5.5.1  Cd(Il)-Ni(ll) Binary Mixtures
5.5.1.1 Effect of pH and Loading

Cadmium-nickel pair is selected due to commercial impoeaat these metals

especially in electroplating and Ni-Cd battery industrigls [

In Figure 5.19, retention profiles of Cd(Il) and Ni(ll) in egudlar binary mixture
of these metals are depicted. Figure reveals that, retenficadmium ions were
favorable over nickel ion retention like it was the case fa tetention behaviour of

these two metals in single metal solutions.
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Separation process performed at pH 6.5 and pH 6 enabled%=88 51-97% Ni(ll)
retention, respectively. Such a closeness in retentionegaat two different pHs
indicates the ineffectiveness of pH changes on the bindifldyaof nickel ions with
PEI in the binary mixture of considered metal pair. But for mawm stiuation is
different; when pH was reduced from pH 6.5 to pH 6, percentveres of cadmium
falled from 83-99% to 57-99%. This result indicates thatcampared to nickel,

cadmium ions are more sensitive to the pH changes.

Favourable binding of cadmium over nickel ions may be exgdias follows: All
metallic ions apparently form hydrates in aqueous solutoinrounding themselves
with large numbers of molecules of water. The ease with whetallic ions form
hydrates increases with increasing charge and with dengesadius [232]. Since
ionic radii of nickel ions (r = 0.69A) is smaller than that cidmium ions (r = 0.92
A) [189], nickel ions tend to form hydrates more easily. Hylgsis effects renders the
Ni?t-PEI complexation reaction, due to the fact that the amioips present in PEI
cannot be easily bound to hydrolyzed metal ions owing to tmapetitive reactions

between OH ions and amino groups [117].

Selectivity factors for Cd(ll)-Ni(ll) binary metal mixturevere calculated by the
formula expressed in Equation 1.4 on page 14 for each loadihg and compared
with the ideal selectivity factors which were estimated bg tadmium and nickel
retention data in single metal solutions in same procesdittons (Table 5.16 and

Table 5.17).

Table 5.16: Selectivities i6d?*-Ni** Binary Mixtures at pH 6.5

Loading Scq/ni (PH 6.5) 'dgfh'“ (pH 6.5)

0.05 5.0 1.0
0.1 9.0 15
0.2 16.0 4.0
0.3 27.0 1.6
0.4 28.0 2.1
0.5 5.5 1.2

1 2.5 1.3
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Figure 5.19: Retention Profiles 6% andNi?* in Binary Metal Mixtures at pH 6.5
and pH 6
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Table 5.17: Selectivities i@d?*-Ni%t Binary Mixtures at pH 6

Loading Sca/ni (PH 6) %52 (pH 6)

0.1 7.0 2.4
0.2 10.0 2.1
0.3 5.4 1.2
0.4 2.6 1.4
0.5 1.7 1.2
0.8 11 11

Selectivity factors presented in Table 5.16 and 5.17 shat ¢hdmium ions can
be fractionated from solutions containing equimolar Cellijll) mixture at high
pH values and in the presence of PEI. It is also important te tizat, Cd(Il)-PEI
complexation is favorable over that of Ni(ll)-PEI compléwa both in single and
binary component mixtures. That means, when cadmium arigtlngce present in
same solution with equal concentrations, binding ordelne$¢ metals did not change
due to the interference effects at high pH values. The rehadwadmium and nickel
mixture from aqueous solutions may be conducted as eftdgtas removal of each

of these ions separately.

As far as pH effect was concerned surprising changes in thdirlg ability of
Cd(Il) and Ni(ll) were observed at pH 5 (Figure 5.20). Duringlymer assisted
ultrafiltration of single metal solutions it was observedtthetention of botfCd**
(Figure 5.7) andNi?t (Figure 5.8) decreases with the decrease of pH because of
the protonation of PEI. But in the co existence of Cd(Il) andliNifeverse effect

of pH was observed at pH 5; approximately 50-60% enhancemergdmium and
nickel retentions as compared to the values for single nsetakions was recorded
(Table 5.18). Flatness of the retention profiles against tdwe increasing loading

values was another unexpected behaviour observe@dor-Ni%t pair at pH 5.

At pH 4, as seen from Figure 5.21 order of binding was changeld\a(ll) retention
became favorable over Cd(ll) retention. This distinguighi@sponse dEd?*" — Ni%t
pair at different acidity levels enables to optimize the FEWocess according to

desired end products, such that; if it is desired to fraeienrcadmium from the
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Figure 5.20: Retention Profiles 6d?" andNi%t in Binary Metal Mixtures at pH 5

Table 5.18: Comparison o€d*" and Ni’*t Retentions in Binary and Single
Component Solutions at pH 5

Loading Rcq (Binary) Rcq (Single) Ry (Binary) Ryi (Single)

0.1 0.82 0.21 0.72 0.34
0.3 0.80 0.20 0.70 0.27
0.5 0.78 0.17 0.71 0.18
0.7 0.77 0.11 0.67 0.12

1 0.74 0.12 0.66 0.10

solution the operation should be carried oupbtt > 5 whereas pH values lower than

5 enables nickel fractionation from equimolar binary mietof Cd(1l) and Ni(ll).

The enhancement in formation of bonds for PEI-Ni-Cd systeitih whe decrease
in pH, and flatness of the retention profiles at pH 5 and pH 4 nagiplained
as follows: PEI has a very strong heavy metal complexingtgltsince it contains
primary, secondary and tertiary imine groups with a rati@:@f1, respectively [283].
It has a spherical structure and its primary amines are expasdatively outside due
to structural limitation. Thus metal ions bind to the primamines at the early stage
of coordination. As loading increases metal ion conceiomabecomes higher as

compared to polymer concentration and in addition decreasee pH causes the
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Figure 5.21: Retention Profiles 6% andNi?* in Binary Metal Mixtures at pH 4

protonation of the active sites of polymer and hence pasitivarge in the polymer
matrix will increase and swelling of PEI will occur with ireasing metal ion binding
which makes available new sites for attachment of metal.ioAs the metal ion
concentration increases before reaching the criticab ratearly all available sites
in the polymer structure was filled and uptake of metal ionsPl approaches
plateau [294]. Therefore rather than gradual decreaseentien with the increasing

loading values, relatively flat segments were observedamptbfiles.

Based on the data presented in Figure 5.20 and Figure 5.2ttig#y factors were
calculated and presented in Tables 5.19 and 5.20. It is itapioio note that, contrary
to the values recorded at high pHs, the selectivities werte dpw, which indicates

that efficiency of fractional separation was decreased thttdecrease in pH.
5.5.1.2 Effect of lonic Strength

In order to see the effects of ionic strength of the mediunherfitactional separation
efficiency of PEUF process faBd?*"-Ni?* pair, varying amounts oNaNQ; was
added to the equimolar Cd(I1)-Ni(ll) mixture and retentiafides were obtained at
pH 6.5, 6 and 5 (Figure 5.22).
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Table 5.19: Selectivities i@d?*-Ni%t Binary Mixtures at pH 5

Loading Scqni (PH5) S5 (PH 5)

0.1 1.6 1.2
0.3 15 11
0.5 1.3 11
0.7 1.4 11
1 1.3 1.0

Table 5.20: Selectivities i6d?"-Ni%t Binary Mixtures at pH 4

Loading Syi/cq (PH 4)

0.1 2.0
0.3 1.3
0.5 1.4
1 1.6

As the retention profiles o€d?"-Ni?t pair in the absence (Figure 5.19) and in
the presence of 0.5NNaNGQ; (Figure 5.22) were compared it can be observed
that addition of salt enhanced théi%*-PEI binding while depressing th@d?"-
PEI binding. Depending on the metal/polymer ratios 9-68%uction in theCd?t
retention was recorded on the contrary to the 9-15% incréimeNi>™ retention at
pH 6.5. Same behaviour was also observed at pH 6 and pH 5, ragevd0% and
47% decrement i€d>" retention, 11% and 17% incrementNi%* retention were
achieved at pH 6 and pH 5, respectively. From these resu&nibe concluded that,
the addition of high amount of salt gives rise to the favogadaparation of nickel over

cadmium from their equimolar binary mixtures.

To analyze the possible reasons of the dual effect of saltesdration on the
binding ability of cadmium and nickel ions with PEI, it is imgant to have an
idea about the conformational changes of both PEI and mmtal iAs discussed in
Section 5.2, dynamic/static light scattering experimeshiswed that PEI molecules
tend to aggregate and become smaller in the presence of aighoscentrations.
Because of the aggregation of PEI particles, active siteeefhtacromolecule may
be buried and by this way ability to form metal complexes wénhited. In addition,

excess amount dflat ions coming from the dissociation of salt may also cause a
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deformation of the ions and hence changes the binding alfithe ions to PEI

macromolecules which became also smaller in high ioniagtremedium.

Although target metals selected for this study were all hgltco Group B of the
periodic table and therefore eligible for deformation, megof deformation of the
ions of these metals may be different from each other. Fomelain the case of
Cd?* - Ni?* pair, nickel ions tend to deform more easily then cadmiuns ionthe
presence of distorting medium. Therefore when high amotisalh was added to
the solution, distorting medium appeared in the presenexagsNa’ ions deform
the symmetrical structure of nickel ions. Deformed nickels can penetrate into the
PEI macromolecule and can reach the active sites more ¢aaiiycadmium ions and
hence nickel binding becomes favorable over cadmium bgnatifigh ionic strength

medium.

Selectivities ofNi%T over Cd?t were calculated for each metal/polymer ratio and
they are tabulated in Table 5.21. As it is evident from thedality values, in high
ionic strength medium nickel ions can be fractionated frbmolutions containing

equimolar binary mixture ot andCd?*,

Table 5.21: Selectivities i€d?t-Ni®* Binary Mixtures in the Presence of 0.5N
NaNQ;

Loading Syi/cq (PH 6.5) S\ijcd (PH6)  Svijcd (PHS)

0.1 1.0 1.8 4.6
0.3 2.3 3.1 2.4
0.4 3.1 3.6 -

0.5 4.3 4.0 1.7
0.7 - - 1.6
0.8 2.6 2.5 -

1 - - 1.4

As a concluding remark for the solutions containing binarytare of cadmium and
nickel ions it may be said that, at high pH valuési?* could be effectively recovered
from the solution, whereas at low pH values and in the presenhtigh amount of

NaNQ;, stiuation was reversed and in that ci&ié" ions can be fractionated from
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the solution. Therefore, it may be recommended that whikdig with solutions
containing both Ni and Cd, special attention should be giwethé pH and ionic

strength of the solution in order to optimize the fractiom@afprocess.
5.5.2  Cd(ll)-Zn(ll) Binary Mixtures

Separation of cadmium from zinc was reported to be the mdgius of the fractional
separations because of their similar properties [295]. e@d\extractants, such as
Cyanex 923, Aliquat 336, D2EHPA(di-2ethyl-hexyl phosphacid), LIX84, etc.,
are used for the extraction of cadmium and zinc [296—-299].e $istems, such
as Zn-Cd-Co-Ni [300], Zn- Cd [301] and Zn-Cd-Hg [302, 303] alsovéhdeen
investigated for separation of cadmium and zinc by using IBR4&, carboxylic acid,
and caprylic acid as extractants. Although a good deal okwas been reported for
the liquid-liquid extraction of cadmium and zinc, the numbé studies concerning

the separation of cadmium and zinc by membrane technigeesxarce.
5.5.2.1 Effect of pH and Loading

The present work examines the possibility of fractionalasappon of cadmium and
zinc ions from dilute equimolar binary component solutiohthese metals. Loading
versus retention values 6fd*t andZr?* were plotted at different pH values to see

the retention profiles and order of binding of ions (Figu23sand Figure 5.24).

As seen from Figure 5.23, same extent of retention was daadadoth for cadmium

and zinc in the pH range between 5.5 and 6.5. Because of thiaisproperties of the

ions, binding abilities did not show differences at high piiues and approximately
same amount of cadmium and zinc ions were retained by the naembSelectivities

of zinc over cadmium were calculated at pH 6.5, 6 and 5, andpeoed with the

ideal selectivity values which were calculated by @d#+ andZr?* retention data

obtained in PEUF experiments with single component metatisos (Table 5.22 and
Table 5.23) .

Data presented in Table 5.22 show that, in single metalisolsibf zinc and cadmium,

binding ability of Zr?+ was favorable ove€d?* binding, therefore zinc retention
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Table 5.22: Selectivities i6d?*-Zr?* Binary Mixtures at pH 6.5

Loading Szpcq (PH 6.5) Sdea (pH 6.5)

0.3 1.0 2.0
0.5 1.0 2.3
0.6 11 15
0.8 1.3 2.0
0.8 1.1 2.1

Table 5.23: Selectivities i6d**-Zr?t Binary Mixtures at pH 6

Loading Szn/cq (PH 6) S (pH 6)

0.3 0.7 2.9
0.5 0.9 1.4
0.6 1.2 1.8
1 1.0 1.8

values were higher than retention values of cadmium. Hete selectivity of zinc
over cadmium appeared to be higher than 1. But when cadmiurmiantioth exist in
the same solution, because of the similar properties of aadrand zinc, competition
between these ions results in the same extent of retentidheoions. Therefore

selectivities obtained for binary metal mixture solutiovere approximately 1.

In order to investigate the possibility of fractional segt@m of Zr*™ andCd** at
low pHs, similar PEUF experiments were performed at pH 5 athd pand retention

profiles are plotted (Figure 5.24).

As seen from Figure 5.24, selective separatioBdf" from Zr®* can not be achieved
at pH 5 because approximately same amounts of both metaivieresretained by the
membrane. It is interesting to note that, as compared wéhetention values of the
obtained in single metal solutions, 52-68% enhancemergdmium retention and in
average 5% increase in zinc retention was recorded in edairbmary mixture of

the metals at pH 5. Following suggestion can be made fronetre=ailts. If the aim
of the operation is to remove zinc and cadmium ions from thetiem at the same

time, coexistance of the ions in same solution does not eethecprocess efficiency.
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On the contrary if it is desired to fractionate zinc ions frtme solution containing
cadmium and zinc or vise versa, it is not possible to do thaHab by using PEIl as a

complexing agent.

Disparity between the retention profiles@d?* andZr?+ was observed when pH was
reduced down to pH 4. At this acidity level, in average 45%aufraium and 65% zinc

were able to complexed by PEI and hence retained by the memifeggure 5.24).

Statistical discrepancy i6d°" andZr?" retentions were more clearly observed by

looking at the selectivities which were calculated and @nésd in Table 5.24.

Table 5.24: Selectivities i6d°*-Zr?* Binary Mixtures at pH 5 and 4

Loading Szpjca (PH5) SR, (PH5)  Szncq (PH 4)

0.1 0.9 4.4 15
0.3 0.9 4.0 1.5
0.5 1.0 3.1 1.7
0.7 1.0 3.1 -

1 1.0 2.8 1.6

At pH 5, depending on the metal/polymer ratio zinc retenti@s recorded to be 4-7
times greater than cadmium retention in the single metalures of these metal ions,
therefore ideal selectivities were found to be between @dB4a4. But in the presence
of cadmium, binding of zinc with PEI was no more favorableravet of cadmium

binding and unity in the selectivity values were obtainedigating equal retention.
Selective separation can only be achieved at pH 4, but nbtthét complete retention

of either zinc or cadmium ions.

It is known that, in any periodic group the stability of thedngtes is greatest for the
smallest ions, while the number of water molecules normtadllgl is greatest for the
large ions [232]. Cadmium and zinc are both belong to grouphB cadmium have
greater ionic radii as compared to zimg{ = 0.92A,rz, = 0.74A), therefore cadmium
ions assumed to held greater amount of water molecules asarethto zinc and as
a consequence binding ability of zinc ions were expectedetdigher than that of

cadmium. However, this suggestion seems to be valid onlgvatdH values, such
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that; at pH 5 and pH 4&r?* retention become favorable ov@d?* retention, on the

contrary, at high pH values extent of retention for both rnset@pear to be same.
5.5.2.2 Effect of lonic Strength

In order to see the effect of ionic strength on the separadfficiency ofCd?t and
Zr?t, 0.5NNaNG; was added into the solution and retention profiles are drawn a
different pHs (Figure 5.25).

As it is can be seen in Figure 5.25, at pH 6.5, almost compégéntion of bottCd2*+
andZr?t can be achieved in the presence of 0SBING; for low loading values.
When compared to the retention profiles of cadmium and zinénarlp component
mixture and in the absence bfaNG; (Figure 5.23), it can be concluded that, ionic
strength has no adverse effect on the binding ability of gadnand zinc under these
conditions, since both of the metal ions can be retained &yrtembrane. This gives
rise to remove both Cd(ll) and Zn(ll) from the binary componsolutions even at
high ionic strength, however selective separation can eroadhieved at the same

condition.

On the other hand, adverse effect of high salt concentra@gonbe clearly observed
at pH 5.5. More than 90% retention of both metals can be aetiav pH 5.5 when
there is ndNaNGs in solution, but by the addition of 0.5NaNQ; maximum of only
59% retention oZr?* and 43% ofCd?* could be achieved. By the reduction of pH
down to pH 4, further decrease in recovery ratios were oleseawd it was recorded
that only 28-56% oZr?* and 10-25% ofd?* can be retained by the membrane.

Based on the retention data obtained at pH 5.5 and pH 4, sdéiestwere calculated
and presented in Table 5.25.

By looking at the data tabulated in Table 5.25, it can be satidblective separation
can be achieved in favor of zinc ions, since the selectiatyes of zinc over cadmium
were appeared to be greater than 1. However, low amount otain be fractionated
because extent of retention of metals were low. Therefocaritbe concluded that,

in the presence of 0.5NlaNQ;, both cadmium and zinc ions could be effectively
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Table 5.25: Selectivities i€d*"-Zr?*™ Binary Mixtures in the Presence of 0.5N
NaNG;

Loading Szp/cq (PH 5.5) Szrnjcd (PH 4)

0.1 1.2 1.2
0.3 1.3 1.4
0.5 1.3 15
0.7 1.4 1.3
1 1.4 1.3

removed from the solution at high pH values, fractionatidrzimc can only be
achieved in acidic medium but fractionation may not end ughwhie high recovery

of zinc.
5.5.3  Ni(Il)-Zn(ll) Binary Mixtures
5.5.3.1 Effect of pH and Loading

Last metal pair of interest wasi*t andZr?*. PEUF experiments were performed
at pH 6 and pH 5 for this metal pair and retention profiles olgdiat the end of the

experiments are depicted in Figure 5.26.

At pH 6, affinity of PEI towards both of the metals was almosheatherefore almost
same degree of retention was obtained botiNis andZr?*. As compared to the
retention values obtained in single metal solutions oféheetals (Table 5.26), 5-
34% enhancement iNi%t retention and approximately 10% enhancemeri if"

retention was observed in equimolar binary mixture of thess.

Table 5.26: Comparison of Ni(ll) and Zn(ll) Retentions in Bipaand Single
Component Solutions at pH 6

Loading Ryi(Binary) Ri(Single) Rzp(Binary) Rzn(Single)

0.1 0.93 0.88 1.00 0.997
0.3 0.92 0.73 0.99 0.92
0.5 0.91 0.63 0.95 0.77
1 0.89 0.21 0.90 0.67

Same behaviour is also observed at pH 5, such that; as cothfzatbe retention
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values obtained in single metal solutions of these met&ls{8% enhancement in
Ni%t retention and in average 7% enhancemerZii™ retention was observed in

equimolar binary mixture of these ions (Table 5.27).

Table 5.27: Comparison oNi?t and Zr®* Retentions in Binary and Single
Component Solutions at pH 5

Loading Ryi(Binary) Rni(Single) Rzn(Binary) Rzp(Single)

0.1 0.90 0.34 0.88 0.8
0.3 0.88 0.27 0.87 0.81
0.5 0.86 0.16 0.80

1 0.84 0.12 0.79 0.69

It can be concluded that, when batli*+ andZr+ exist in the same solution, because
of the interference effects, extent of metal-complexatiameases therefore both of
the metals can be retained by the membrane and as a consegeé&ttive separation
can not be achieved. The results of binary metal experinghawed that, when zinc
is present in the solution, regardless of the type of therathetal in binary metal
solution, interference effects dominate and degree ofibinaf both metals increases
as in the case dfli®* - Zr®* andCd?* - Zr?*. Fractional separation of eithiz*

or Cd?* ions is difficult in the presence of zinc.
5.5.3.2  Effect of lonic Strength

In order to observe the possible effects of salt conceptratn the selective separation
of Ni®t andZr?*, 0.5N NaNQ; was added into the solution and retention profiles
were drawn accordingly. Effect of ionic strength was obedrat pH 6 and pH 5
(Figure 5.27).

It is important to note that, by the addition of excess amaninsalt, selective
separation oNi?* over Zr?* can be achieved at pH 6 and to a little extent at pH
5 (Figure 5.27). Too much salt probably reduced the interadbetween nickel
and zinc ions and diminished the interference effects. Andddition to that, as
mentioned before, PEI macromolecules shrinks in high istiength medium, and

because of the shrinking effect active sites of the macreocut¢ available for metal
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Binary Metal Mixtures at pH 6 and pH 5
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binding are buried. Since nickel ions have tendency to defarthe presence of high
amounts of counter ions, by the courtesy of the deformatimiitya nickel ions may
penetrate into the active sites of the PEI molecules whichhwaied by the presence
of exces?NaNQ;. ThereforeNi?t retention became favorable ov@n™ retention in

the presence of highaNQ; concentrations.

Selectivities calculated fa¥i?* - Zr?+ solutions in the presence of 0.M&NQ; are
given in Table 5.28. Results in this table reveal that, foagtl separation oRi%*
overZré* can be achieved at pH 6 in the presence of high amounts of6sa4%

of Ni%t and 39-87% ofZr?t can be recovered at pH 6. On the other hand, by the
decrease in pH down to pH 5, fractionation efficiency was ceduand only 40-82%

of Ni%t and in average 34% &fr?* can be removed from the aqueous solution.

Table 5.28: Selectivities itNi2*-Zr?* Binary Mixtures in the Presence of 0.5N
NaNG;

Loading S\i/zn (PH 6)  Svijzn (PH 5)

0.1 2.2 3.6
0.3 3.6 15
0.5 2.9 11
1 1.8 11

5.6 PEUF Experiments with Ternary Mixtures of Cd(lI)-Ni(ll)-
Zn(ll)

PEUF experiments with the solutions containing equimolatumes ofCd?-Ni4+-
Zr?t were carried out at pH 6.5 and pH 5, with varying metal/polymagios in
the range between 0.1 and 1. Results are shown in Figure 52&igare 5.29.
Data tables for the figures showing the retention profilegwfary component metal

solutions are given in Appendix F.

Figure 5.28 reveals that, at pH 6.5, divalent ions of zinc eadimium show similar
affinities towards PEI and as a consequence same amour@sl?of and Zré+

were able to complexed with PEI and hence retained by the marmab Fractional
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separation o£d?t-Zr?t pair overNi?* can be achieved from the multicomponent
mixture of Cd*T-Ni?t-Zré™. Depending on the metal/polymer ratios, 28-99% of
cadmium-zinc ion pair can be fractionated, and 62-80% daliions can be removed

from the solution.

As it can be seen from Figure 5.28, at pH 6.5, degree of bindigogeases in the order

of Cd?*t > Zr?* > Ni%*, but at pH 5 situation was reversed because of the steep rise
in the binding ofNi?*, and binding order at that acidity level was found to be in the
order ofNi?t > Cd?* > zr?* (Figure 5.29). By the courtesy of increased binding
ability of nickel ions, 52-72% ofNi%t can be fractionated from the ternary metal

solution of cadmium, nickel and zinc.

It can be concluded that, in the presence of zinc ions, it fiscdit to fractionate
zinc or its counterpart in binary metal solutions, becausthe interference effects
of zinc. But in the ternary metal mixtures 6%t, Nit andZr?*, cadmium-zinc
pair showed similar binding properties and by this way theyendistinguished from
Ni?*. This difference between the behaviour of nickel and cadminc pair, gives

rise to the selective separation of nickel from ternary omes$ of these metals.

5.7 Estimation of Binding Constants by Continuous Mode PEUF
Operation

Based on the Equation 3.35 on page 56, apparent binding cdsstiatarget metals
with PEI were estimated. Sample calculation for the estonaif Ky, for PEI-metal

complexation reaction is given in Appendix G.

The apparent binding constants obtained in this studythegevith those reported in

the literature, are compiled in Table 5.29.

Table 5.29: Apparent Complexation Constants of Metal lonk REI

Metal/pH n LogK(This Study) LogK(Ref) Method/Reference

Ni°t pH:6 2 7.09 7.61 UV-Visible Spectrometry [182]
Cd** pH:6 2 1.27 7.84 Two phase potentiometry [196]
Zret pH6 2 10.41 11.1 Potentiometric titration [168]
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As it is evident from Table 5.29, there is a good agreementiédet the apparent
complexation constants estimated in this study and the omed in the literature
although parameters like pH, molecular weight of PEI mayifferént. For instance,
PEI used in the study of Canizares et.al. [182] has a molegwaght of 25000Da
and that of used in potentiometric study was 30000 [168].

It is important to note that, the metal-PEI complex formatmpnstants estimated
from the equations proposed in this study are conditiondladfected by pH, actual
metal concentration in aqueous solutions and salt coraterir These apparent
complex formation constants are thus valid only for the ok of the experiments.
Generalization of such calculations on complexation by PEileal waste waters
would therefore require a large data set representingetdnditions of interest (pH,

ionic strength, and ion composition) or a model that can aecttor such variations.
5.7.1 Effect of pH and lonic Strength

Apparent binding constants of metal ions were calculatgntexdetermined values of
L=0.1, [PEI]=5x10°M, n =2 and at different pH values. Results were presented in
Table 5.30. Although pH did not remain explicitly in govergiequation (Eqgn. 3.35),
differentK,pp values at different acidity levels exhibit the effect of pHlthe degree

of binding and as a consequence on the apparent bindingacaaist

Table 5.30: Effect of pH on Apparent Complexation Constantdetal lons

Metal pH logK
Cd 65 6.17

Cd 6 6.06
Cd 5 4.06
Ni 6.5 5.98
Ni 6 5.64
Ni 5 4.38

Zn 6.5 7.49
Zn 6 7.32
Zn 55 6.48

Zn 5 542
Zn 4 5.27
Zn 3 4.29
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As it can be seen from Table 5.30, apparent binding consfafit’d was higher than
that of Cd?*, which in turn was higher than that dfi*". In addition, adverse effect
of pH reduction can also be observed in apparent bindingtantss which confirmed

the results of PEUF experiments.

Same as pH, salt concentration did not remain explicitly ovegning equation of
binding constants (Egn. 3.35). But adverse effect of iomiergjth on the binding
ability of cadmium, nickel and zinc ions and hence on the ibipcdonstants can be

observed from the data presented in Table 5.31.

Table 5.31: Effect of Salt Concentration on Apparent CompgleraConstants of
Metal lons (Calculations were made at predetermined valfies=00.1, [PEI] =
5x10°3, n=2)

Metal pH Salt Concentration logK
Cd 6 0.INNaNG; 5.90
Cd 6.5 0.25NNaNG; 6.17
Cd 6 0.25NNaNQ; 5.90
Cd 5 0.25NNaNG; 4.31
Cd 6.5 0.5NNaNG; 5.59
Cd 6 0.5NNaNG; 5.48
Cd 6 INNaNG; 5.30
Ni 6 0.25NNaNG; 5.59
Ni 6.5 0.5NNaNG; 5.48
Ni 6 0.5NNaNG; 5.03
Zn 6.5 0.5NNaNG; 5.90
Zn 6 0.5NNaNG; 5.39
Zn 6 0.25NNaNG; 5.98

5.7.2  Effect of Mode of PEUF Operation on the Estimation oKapp Values

As mentioned before, in most of the PEUF studies, batch systee employed [125,
126]. In these studies, the binding properties were docteden retention profiles,
which are plots of the retention (R) versus the filtrationdac¢Z) [189]. Z is defined

as the ratio of the volume of the filtrate and the volume of gésolution.

Since in most of the PEUF studies, batch systems were entplthere is vast amount
of data related with the complexation ability of several aheébns with different

polyelectrolytes and/or polychetalogens. If a connectetween the batch and
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continuous data can be established, by looking at the dé&#nell from batch studies

performance of continuous mode of operations should bdagiest

In order to build-up a connection between batch and contiaunode studies, first
of all, for the selected loading and pH values, retentiomeslof cadmium, nickel
and zinc ions were determined by the PEUF experiments peefdin batch mode
by the dead end stirred membrane cell, details of which wangn Section 4.2.3 of
Chapter 4. Unsteady state data obtained during the expaahrens in batch mode

system are given in Appendix H.

As it was mentioned earlier, metal/polymer ratio does niai@ constant through out
the batch processes because permeate stream was corlinuididrawn from the

membrane cell and causing a decrease in metal concenteatibinelative increase
in polymer concentration in feed solution. In order to cidtel the instant loading
value in membrane cell, several models have been develd@d. [ But, for the

sake of simplicity, it was assumed that changes in the velamounts of metal and
polymer concentrations did not affect the loading valueatch mode experiments
performed in this study. Since the experiments were peddrior dilute metal

mixtures containing low amount of polymer, assumption effiectiveness of changes
in metal concentration on loading was considered to be redde and the unsteady

data presented in Appendix H verify the validity of this asgtion.

By substituting the loading, total polymer concentratiod egtention values obtained
in batch mode experiments into Equation 3.35, apparent E@ton constants of
cadmium, nickel and zinc were calculated and compared \wihohes obtained by

continuous mode PEUF experiments. Results are presentadbia 3.32.

As it can be seen from Table 5.32, almost same apparent kirmbnstants are
obtained both in batch and continuous mode operations efdrerit can be concluded
that, for dilute metal solutions containing relatively lamounts of polymer, by
looking at the apparent constants calculated for batclesystwe may have an idea
about the performance of PEUF systems operating in conisiamde and with the

same conditions as batch system.
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Table 5.32: Comparison df,pp Values Obtained in Continuous and Batch PEUF

Systems
pH Metal [PEI] n R L logK
6 Cd 5x10°% 2 0.95(Continuous) 0.1 6.06
6 Cd b5x10% 2 0.98(Batch) 0.1 6.48
5 Cd 5x102% 2 0.21(Continuous) 0.1 4.06
5 Cd 5x10% 2 0.32(Batch) 0.1 4.33
6 Ni 5x102% 2 0.88(Continuous) 0.1 5.64
6 Ni 5x10% 2 0.86(Batch) 0.1 5.55
5 Ni 5x10% 2 0.34(Continuous) 0.1 4.38
5 Ni 5x10°% 2  0.41(Batch) 0.1 4.52
6 Zn 5x10°% 2 1.00(Continuous) 0.1 7.32
6 Zn 5x10°% 2  0.99(Batch) 0.1 6.79
5 Zn 5x10°2 2 0.82(Continuous) 0.1 5.42
5 Zn 5x10°% 2  0.90(Batch) 0.1 5.73
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CHAPTER 6

CONCLUSIONS

In this study, effects of ionic strength, pH and metal/podymatio on the performance
of continuous mode PEUF process have been examined. A nmdeEUF process
was developed and by the proposed model, apparent bindingtasds of metal-
PEI complexation reactions were estimated. In additioynderstand the effect of
conformational changes of PEI on its complexation abibtyaracterization tests of

PEI were performed by dynamic and static light scatterirajyais methods.

Following conclusions were drawn in respect of the resuitaioed in this study:

1. PEI has high binding ability towards the divalent ions of G8dand Zn at pH
6.5 and pH 6. PEI molecules retained cadmium and nickel ifiesterely
down to pH 6 and zinc ions down to pH 4. That means, cadmium aein

are more sensitive to the changes in the acidity level of theisn.

2. By the addition oNaNGQ;, depending on the concentration &N Q;, extent
of complexation between PEI and metal ions decreases and@ssaquence
retentions of metals tend to decrease. €df* andNi?*, at pH 6.5 and 6,
addition of low amounts oNaNQ; did not change the degree of retention,
adverse effect of salt addition can be observed upon thetiaddf high
amounts of salt (i.e5>0.5N NaNQ;). Amoung the three metals, most drastic
adverse effect of ionic strength was seenZoi* retention especially at high

loading values.

3. For single component metal solutions, in the absenchaf O;, order of
binding for the considered metal ions was found taZmé* > Cd?* > Ni?*.
This binding sequence did not change in high ionic strengtdiom although

extent of binding of each metal with PEI decreases with tloit@a of NaN Gs.
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4. Possibility of fractional separation of metals from binaixtures of Cd(ll)-
Ni(I1), Cd(I)-Zn(11) and Ni(ll)-Zn(ll) pairs was investigted. Results showed
that, for the solutions containing equimolar mixtures of IQd{nd Ni(ll), there
is no inhibiting effect of one of the examined metals on cawration of the
other over the range of concentrations analysed. Thusetheval of cadmium
and nickel mixture from aqueous solutions may be condudezifactively as
removal of each of these ions separately. Cd ions can be ieéfigcseparated
from Ni ions at high pH values. On the other hand, reverse isagdid at low
pH values; Ni ions can be fractionated from the cadmium-glisklutions. Salt
concentration has dual effect in binary metal solutions ofNCgbair; by the
addition ofNaNG;, retention of Cd ions were reduced and that of Ni ions were
enhanced. By this dual effect, Ni(ll) ions can be effectiviectionated from

Cd(I1) ions in high ionic strength medium.

5. When both Cd(Il) and Zn(ll) exist in the same solution, fiaeal separation
can not be achieved in the studied pH range<(H < 6.5). Fractional
separation of zinc ions from equimolar binary mixture of Qul&ir can only
be achieved at pH 4. High ionic strength medium did not hir€ie4+-PEI
or Zr*t-PEI complexation reactions, almost complete retentionoth metals
can be achieved in binary Cd-Zn metal mixture, but this cotepietention did
not ends up with fractional separation of Cd ions over thatmiahs or vice

versa.

6. For Ni(ll) and Zn(ll) pair, as in the case of Cd(ll)-Zn(Il)ap, fractional
separation can not be achieved at pH 6 and pH 5 in the absesaé#,offhereas
by the addition of 0.5NNaNG;, Ni?* retention became favourable ov@n+
retention and as a consequence nickel ions can be fracbfraim the solution

containing equimolar Ni(ll)-Zn(1l) mixture.

7. In ternary component mixtures, at pH 6.5, degree of bmdiecreases in the
order ofCd** > Zr?* > Ni?t, but at pH 5 situation was reversed because of
the steep rise in the binding ®fi**, and as a consequence binding order at

that acidity level was found to be in the orderdf+ > Cd?" > Zr?t. By the
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courtesy of increased binding ability, nickel ions can lefionated from the

ternary metal solution a®d?*-Ni%*-zZr?t.

. Dynamic/Static light scattering experiments showed, thacrease in pH did
not affect the hydrodynamic radius of PElI macromolecul&g,. of the PEI

macromolecule was estimated to be 57nm at pH 6 and 55nm at pid 8.a
It was also found that PEI exists in hyperbranced structurine studied pH

range.

With the increase in ionic strength, PEI molecules tend tobee smaller and
as a result, smalleRy values were obtained. PEI persists its hyperbranced
structure in high ionic strength medium, but because of thgregation
tendency of molecules,™ virial coefficients tend to decrease but remains

positive indicating the repulsion between the PEI molezule

. Based on the proposed model, binding constants were asdudnd compared
with the ones cited in the literature. Proximity of the apgdarconstants which
were estimated in this study and the ones estimated by paregtric and/or

spectrometric methods, indicate that, continuous moddHPEethod can be

used to predict the apparent binding constants of metaltspuitymeric agents.

For dilute metal solutions and in the presence of low PEI eatrations,
approximately same apparent binding constants were autdmased on the
data obtained by batch and continuous mode PEUF operati®hsrefore,
it can be concluded that, by looking at the apparent corsteaitulated for
batch systems, we may have an idea about the performanceldf B¥stems

operating in continuous mode and with the same conditiotsth system.
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APPENDIX A

Flame-AAS Analysis Method

Flame operation employs a 50mm burner which supports aiy/Bme flame used in
the analysis of Cd, Ni and Zn. Gas flow control is via a binary flaatrol system
accurately controlled by a digital output from the microggesor. The input pressure

of the fuel is internally regulated to ensure correct caliion.

Data coded Hallow Cathode Lamp for each element was used sthéhamstrument

is able to sense the element and maximum current.

Standard samples for calibration were prepared from thaiatabsorption standards
for Cd, Ni and Zn according to predetermined optimum conegioins which give
best signals. For the preparation of standard samples aral ldank solution
ultrapure water having a specific conductance aBWEcm! was used. Analysis
of the polmer containing samples were made by calibratiagytstem with standard

samples containing the same amount of polymer as the samples

At the beginning of each analysis system is calibrated bylkbland standard
solutions.Typical calibration curve for cadmium, zinc anckel obtained during the
analysis were shown in Figure A.1, Figure A.2 and Figure &&pectively. Linear
relationship was seen between concentration and abs@&ratie calibration curves
of the metals which means that Beer’s Law is valid within theaamtration range

studied in the experiments.
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Figure A.1: Calibration curve and its data obtained during4S analysis ofCd?"
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APPENDIX B

Data Tables for DLS/SLS Experiments

dn/dc=0.2998x10" dm’/g
Zimm Plot, q’-dep:1* order, C-dep: 1* order

Conc/(g/dm®) | Mw(app)/(g/mol) |<S*>(app)/um?| Rg(app)/nm
Conc.=0 0 1.45E+04 5.69E-03 75.442
PEI (pH 6) 6 3.99E+03 1.51E-03 38.82
PEI (pH 6) 3.6 5.91E+03 2.43E-03 49.321
PEI (pH 6) 24 7.45E+03 3.18E-03 56.405

Aj: 1.632e-05 mol dm?/g? (£ 3.69 %) Rg: 7.544e+01 nm (£ 12.1 %)

23.0

17.0

Kc/R x g/mol

11.0 -

5.0 -

™ PEI +H20 pH:6

0.00

Mw(c): 1.822e+04 g/mol
A2: 1.619e-05 mol dn/g?

6.00

12.00

(g*+ke) x pm?

Mw(c?): 1.472e+04 g/mol

Rg: 7.584e+01

nm

Figure B.1: Zimm Plot of PEI/Water Solution at pH 6
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dn/dc=0.2998x10" dm’/g
Zimm Plot, g*-dep:1* order, C-dep: 1% order

Conc/(g/dm?®)|Mw(app)/(g/mol)|<S?>(app)/um?|Rg(app)/nm
Conc.=0 0 1.28E+04 3.14E-03 56.044
PEI (pH 5) 6 5.23E+03 2.10E-03 45.868
PEI (pH 5) 3.6 6.65E+03 2.43E-03 49.287
PEI (pH 5) 2.4 7.45E+03 1.64E-03 40.497

A2: 7.985e-06 mol dm*/g? (+ 5.3 %) Rg: 5.604e+01 nm (+ 21.6 %)

) ) ) )
30.0 I pxy 4120 pH:5 T

24.0 - i

18.0 - -

Kc/R x g/mol

12.0 | -

60 e _

0.00 6.00 12.00 18.00

(g2+kc) x pn? x 10

Mw(c): 1.056e+04 g/mol Mw(?): 1.281e+04 g/mal
A2: 7.9856-06 mol AP/ Rg: 5.604e+01 nm

Figure B.2: Zimm Plot of PEI/Water Solution at pH 5
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dn/dc=0.2998x10" dm*/g

Zimm Plot, *-dep:1* order, C-dep: 1* order

Conc/(g/dm?®)|Mw(app)/(g/mol)|<S?>(app)/um?|Rg(app)/nm

Conc.=0 0 8.98E+03 2.39E-03 48.849
PEI (pH 4) 6 5.11E+03 2.28E-03 47.717
PEI (pH 4) 3.6 5.80E+03 1.82E-03 42.714

A2: 4.826e-06 mol dm3/g® (£ 0 %) Rg: 4.885e+01 nm (+ 17.1 %)

25.0

20.0

Kc/R % g/mol

15.0

10.0

™ PEI +H20 pH:4

Mw(c): 7.265e+03 g/mol

A2: 4.826e-06 mol dm?*/g?

6.00 12.00 18.00
(g2+kc) X pn? x 10°

Mw(cP): 8.976e+03 g/mal
Rg: 4.885¢+01 nm

Figure B.3: Zimm Plot of PEI/Water Solution at pH 4
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APPENDIX C

Data Tables for Lab-Scale Ultrafiltration Experiments

Table C.1: Values of loading and retention plotted in Figug 5

pH 6.5
Loading Pilot-Scale Lab-Scale
(gCd?t/gPEI) | Membrane S10Y10 Membrane HGO1
0.05 0.99 0.99
0.07 0.98 0.99
0.09 0.98 0.98
0.1 0.97 0.99
0.2 0.95 0.98
0.5 0.73 0.88
pH 6
Loading Pilot-Scale Lab-Scale
(gCd?*T/gPEI) | Membrane S10Y10 Membrane HGO1
0.05 0.96 0.97
0.07 0.98 0.99
0.09 0.97 0.99
0.1 0.96 0.99
0.2 0.90 0.97
0.5 0.67 0.88
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Unsteady and Steady State Data of PEUF Experiments

APPENDIX D

D.1  Experiments with Solutions ContainingCd?*

Table D.1: SolutionCd?*, L=0.1, pH 6.5

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) (ppm) (ppm) (It/m?.hr)

60 16.0 1.45 0.91 9.75

90 15.4 0.93 0.94 9.75

120 15.6 0.70 0.96 9.75

150 15.5 0.69 0.96 9.75

180 15.4 0.68 0.96 9.75

210 15.5 0.69 0.96 9.75

240 15.5 0.68 0.96 9.75

Table D.2: SolutionCd?*, L=0.1, pH 5

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/m?.hr)

60 15 11.9 0.21 9.68

90 15 11.8 0.21 9.68

120 15 11.8 0.21 9.68

150 15 11.8 0.21 9.68

180 15 11.8 0.21 9.68

210 15 11.8 0.21 9.68

240 15 11.8 0.21 9.68
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Table D.3: SolutionCd?*, L=0.5, pH 6.5

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) (ppm) (ppm) (It/m?.hr)

60 15 5.00 0.67 12.10

90 15 5.00 0.67 12.10

120 15 4.00 0.73 12.10

150 15 4.00 0.73 12.10

180 15 4.00 0.73 12.10

210 15 4.00 0.73 12.10

240 15 4.00 0.73 12.10

Table D.4: SolutionCd?*, L=0.5, pH 6

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/m?.hr)

60 15 450 0.70 12.10

90 15 5.00 0.67 12.10

120 15 5.00 0.67 12.10

150 15 5.50 0.63 12.10

180 15 5.00 0.67 12.10

210 15 5.00 0.67 12.10

240 15 5.00 0.67 12.10

Table D.5: SolutionCd?**, L=0.5, pH 5

Time | Feed Conc| Permeate Cond. Retention| Permeate Flux
(min.) (ppm) (ppm) (It/mé.hr)

60 15 10.90 0.27 12.10

90 15 12.25 0.18 12.10

120 15 12.50 0.17 12.10

150 15 12.50 0.17 12.10

180 15 12.50 0.17 12.10

210 15 12.50 0.17 12.10

240 15 12.50 0.17 12.10
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Table D.6: SolutionCd?*, L=1, pH 6.5

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) (ppm) (ppm) (It/m?.hr)

60 13.4 6.65 0.50 12.15

90 14.0 6.65 0.53 12.15

120 14.0 6.63 0.53 12.15

150 14.3 6.66 0.53 12.15

180 14.3 6.67 0.53 12.15

210 14.4 6.70 0.53 12.15

240 14.4 6.70 0.53 12.15

Table D.7: SolutionCd?*, L=1, pH 6

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/m?.hr)

60 15.2 7.40 0.51 12.15

90 15.2 7.80 0.49 12.15

120 15.2 7.85 0.48 12.15

150 15.2 7.80 0.49 12.15

180 15.2 7.87 0.48 12.15

210 15.1 7.86 0.48 12.15

240 15.3 7.89 0.48 12.15

Table D.8: SolutionCd®**, L=1, pH 5

Time | Feed Conc| Permeate Cond. Retention| Permeate Flux
(min.) (ppm) (ppm) (It/mé.hr)

60 15.1 13.00 0.14 12.15

90 15.3 13.40 0.12 12.15

120 15.0 13.45 0.10 12.15

150 15.0 13.46 0.10 12.15

180 15.0 13.43 0.10 12.15

210 15.0 13.42 0.11 12.15

240 15.0 13.44 0.10 12.15
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D.2

Experiments with Solutions ContainingCd?t+ 0.1NNaNG;

Table D.9: SolutionCd?* + 0.INNaNQ;, L=0.1, pH 6

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/r?.hr)

60 15 0.98 0.94 9.72

90 15 0.96 0.94 9.72

120 15 1.02 0.93 9.72

150 15 1.02 0.93 9.72

180 15 0.99 0.93 9.72

240 15 1.00 0.93 9.72

Table D.10: SolutionCd?*t + 0.INNaNGQ;, L=0.5, pH 6

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/m?.hr)

60 14.3 5.00 0.65 9.98

90 14.3 5.50 0.62 9.98

120 14.3 5.30 0.63 9.98

150 14.3 5.32 0.63 9.98

180 14.3 5.34 0.63 9.98

240 14.3 5.44 0.62 9.98

Table D.11: SolutionCd?* + 0.1INNaNG;, L=1, pH 6

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/r?.hr)

60 14.6 9.00 0.38 10.03

90 14.8 9.00 0.39 10.03

120 14.8 9.00 0.39 10.03

150 14.8 9.00 0.39 10.03

180 14.8 9.00 0.39 10.03

240 14.8 9.00 0.39 10.03
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D.3

Experiments with Solutions ContainingCd?t+ 0.25NNaN O;

Table D.12: SolutionCd?* + 0.25NNaNGQ;, L=0.1, pH 6.5

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/r?.hr)

60 14.7 0.68 0.95 9.68

90 14.7 0.66 0.96 9.68

120 14.7 0.68 0.95 9.68

150 14.7 0.67 0.95 9.68

180 14.7 0.67 0.95 9.68

240 14.7 0.67 0.95 9.68

Table D.13: SolutionCd?* + 0.25NNaNGQ;, L=0.1, pH 6

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/m?.hr)

60 15 1.00 0.93 9.68

90 15 1.00 0.93 9.68

120 15 1.00 0.93 9.68

150 15 1.00 0.93 9.68

180 15 1.00 0.93 9.68

240 15 1.00 0.93 9.68

Table D.14: SolutionCd?* + 0.25NNaNGQ;, L=0.1, pH 5

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/r?.hr)

60 15.7 10.3 0.34 9.68

90 15.0 10.3 0.31 9.68

120 15.0 10.3 0.31 9.68

150 15.0 10.3 0.31 9.68

180 15.0 10.3 0.31 9.68

240 15.1 10.3 0.32 9.68
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Table D.15: SolutionCd?" + 0.25NNaNG;, L=0.5, pH 6.5

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/m?.hr)

60 14.6 4.50 0.69 10.23

90 14.6 4.46 0.69 10.23

120 14.6 4.38 0.70 10.23

150 14.6 4.38 0.70 10.23

180 14.6 4.38 0.70 10.23

240 14.6 4.38 0.70 10.23

Table D.16: SolutionCd?* + 0.25NNaNQ;, L=0.5, pH 6

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) | (ppm) (ppm) (it/m?.hr)

60 15.2 5.50 0.64 10.23

90 15.3 5.50 0.64 10.23

120 15.0 5.50 0.63 10.23

150 15.0 5.50 0.63 10.23

180 15.0 5.50 0.63 10.23

240 15.0 5.50 0.63 10.23

Table D.17: SolutionCd?* + 0.25NNaNGQ;, L=0.5, pH 5

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/mr?.hr)

60 15.0 13.20 0.12 10.23

90 15.0 13.20 0.12 10.23

120 15.0 13.20 0.12 10.23

150 15.0 13.20 0.12 10.23

180 15.0 13.20 0.12 10.23

240 15.0 13.20 0.12 10.23
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Table D.18: SolutionCd?* + 0.25NNaNGQ;, L=1, pH 6.5

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/m?.hr)

60 15.5 8.00 0.48 10.15

90 15.5 7.78 0.50 10.15

120 15.5 7.65 0.51 10.15

150 15.5 7.66 0.51 10.15

180 15.5 7.63 0.51 10.15

240 15.5 7.66 0.51 10.15

Table D.19: SolutionCd?t + 0.25NNaNQ;, L=1, pH 6

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) | (ppm) (ppm) (it/m?.hr)

60 14.6 9.00 0.38 10.15

90 14.6 9.20 0.37 10.15

120 14.6 9.00 0.38 10.15

150 14.6 9.15 0.37 10.15

180 14.6 9.18 0.37 10.15

240 14.6 9.16 0.37 10.15

Table D.20: SolutionCd?* + 0.25NNaNGQ;, L=1, pH 5

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/mr?.hr)

60 15.0 11.50 0.23 10.15

90 15.0 11.50 0.23 10.15

120 15.0 11.50 0.23 10.15

150 15.0 11.50 0.23 10.15

180 15.0 11.50 0.23 10.15

240 15.0 11.50 0.23 10.15
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D.4

Experiments with Solutions ContainingCd?t+ 0.5NNaNG;

Table D.21: SolutionCd?t + 0.5NNaNGQ;, L=0.1, pH 6

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/r?.hr)

60 14.8 1.72 0.88 9.68

90 14.9 1.95 0.87 9.68

120 14.9 1.82 0.88 9.68

150 15.0 1.85 0.88 9.68

180 15.1 1.87 0.88 9.68

240 15.1 1.87 0.88 9.68

Table D.22: SolutionCd?t + 0.5NNaNGQ;, L=0.5, pH 6

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/m?.hr)

60 15.0 8.66 0.42 9.88

90 15.0 8.68 0.42 9.88

120 15.0 8.58 0.43 9.88

150 15.0 8.60 0.43 9.88

180 15.0 8.55 0.43 9.88

240 15.0 8.50 0.43 9.88

Table D.23: SolutionCd?* + 0.5NNaNG;, L=1, pH 6

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/r?.hr)

60 14.8 10.00 0.32 9.68

90 15.1 10.00 0.34 9.68

120 15.0 9.80 0.35 9.68

150 15.0 9.90 0.34 9.68

180 15.0 9.89 0.34 9.68

240 15.0 9.88 0.34 9.68
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D.5

Experiments with Solutions ContainingCd?"+ 1N NaNG;

Table D.24: SolutionCd?* + 1IN NaNGQ;, L=0.01, pH 6

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/r?.hr)

60 15.1 3.00 0.80 9.43

90 15.0 3.00 0.80 9.43

120 15.2 3.00 0.80 9.43

150 15.0 3.00 0.80 9.43

180 15.1 3.00 0.80 9.43

240 15.0 3.00 0.809.43

Table D.25: Solution€d?* + INNaNG;, L=0.5, pH 6

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/m?.hr)

60 14.7 8.80 0.40 10.11

90 14.7 8.90 0.39 10.11

120 14.7 8.93 0.39 10.11

150 14.7 8.90 0.39 10.11

180 14.7 8.90 0.39 10.11

240 14.7 8.94 0.39 10.11

Table D.26: SolutionCd?* + INNaNG;, L=0.7, pH 6

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/r?.hr)

60 14.6 9.00 0.38 10.20

90 14.6 9.50 0.35 10.20

120 14.6 9.90 0.32 10.20

150 14.6 9.80 0.33 10.20

180 14.6 9.78 0.33 10.20

240 14.6 9.79 0.33 10.20
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D.6

Experiments with Solutions ContainingNi%*

Table D.27: SolutionNi¢*, L=0.1, pH 6.5

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) (ppm) (ppm) (It/mP.hr)

60 14.7 0.95 0.94 9.68

90 14.8 1.06 0.93 9.68

120 15.0 0.85 0.94 9.68

180 15.1 0.84 0.94 9.68

210 15.0 0.88 0.94 9.68

240 15.0 0.86 0.94 9.68

Table D.28: SolutionNi®*, L=0.1, pH 6

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/m?.hr)

60 15.1 2.09 0.86 9.68

90 15.3 2.17 0.86 9.68

120 15.3 1.83 0.88 9.68

180 15.2 1.84 0.88 9.68

210 15.3 1.77 0.88 9.68

240 15.3 1.78 0.88 9.68

Table D.29: SolutionNi%*, L=0.1, pH 5

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/r?.hr)

60 14.6 10.00 0.32 9.68

90 14.6 9.60 0.34 9.68

120 14.6 9.62 0.34 9.68

180 14.6 9.63 0.34 9.68

210 14.6 9.60 0.34 9.68

240 14.6 9.60 0.34 9.68
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Table D.30: SolutionNi*, L=0.5, pH 6.5

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) (ppm) (ppm) (It/m?.hr)

60 15.2 4.16 0.73 9.73

90 15.2 5.22 0.66 9.73

120 15.0 4,93 0.67 9.73

180 15.0 4,96 0.67 9.73

210 15.1 4,98 0.67 9.73

240 15.1 5.02 0.67 9.73

Table D.31: SolutionNi?*, L=0.5, pH 6

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (it/m?.hr)

60 14.9 5.25 0.65 9.71

90 14.9 5.25 0.65 9.71

120 15.0 5.88 0.61 9.71

180 14.9 5.88 0.61 9.71

210 14.9 5.87 0.61 9.71

240 14.9 5.88 0.61 9.71

Table D.32: SolutionNi?t, L=0.5, pH 5

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/mr?.hr)

60 15.0 13.00 0.13 9.73

90 15.0 12.50 0.17 9.73

120 15.0 12.60 0.16 9.73

180 15.0 12.40 0.17 9.73

210 15.0 12.55 0.16 9.73

240 15.0 12.58 0.16 9.73
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Table D.33: SolutionNi®*, L=1, pH 6.5

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) (ppm) (ppm) (It/m?.hr)

60 14.5 9.00 0.38 9.98

90 14.8 8.88 0.40 9.98

120 14.8 8.87 0.40 9.98

180 14.8 8.86 0.40 9.98

210 14.8 8.86 0.40 9.98

240 14.8 8.86 0.40 9.98

Table D.34: SolutionNi?t, L=1, pH 6

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (it/m?.hr)

60 15.2 9.82 0.35 9.98

90 15.2 9.83 0.35 9.98

120 15.2 9.81 0.35 9.98

180 15.2 9.81 0.35 9.98

210 15.2 9.81 0.35 9.98

240 15.2 9.81 0.35 9.98

Table D.35: SolutionNi?*, L=1, pH 5

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/mr?.hr)

60 15.0 13.50 0.10 9.98

90 15.0 13.50 0.10 9.98

120 15.0 13.50 0.10 9.98

180 15.0 13.50 0.10 9.98

210 15.0 13.50 0.10 9.98

240 15.0 13.50 0.10 9.98
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D.7

Experiments with Solutions ContainingNi2*+0.25NNaNQ;

Table D.36: SolutionNi2* + 0.25NNaNG;, L=0.1, pH 6

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/r?.hr)

60 15.2 1.90 0.88 9.68

90 15.2 2.00 0.87 9.68

120 15.2 1.90 0.88 9.68

180 15.2 2.00 0.87 9.68

210 15.2 2.00 0.87 9.68

240 15.2 2.00 0.87 9.68

Table D.37: SolutionNi?* + 0.25NNaNQ;s, L=0.3, pH 6

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/m?.hr)

60 15.0 4.00 0.73 9.68

90 15.0 4.00 0.73 9.68

120 15.0 4.00 0.73 9.68

180 15.0 4.00 0.73 9.68

210 15.0 4.00 0.73 9.68

240 15.0 4.00 0.73 9.68

Table D.38: SolutionNi%* + 0.25NNaNG;, L=1, pH 6

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/r?.hr)

60 14.8 10.30 0.30 10.11

90 14.8 10.30 0.30 10.11

120 14.8 10.30 0.30 10.11

180 14.8 10.30 0.30 10.11

210 14.8 10.30 0.30 10.11

240 14.8 10.30 0.30 10.11
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D.8

Experiments with Solutions ContainingNi2*+0.5NNaNGQ;

Table D.39: SolutionNi2* + 0.5NNaNQ;, L=0.07, pH 6.5

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/r?.hr)

60 15.0 2.58 0.83 9.58

90 15.0 2.58 0.83 9.58

120 15.0 2.46 0.84 9.58

180 15.0 2.45 0.84 9.58

210 15.0 2.40 0.84 9.58

240 15.0 2.43 0.84 9.58

Table D.40: SolutionNi** + 0.5NNaNQ, L=1, pH 6.5

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/m?.hr)

60 15.0 9.60 0.36 10.09

90 15.0 9.60 0.36 10.09

120 15.0 9.60 0.36 10.09

180 15.0 9.60 0.36 10.09

210 15.0 9.60 0.36 10.09

240 15.0 9.60 0.36 10.09

Table D.41: SolutionNi2* + 0.5NNaNQ;, L=0.07, pH 6

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/r?.hr)

60 15.0 5.00 0.67 9.60

90 15.0 4.80 0.68 9.60

120 15.0 4.80 0.68 9.60

180 15.0 4.80 0.68 9.60

210 15.0 4.80 0.68 9.60

240 15.0 4.80 0.68 9.60
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D.9

Experiments with Solutions ContainingZ "

Table D.42: SolutionZré*, L=0.1, pH 6.5

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) (ppm) (ppm) (It/mP.hr)

60 14.8 0.08 0.99 9.68

90 15.0 0.08 0.99 9.68

120 14.9 0.08 0.99 9.68

180 14.9 0.08 0.99 9.68

210 14.9 0.08 0.99 9.68

240 14.9 0.08 0.99 9.68

Table D.43: SolutionZr?+, L=0.1, pH 4

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/m?.hr)

60 15.0 35 0.77 9.68

90 15.0 3.5 0.77 9.68

120 15.0 3.5 0.77 9.68

180 15.0 3.5 0.77 9.68

210 15.0 3.5 0.77 9.68

240 15.0 3.5 0.77 9.68

Table D.44: SolutionZré*, L=0.1, pH 3

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/r?.hr)

60 15.3 10.5 0.31 9.68

90 15.0 10.5 0.30 9.68

120 15.0 10.5 0.30 9.68

180 15.0 10.5 0.30 9.68

210 15.0 10.5 0.30 9.68

240 15.0 10.5 0.30 9.68
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Table D.45: SolutionZr?*, L=1, pH 6.5

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) (ppm) (ppm) (It/m?.hr)

60 15.2 3.4 0.78 10.12

90 15.2 3.2 0.79 10.12

120 15.2 3.3 0.78 10.12

180 15.2 3.3 0.78 10.12

210 15.2 3.3 0.78 10.12

240 15.2 3.3 0.78 10.12

Table D.46: SolutionZr?t, L=1, pH 4

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (it/m?.hr)

60 13.4 6.0 0.55 12.13

90 13.9 5.9 0.58 12.13

120 13.9 6.0 0.57 12.13

180 13.9 6.0 0.57 12.13

210 13.9 6.0 0.57 12.13

240 13.9 6.0 0.57 12.13

Table D.47: SolutionZr?t, L=1, pH 3

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/mr?.hr)

60 14.9 12.0 0.19 12.13

90 14.9 12.0 0.19 12.13

120 15.0 12.0 0.20 12.13

180 15.0 12.0 0.20 12.13

210 15.0 12.0 0.20 12.13

240 15.0 12.0 0.20 12.13
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D.10

Experiments

Zrét+0.25NNaN O

with

Solutions

Table D.48: SolutionZr?™+0.25NNaNQ;, L=0.3, pH 6

Time | Feed Conc| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/m?.hr)

60 15.0 3.5 0.77 9.75

90 15.0 3.6 0.76 9.75

120 15.0 3.6 0.76 9.75

180 15.0 3.6 0.76 9.75

210 15.0 3.6 0.76 9.75

240 15.0 3.6 0.76 9.75

Table D.49: SolutionZr?™+0.25NNaNQ;, L=0.5, pH 6

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux
(min.) |  (ppm) (ppm) (It/m?.hr)

60 15.0 5.2 0.65 9.88

90 15.0 5.2 0.65 9.88

120 15.0 5.2 0.65 9.88

180 15.0 5.2 0.65 9.88

210 15.0 5.2 0.65 9.88

240 15.0 5.2 0.65 9.88

Table D.50: SolutionZr?*+0.25NNaNQ;, L=1, pH 6

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux
(min.) | (ppm) (ppm) (It/r?.hr)

60 15.0 7.3 0.51 9.88

90 15.0 7.3 0.51 9.88

120 15.0 7.3 0.51 9.88

180 15.0 7.3 0.51 9.88

210 15.0 7.3 0.51 9.88

240 15.0 7.3 0.51 9.88
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D.11

Experiments with Solutions ContainingZr?t+0.5NNaN O;
Table D.51: SolutionZr®*+0.5NNaNQ, L=0.1, pH 6.5
Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux

(min.) (ppm) (ppm) (It/mP.hr)
60 14.8 1.06 0.93 9.68
90 14.8 1.07 0.93 9.68
120 14.8 1.06 0.93 9.68
180 14.8 1.05 0.93 9.68
210 14.8 1.06 0.93 9.68
240 14.8 1.07 0.93 9.68

Table D.52: SolutionZr?*+0.5NNaNQ;, L=1, pH 6.5

Time | Feed Conc,| Permeate Cong. Retention| Permeate Flux

(min.) | (ppm) (ppm) (It/m?.hr)
60 15.3 10.0 0.35 10.11
90 15.3 10.0 0.35 10.11
120 15.3 10.0 0.35 10.11
180 15.3 10.0 0.35 10.11
210 15.3 10.0 0.35 10.11
240 15.3 10.0 0.35 10.11

Table D.53: SolutionZr?™+0.5NNaNQ;, L=1, pH 6

Time | Feed Conc/| Permeate Cond. Retention| Permeate Flux

(min.) | (ppm) (ppm) (It/r?.hr)
60 14.6 12.7 0.13 10.11
90 14.6 12.5 0.14 10.11
120 14.6 12.5 0.14 10.11
180 14.6 12.5 0.14 10.11
210 14.6 12.5 0.14 10.11
240 14.6 12.5 0.14 10.11
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D.12

Experiments with Solutions ContainingCd?++Ni2*+

Table D.54: SolutionCd?t+Ni*, L=0.1, pH 6

Time(min.)| Rcg | Ryi | Permeate Flux (Ib¥.hr)
60 0.99| 0.91 9.65
90 0.99| 0.93 9.65
120 0.99| 0.93 9.65
180 0.99| 0.93 9.65
210 0.99 0.93 9.65
240 0.99| 0.93 9.65

Table D.55: SolutionCd?t+Ni*, L=0.7, pH 5

Time(min.)| Req | Ryi | Permeate Flux (I0¥.hr)
60 0.77| 0.67 9.98
90 0.77| 0.67 9.98
120 0.77] 0.67 9.98
180 0.77| 0.67 9.98
210 0.77| 0.67 9.98
240 0.77| 0.67 9.98

Table D.56: SolutionCd?*+Ni%*, L=1, pH 5

Time(min.)| Req | Ryi | Permeate Flux (I0¥.hr)
60 0.74| 0.66 10.09
90 0.74| 0.66 10.09
120 0.74] 0.66 10.09
180 0.74| 0.66 10.09
210 0.74] 0.66 10.09
240 0.74| 0.66 10.09
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D.13 Experiments

Cd?t+Ni2++0.5NNaNO;

with

Solutions

Containing

Table D.57: SolutionCd?*+Ni?*+ 0.5NNaNG;, L=0.1, pH 6

Time(min.)| Rcg | Rni | Permeate Flux (Ib¥.hr)
60 0.80| 0.89 9.65
90 0.80| 0.89 9.65
120 0.80| 0.89 9.65
180 0.80| 0.89 9.65
210 0.80| 0.89 9.65
240 0.80| 0.89 9.65

Table D.58: SolutionCd?T+Ni**+ 0.5NNaNG;, L=0.7, pH 5

Time(min.)| Req | Ryi | Permeate Flux (I0¥.hr)
60 0.29| 0.56 9.90
90 0.29| 0.56 9.90
120 0.29| 0.56 9.90
180 0.29| 0.56 9.90
210 0.29| 0.56 9.90
240 0.29| 0.56 9.90

Table D.59: SolutionCd?"+Ni?*+ 0.5NNaNG;, L=1, pH 5

Time(min.)| Req | Ryi | Permeate Flux (Ib¥.hr)
60 0.27] 0.49 10.10
90 0.27] 0.49 10.10
120 0.27] 0.49 10.10
180 0.27] 0.49 10.10
210 0.27] 0.49 10.10
240 0.27] 0.49 10.10
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D.14 Experiments with Solutions ContainingCd?t+Zn?+

Table D.60: SolutionCd?t+Zr?*, L=0.1, pH 6.5

Time(min.)| Req | Rzn | Permeate Flux (Ib¥.hr)
60 0.99| 0.99 9.66
90 0.99| 0.99 9.66
120 0.99| 0.99 9.66
180 0.99| 0.99 9.66
210 0.99 0.99 9.66
240 0.99| 0.99 9.66

Table D.61: SolutionCd?t+zr?t, L=0.1, pH 5.5

Time(min.) | Req | Rzn | Permeate Flux (I0¥.hr)
60 0.96| 0.97 9.68
90 0.96| 0.97 9.68
120 0.96| 0.97 9.68
180 0.96| 0.97 9.68
210 0.96| 0.97 9.68
240 0.96| 0.97 9.68

Table D.62: SolutionCd?t+Zr?*, L=1, pH 5.5

Time(min.)| Req | Rzn | Permeate Flux (Ib¥.hr)
60 0.89| 0.86 10.07
90 0.89| 0.86 10.07
120 0.89| 0.86 10.07
180 0.89| 0.86 10.07
210 0.89| 0.86 10.07
240 0.89| 0.86 10.07
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D.15 Experiments
Cd?++Zr?t+0.5NNaN O

with

Solutions

Containing

Table D.63: SolutionCd?t+Zn?*+0.5NNaNQ;, L=0.5, pH 6.5

Time(min.)| Req | Rzn | Permeate Flux (Ib¥.hr)
60 0.90| 0.92 9.86
90 0.90| 0.92 9.86
120 0.90| 0.92 9.86
180 0.90| 0.92 9.86
210 0.90| 0.92 9.86
240 0.90| 0.92 9.86

Table D.64: SolutionCd?t+Zr?*+0.5NNaNQ;, L=0.5, pH 5.5

Time(min.) | Req | Rzn | Permeate Flux (I0¥.hr)
60 0.16| 0.45 9.86
90 0.16| 0.43 9.86
120 0.15] 0.44 9.86
180 0.16| 0.44 9.86
210 0.16| 0.44 9.86
240 0.16| 0.44 9.86

Table D.65: SolutionCd?t+Zn?*+0.5NNaNQ;, L=0.5, pH 4

Time(min.) | Req | Rzn | Permeate Flux (Ib¥.hr)
60 0.07| 0.28 9.86
90 0.07| 0.28 9.86
120 0.07| 0.28 9.86
180 0.07| 0.28 9.86
210 0.07| 0.28 9.86
240 0.07| 0.28 9.86
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D.16

Experiments with Solutions ContainingNi2t+z 2t

Table D.66: SolutionNi2t+Zr?t, L=0.1, pH 6

Time(min.)| Ryi | Rzn | Permeate Flux (Ib¥.hr)
60 0.90| 0.99 9.69
90 0.92| 0.99 9.69
120 0.93| 0.99 9.69
180 0.93| 0.99 9.69
210 0.93| 0.99 9.69
240 0.93] 0.99 9.69

Table D.67: SolutionNi%t+Zr?t, L=0.1, pH 5

Time(min.)| Rni | Rzn | Permeate Flux (I0¥.hr)
60 0.90| 0.88 9.66
90 0.90| 0.88 9.66
120 0.90| 0.88 9.66
180 0.90| 0.88 9.66
210 0.90| 0.88 9.66
240 0.90| 0.88 9.66

Table D.68: SolutionNi®*+Zr?t, L=1, pH 5

Time(min.) | Rni | Rzn | Permeate Flux (Imz.hr)
60 0.84| 0.79 10.13
90 0.84| 0.79 10.13
120 0.84| 0.79 10.13
180 0.84| 0.79 10.13
210 0.84| 0.79 10.13
240 0.84| 0.79 10.13
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D.17 Experiments

Ni2t+Zr?t+0.5NNaN O,

with

Solutions

Containing

Table D.69: SolutionNi%t+Zr?t+0.5NNaNQ;, L=0.1, pH 6

Time(min.)| Rni | Rzn | Permeate Flux (Ib¥.hr)
60 0.94| 0.87 9.70
90 0.94| 0.87 9.70
120 0.94| 0.87 9.70
180 0.94| 0.87 9.70
210 0.94| 0.87 9.70
240 0.94| 0.87 9.70

Table D.70: SolutionNi%t+Zr?*+0.5NNaNQ;, L=1, pH 6

Time(min.)| Rni | Rzn | Permeate Flux (I0¥.hr)
60 0.67| 0.39 10.12
90 0.67| 0.39 10.12
120 0.67| 0.39 10.12
180 0.67| 0.39 10.12
210 0.67| 0.39 10.12
240 0.67| 0.39 10.12

Table D.71: SolutionNi?*+Zr?*+0.5NNaNQ;, L=1, pH 5

Time(min.) | Rni | Rzn | Permeate Flux (Imz.hr)
60 0.40| 0.33 10.12
90 0.40| 0.33 10.12
120 0.40| 0.33 10.12
180 0.40| 0.33 10.12
210 0.40| 0.33 10.12
240 0.40| 0.33 10.12
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D.18

Experiments with Solutions ContainingCd?t+Ni2t+Zn?+

Table D.72: SolutionCd?*t+Ni¢t+Zr?t | L=0.1, pH 6.5

Time(min.)| Reg | Rui | Rzn | Permeate Flux (Ibf.hr)
60 0.99| 0.80| 0.98 9.65
90 0.99| 0.80| 0.98 9.65
120 0.99| 0.80| 0.98 9.65
180 0.99| 0.80| 0.98 9.65
210 0.99] 0.80| 0.98 9.65
240 0.99| 0.80| 0.98 9.65

Table D.73: SolutionCd?t+Ni®*+Zr?* , L=0.1, pH 5

Time(min.)| Req | Rui | Rzn | Permeate Flux (Ite.hr)
60 0.64| 0.73| 0.6 9.65
90 0.64| 0.73| 0.56 9.65
120 0.64| 0.73| 0.56 9.65
180 0.65| 0.73| 0.56 9.65
210 0.65| 0.73| 0.56 9.65
240 0.65| 0.73| 0.56 9.65

Table D.74: SolutionCd**+Ni**+Zr?* , L=1, pH 6.5

Time(min.) | Reqg | Rni | Rzn | Permeate Flux (IU12.hr)
60 0.30| 0.63| 0.34 10.08
90 0.28| 0.63| 0.34 10.08
120 0.28| 0.63| 0.34 10.08
180 0.28| 0.63| 0.34 10.08
210 0.28| 0.63| 0.34 10.08
240 0.28| 0.63| 0.34 10.08
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APPENDIX E

Data Tables of PEUF Experiments with Single
Component Metal Solutions

Table E.1: Values of Loading and Retention Plotted in Figuve 5

Loading (g. Cd(ll) /g.PEI) pH6.5| pH6 | pH 5
0.05 0.98 | 0.98
0.07 0.98 | 0.98 | 0.35
0.09 0.98 | 0.97 | 0.23
0.1 0.96 | 0.95| 0.21
0.2 0.96 | 0.90 | 0.20
0.3 0.86 | 0.77 | 0.20
0.4 0.85 | 0.75| 0.19
0.5 0.73 | 0.67 | 0.17
0.6 0.72 | 0.55| 0.15
0.7 0.60 | 0.50 | 0.13
1 0.53 | 0.48 | 0.10

Table E.2: Values of Loading and Retention Plotted in Figude 5

Loading (g. Ni(ll) /g.PEl)| pH6.5| pH6 | pH5
0.07 0.97 - 0.96
0.1 0.94 | 0.88| 0.34
0.2 084 | 0.79| -
0.3 0.77 | 0.73| 0.27
0.4 0.68 | 0.66 | -
0.5 0.67 | 0.61| 0.16
0.7 0.47 | 0.45] 0.12
1 0.40 | 0.35]| 0.10
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Table E.3: Values of Loading and Retention Plotted in Figut®5

Loading (g. Zn(ll) /g.PEIl) pH6.5| pH6 | pH55| pH5 | pH4 | pH3
0.1 0.998 | 0.997| 0.98 | 0.82| 0.77| 0.3
0.2 0.95 | 0.94 - - - -
0.3 093 | 0.92 | 091 | 0.80| 0.73| 0.27
0.4 0.89 | 0.88 - - - -
0.5 0.88 | 0.77 | 0.76 | 0.73| 0.68 | 0.24
0.6 0.81 | 0.75 - - - -
0.7 - - 0.73 | 0.72| - -
0.8 0.80 | 0.71 - - - -
1 0.78 - 0.70 | 0.68 | 0.57 | 0.20

Table E.4: Values of Loading and Retention Plotted in Figutd §pH 6.5)

pH 6.5

Loading| Rzn | Red | Rui
0.05 - 0.98| 0.98
0.07 - 0.98 | 0.97
0.09 - 0.98| -
0.1 0.99| 0.96| 0.94
0.2 0.95] 0.96| 0.84
0.3 0.93] 0.86| 0.77
0.4 0.89| 0.85]| 0.68
0.5 0.88] 0.73| 0.67
0.6 0.81| 0.72| 0.47
0.7 - 0.60| -
0.8 0.80| - -
1.0 0.78 | 0.53| 0.40
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Table E.5: Values of Loading and Retention Plotted in Figutd $pH 6 and 5)

pH 6
Loading| Rzn | Reg | Rui
0.05 - 0.98| -
0.07 - 0.98| 0.96
0.09 0.97

0.1 0.99]| 0.95| 0.88
0.2 0.94| 0.90| 0.79
0.3 0.92] 0.77| 0.73
0.4 0.88| 0.75| 0.66
0.5 0.77| 0.67 | 0.61
0.6 0.75]| 0.55| 0.45
0.7 - [050| -

0.8 0.71| - -

1.0 0.67] 0.48| 0.35

Loading | Rzn | Red | Rui
0.1 [0.82][0.21]0.34

0.2 - 10.20| -
0.3 0.80| 0.20| 0.27
0.4 0.19| -

0.5 0.73] 0.17| 0.16
0.7 0.72] 0.15| 0.12
1.0 0.68| 0.10| 0.10

Table E.6: Values of Loading and Retention Plotted in Figuid %pH 6.5)

Loading (g.Cd(Il)/g.PEI)) NoNaNQO; | 0.25NNaNG; | 0.5NNaNG;
Red(PH 6.5) | Red(PH 6.5) | Red(pH 6.5)

0.1 0.96 0.95 0.87

0.3 0.86 0.84 0.78

0.5 0.73 0.70 0.70

0.7 0.60 0.57 0.55

1 0.53 0.51 0.50
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Table E.7: Values of Loading and Retention Plotted in Figuid %pH 6)

Loading| NoNaNQ; | 0.INNaNG; | 0.25NNaNQ; | 0.5NNaNG; | INNaNGs
Red(PH 6) | Red(pH 6) Rcd(pH 6) Red(PH 6) | Red(pH 6)
0.1 0.95 0.93 0.93 0.88 0.80
0.2 0.90 0.87 0.83 0.79 0.78
0.3 0.77 0.77 0.75 0.68 0.65
0.4 0.75 0.73 0.65 0.57 0.51
0.5 0.67 0.63 0.63 0.43 0.39
0.7 0.50 - 0.48 0.38 0.33
1 0.48 0.39 0.37 0.34 0.31

Table E.8: Values of Loading and Retention Plotted in Figui€ 5

Loading (g.Ni(Il)/g.PEI)| NoNaNG; | 0.5NNaNG;
Rui(pH 6.5) | Rui(pH 6.5)
0.07 0.97 0.84
0.2 0.84 0.83
0.3 0.77 0.73
0.4 0.68 0.64
0.5 0.67 0.63
0.6 0.47 -
1 0.40 0.36
Loading (g.Ni(Il)/g.PEI)| NoNaNQ; | 0.25NNaNG; | 0.5NNaNG;
Rui(PH 6) | Rni(pH 6) Rui(pH 6)
0.07 0.96 - 0.68
0.1 0.88 0.87 0.67
0.2 0.79 - 0.58
0.3 0.73 0.73 -
0.4 0.66 - 0.52
0.5 0.55 0.47 0.35
0.7 0.45 - -
1 0.35 0.30 0.26
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Table E.9: Values of Loading and Retention Plotted in Figui®& 5

Loading (g.Zn(I1)/g.PEIl)] NoNaNQ; | 0.5NNaNG;
Rzn(PH 6.5) | Rzn(PH 6.5)
0.1 0.99 0.93
0.2 0.95 0.89
0.3 0.93 0.88
0.4 0.89 0.81
0.5 0.88 0.74
0.6 0.81 0.54
1 0.78 0.35
Loading (g.Zn(11)/g.PEIl)] No NaNQ; | 0.25NNaNG; | 0.5NNaNG;
Rzn(pH 6) Rzn(pH 6) Rzn(pH 6)
0.1 0.99 0.94 0.81
0.2 0.94 - 0.79
0.3 0.92 0.76 0.72
0.4 0.88 - 0.6
0.5 0.77 0.65 0.5
0.6 0.75 - 0.23
0.8 0.71 - -
1 0.70 0.51 0.14

Table E.10: Values of Loading and Retention Plotted in Figui®

Loading (g.Zn(1)/g.PEI)) NoNaNG; | 0.5NNaNG;
Rzn(pH 5) Rzn(pH 5)
0.1 0.82 0.77
0.3 0.8 0.73
0.5 0.73 0.68
0.7 0.72 0.58
1 0.68 0.55

Table E.11: Values of Loading and Retention Plotted in Figut&

In the Presence of 0.5NaNG;

Loading | Rzn(pH 6.5) | Reg(pH 6.5) | Ryi(pH 6.5)
0.1 0.93 0.87 0.84
0.2 0.89 0.85 0.83
0.3 0.88 0.78 0.73
0.5 0.74 0.70 0.63
0.7 0.55 0.54 0.43
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Table E.12: Values of Loading and Retention Plotted in Figui&

In the Presence of 0.25NaNG;

Loading | Rzn(pH 6) | Red(pH 6) | Rui(pH 6)
0.1 0.94 0.93 0.87
0.3 0.76 0.75 0.73
0.5 0.65 0.63 0.47
1 0.51 0.37 0.30

In the Presence of 0.5NaNG;
Loading | Rzn(pH 6) | Rca(PH 6) | Ryi(pH 6)
0.1 0.93 0.88 0.67
0.2 0.89 0.79 0.58
0.4 0.81 0.57 0.52
0.5 0.74 0.43 0.35
0.7 0.54 0.38 0.30
1 0.35 0.34 0.26
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APPENDIX F

Data Tables of PEUF Experiments with
Multicomponent Metal Solutions

Table F.1: Values of Loading and Retention Plotted in Figut®5

Retentions in Binary Metal Mixture
Loading | Rcg (pH 6.5) | Ri(pH 6.5)
0.05 0.99 0.95
0.10 0.99 0.91
0.20 0.99 0.84
0.24 0.99 0.79
0.28 0.99 0.77
0.30 0.99 0.73
0.40 0.99 0.69
0.50 0.94 0.67
0.80 0.84 0.60
1.00 0.83 0.55
Retentions in Binary Metal Mixture
Loading | Rcd (PH 6) | Rni(pH 6)
0.05 0.99 0.97
0.10 0.99 0.93
0.20 0.99 0.90
0.24 0.99 0.88
0.28 0.99 0.86
0.30 0.95 0.73
0.40 0.88 0.69
0.50 0.76 0.60
0.80 0.57 0.51
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Table F.2: Values of Loading and Retention Plotted in Figue®5

Retentions in Binary Metal Mixture
Loading | Rcd (PH 5) | Rni(pH 5)
0.1 0.82 0.72
0.3 0.80 0.70
0.5 0.78 0.71
0.7 0.77 0.67
1 0.74 0.66

Table F.3: Values of Loading and Retention Plotted in Figubd 5

Retentions in Binary Metal Mixture
Loading | Red (PH 4) | Rni(pH 4)
0.1 0.80 0.90
0.3 0.80 0.85
0.5 0.78 0.84
1 0.71 0.82

Table F.4: Values of Loading and Retention Plotted in Figu2 5

Binary Metal Mixture + 0.5NNaNG;

Loading | Rcq(pH 6.5) | Rni(pH 6.5)
0.05 0.93 0.86
0.1 0.90 0.90
0.2 0.91 0.88
0.3 0.73 0.88
0.4 0.51 0.84
0.5 0.27 0.83
0.8 0.16 0.68
Retentions in Binary Metal Mixture
Loading | Rcd (PH 6) | Rni(pH 6)

0.05 0.92 0.85

0.1 0.80 0.89

0.2 0.76 0.85

0.3 0.47 0.83

0.4 0.36 0.82

0.5 0.20 0.80

0.8 0.11 0.64
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Table F.5: Values of Loading and Retention Plotted in Figu?2 $pH 5)

Binary Metal Mixture + 0.5NNaNG;
Loading | Rca(PH 5) | Rni(pH 5)
0.1 0.40 0.87
0.3 0.33 0.72
0.5 0.31 0.60
0.7 0.29 0.56
1 0.27 0.49

Table F.6: Values of Loading and Retention Plotted in Figu85

Retentions in Binary Metal Mixtures
Loading | Rcg(pH 6.5) | Rzn(pH 6.5)
0.1 0.99 0.99
0.3 0.99 0.99
0.5 0.92 0.92
0.6 0.84 0.86
0.8 0.88 0.91
0.8 0.92 0.93
1 0.83 0.86
Retentions in Binary Metal Mixtures
Loading | Rca(PH 6) | Rzn(pH 6)
0.1 0.99 0.99
0.3 0.98 0.97
0.5 0.88 0.87
0.6 0.76 0.80
0.8 0.83 0.87
1 0.67 0.68

Table F.7: Values of Loading and Retention Plotted in Figugd 5

Retentions in Binary Metal Mixtures
Loading | Rca(PH 5) | Rzn(pH 5)
0.1 0.85 0.83
0.3 0.82 0.80
0.5 0.77 0.78
0.6 0.77 0.78
0.7 0.77 0.78
1 0.77 0.78
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Table F.8: Values of Loading and Retention Plotted in Figu?d SpH 4)

Retentions in Binary Metal Mixture

12}

Loading | Rea(pH 4) | Rzn(pH 4)
0.1 0.53 0.68
0.3 0.48 0.65
0.5 0.40 0.64

1 0.40 0.63

Table F.9: Values of Loading and Retention Plotted in Figug®5

Binary Metal Mixture+0.5NNaNG;

Loading | Rcg(pH 6.5) | Rzn(pH 6.5)
0.1 0.95 0.94
0.3 0.94 0.93
0.5 0.90 0.92
0.7 0.87 0.91
1 0.82 0.86

Binary Metal Mixture + 0.5NNaNQ;

Loading | Rcg(pH 5.5) | Rzn(pH 5.5)
0.1 0.46 0.56
0.3 0.25 0.47
0.5 0.16 0.44
0.7 0.13 0.32

1 0.10 0.28

Binary Metal Mixture + 0.5NNaN G

Loading | Rcd(PH 4) | Rzn(pH 4)
0.1 0.24 0.39
0.3 0.13 0.31
0.5 0.07 0.28
0.7 0.02 0.28

1 0.01 0.27

Table F.10: Values of Loading and Retention Plotted in Figug®

Retentions in Binary Metal Mixture

[72)

Loading | Ryi(PH 6) | Rzn(pH 6)
0.1 0.93 1.00
0.3 0.92 0.99
0.5 0.91 0.95

1 0.89 0.90
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Table F.11: Values of Loading and Retention Plotted in Figu2é (pH 5)

Retentions in Binary Metal Mixture

[72)

Loading | Ryi(PH 5) | Rzn(pH 5)
0.1 0.90 0.88
0.3 0.88 0.87
0.5 0.86 0.80

1 0.84 0.79

Table F.12: Values of Loading and Retention Plotted in Figugg

Binary Metal Mixture + 0.5NNaNGQ;

Loading | Rni(PH 6) | Rzn(pH 6)
0.1 0.94 0.87
0.3 0.9 0.64
0.5 0.8 0.43

1 0.67 0.39

Binary Metal Mixture + 0.5NNaNG;

Loading | Rni(PH 5) | Rzn(pH 5)
0.1 0.82 0.36
03 0.56 0.35
05 0.41 0.35

1 0.4 0.33

Table F.13: Values of Loading and Retention Plotted in Figug8

Retentions in Ternary Metal Mixtures

Loading | Reg (pH 6.5) | Rni(pH 6.5) | Rz (pH 6.5)
0.1 0.99 0.80 0.98
0.3 0.98 0.73 0.97
0.5 0.94 0.69 0.92

1 0.28 0.63 0.34

Table F.14: Values of Loading and Retention Plotted in Figug®

Retentions in Ternary Metal Mixtures

Loading | Req (pH 5) | Rui(pH 5) | Rzn (pH 5)
0.1 0.65 0.73 0.56
0.3 0.62 0.64 0.51
0.5 0.32 0.61 0.34
1 0.06 0.52 0.16
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APPENDIX G

Sample Calculation for Kypp

Values ofK4pp were estimated by the Equation 3.35 on page 56 ,which wasssgd

as:

R

Kapp= (1-R)[PEIf[1—nLR"

Estimated values oKapp for complexation reaction taking place between PEI and

cadmium, nickel and zinc ions at different pH and loadingiealwere given below

in Table G.1

Table G.1: Estimation of Apparent Binding Constants of Metalsl with PEI

Metal-pH | [PEIl]; [ n| [PEI] R | L |(1-—nLR" Kapp | l0gKapp
NipH6 | 1.25E-03| 2 | 1.56E-06| 0.73| 0.4| 1.73E-01 | 1.00E+07|, 7.00
NipH6 | 1.00E-03| 2 | 1.00E-06| 0.63 | 0.5| 1.37E-01 | 1.24E+07, 7.09
NipH5 | 1.52E-03| 2 | 2.30E-06| 0.27| 0.3| 6.75E-01 | 2.39E+05| 5.38
NipH5 | 1.00E-03| 2 | 1.00E-06| 0.16 | 0.5| 7.06E-01 | 2.70E+05| 5.43
CdpH6 | 7.14E-04| 2 | 5.10E-07| 0.60| 0.7 | 2.56E-02 | 1.15E+08| 8.06
ZnpH6 | 8.33E-04| 2 | 6.94E-07| 0.82| 0.6 | 2.56E-04 | 2.56E+10, 10.41
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APPENDIX H

Data Tables for Batch-Mode PEUF Experiments

Table H.1: Experiment wited** Solution (pH 6, L=0.1)

Sample taken at Feed Cd?"),ppm| PermeateGd®"),ppm | Retention
350ml. 14.8 0.47 0.97
300ml. 0.43
250ml. 0.45
200ml. 0.39
150ml. 0.34
100ml. 0.35
75ml. 15.6 0.35 0.98

Table H.2: Experiment wited?* Solution (pH 5, L=0.1)

Sample taken at Feed Cd*"),ppm| PermeateGd®"),ppm | Retention
350ml. 15.1 10.6 0.30
300ml. 10.2
250ml. 10.5
200ml. 10.4
150ml. 10.4
100ml. 10.5
75ml. 15.5 10.5 0.32
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Table H.3: Experiment witiNi®* Solution (pH 6, L=0.1)

Sample taken at Feed Ni°t),ppm | PermeateNi>™),ppm | Retention
350ml. 15.3 2.3 0.85
300ml. 2.2
250ml. 2.2
200ml. 2.4
150ml. 2.5
100ml. 2.4
75ml. 15.7 2.2 0.86

Table H.4: Experiment witiNi®* Solution (pH 5, L=0.1)

Sample taken at Feed Ni°t),ppm | PermeateNi>™),ppm | Retention
350ml. 15.0 9.7 0.35
300ml. 9.6
250ml. 9.7
200ml. 9.8
150ml. 9
100ml. 9.3
75ml. 15.3 9.1 0.41

Table H.5: Experiment wit@r?* Solution (pH 6, L=0.1)

Sample taken at Feed Zr?t),ppm | PermeateZ®™),ppm | Retention
350ml. 14.7 0.1 0.99
300ml. 0.09
250ml. 0.09
200ml. 0.09
150ml. 0.09
100ml. 0.09
75ml. 15.2 0.09 0.99

Table H.6: Experiment wit@Zr?+ Solution (pH 5, L=0.1)

Sample taken at Feed Zr?t),ppm | PermeateZr®™),ppm | Retention
350ml. 15.3 1.4 0.91
300ml. 1.3
250ml. 1.3
200ml. 1.4
150ml. 15
100ml. 15
75ml. 15.6 15 0.90
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