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ABSTRACT

Many toxic heavy metals have been discharged into the environment as
industrial wastes everyday. In all over the world, industry is forced by the regulation
body to diminish down the heavy metal content to the acceptable level in their
wastewaters effluents. In the current research, cation exchanger mixed matrix
membrane (MMM) was developed for the lead (Pb) removal from wastewater. A list of
commercial cation resin was screened for highest Pb removal. These resins include
Dowex M-31, Dowex MAC-3, Amberlite IR-120, Lewatit SP 112, Amberlite IRC-86,
Lewatit TP-214, Amberlite IRN-150 and Dowex Marathon MSC. Dowex M-31 cation
resin was incorporated into ethylene vinyl alcohol based polymer at different resin
loading range from 10 — 30 weight % to prepare cation MMM. In a batch experiment,
several parameters were optimized including Pb (1) concentration between 100 to 2000
mg/L, pH between 1 to 8, contact time between 3 to 12 hours and the amount of
absorbent from 0.1 to 1 g. Adsorption isotherm for the cation MMM and ground resin
were follow to Langmuir isotherm. The increase in resin loading will increase the
binding capacity of cation MMM up to a limitation of 50 wt% resin loading. The
concept of MMM was successfully expanded to the application of heavy metal removal.
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ABSTRAK

Setiap hari banyak toksik logam berat telah dilepaskan ke alam sekitar sebagai
bahan buangan industri. Di seluruh dunia, badan pengawal seliaan menghadkan
pengeluaran kandungan logam berat ke tahap yang diterima dalam sisa buangan mereka.
Di dalam penyelidikan ini, mixed matrix membrane (MMM) penukar cas positif telah di
bangunkan untuk menyingkirkan plumbum (Pb) dari sisa air kumbahan. Beberapa jenis
resin penukar cas positif komersial telah di uji untuk penyingkiran plumbum tertinggi
seperti Dowex M-31, Dowex MAC-3, Amberlite IR-120, Lewatit SP 112, Amberlite
IRC-86, Lewatit TP-214, Amberlite IRN-150 dan Dowex Marathon MSC. Dowex M-31
telah dicampurkan ke dalam polimer etilena vinilalkohol (EVAL) berdasarkan muatan
resin yang berbeza-beza dari peratusan 10-30% berat cecair polimer untuk menyediakan
MMM) penukar cas positif. Beberapa parameter telah dilakukan ujikaji seperti
kepekatan Pb (I1) antara 100 hingga 2000 ppm, masa penjerapan di antara 3-12 jam dan
jumlah bahan penjerap antara 0.1-1 g. Ukuran penyerapan MMM penukar cas positif
dan resin mengikut hubungan Langmuir. Peningkatan jumlah resin di dalam membran
meningkatkan keupayaan muatan resin untuk penyikiran sehingga muatan maksimum
50% resin. Konsep MMM telah berjaya di luaskan dalam aplikasi penyingkiran logam
berat.
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CHAPTER 1

INTRODUCTION

1.1  Background

Heavy metals are ordinary in industrial applications such as in the manufacture
of pesticides, battery, alloys, electroplated metal parts, textiles dyes, and steel (Abo
Farha et al., 2008). Many toxic heavy metals have been discharge into the environment
as industrial wastes. Industry has been forced by the regulation authority to reduce the
contents of heavy metal in their industrial wastewaters to the acceptance level.
Excessive content of heavy metal in water or wastewater might give an adverse effect
to the environment as well as human life such as kidney failure, nervous system
damage and bone damage, and other serious illness (Sgarlata et al., 2008). Heavy metal
toxicity can also result in break or reduced mental and central nervous function, lower
energy levels, and damage to blood composition, lungs, kidneys, liver and other vital
organs. However, in small quantities, certain heavy metals are nutritionally important

for a healthy life. These metals are commonly found naturally in foodstuffs.

Several methods has been developed for removal heavy metals from
wastewaters such as precipitation, coagulation, complexing, solvent extraction, ion-
exchange, electrochemical reduction and membrane processes such as reverse 0Smosis,
nanofiltration and electrodialysis (Smara et al., 2005). Most of these processes however
required continuous input of chemicals, high cost and even incomplete metal removal
(Ismael et al., 2011).

Adsorption is a very efficient process for a variety of applications, and now it is

considered an economical and effective method for metal ions removal from



wastewaters. In general, adsorption is the process of collecting soluble substances that
are in a solution, on a suitable interface. The interface can be betweeen the liquid and a
gas, a solid, or another liquid. Studies on the treatment of effluent bearing heavy metal
have revealed adsorption to be a highly effective technique for the removal of heavy
metal from waste stream and activated carbon has been widely used as an adsorbent.
Despite its extensive use in the water and wastewater treatment industries, activated
carbon remains an expensive material. In recent years, the need for safe and economical
methods for the elimination of heavy metals from contaminated waters has necessitated
research interest towards the production of low cost alternatives to commercially

available activated carbon.

The potential absorption method by using of mixed matrix membrane is
affordable and economical for effluents containing metal ions. Mixed matrix membrane
requires absorption agents to enhance its performance, thus increasing treatment cost.
Therefore, the need of alternative low-cost adsorbents has prompted the search for new
and cheap sorption processes for wastewater treatment, as these materials could reduce

significantly the wastewater-treatment cost.

Cation exchange resin is gained a significant interest among scientist mainly due
to their unique properties on ion exchange capability. Large deposits of cation exchange
resin in many countries provide local industries some promising benefits, such as cost
efficiency, since they are able to treat wastewater contaminated with heavy metal at low
cost. This cation exchange can be an absorbent for mixed matrix membrane
performance to remove heavy metal and also for repeated used by regenerate the cation

exchange resin.



1.2 Problem Statement

Even though their large static adsorption capacity, conventional method
involved in heavy metal chromatographic separations are generally not able to operate
at high linear velocities of the mobile phase. The pressure drop over the column is high
even for low flow rates, and increases during the process time due to bed consolidation
and plugging. The pressure drop in conventional chromatographic columns with
particles diameter of 2 um is usually high, up to 25MPa (Borneman et al., 2006).

In the recent years, membrane chromatography has gained considerable interest
in adsorption-based process. In membrane chromatography, a short and wide
chromatographic column is used in which the adsorptive membrane is stacked or packed
in the module. In separation, the diffusion of the molecule into the adsorbent determines
the adsorption limits of macromolecules from a liquid phase by adsorption into the
porous media. Unlikely to packed bed chromatography that depend on diffusional
transport of solute molecule, membranes chromatography strongly controlled by
convective transport of solute molecules. This results a shorter process times and could
minimizes the denaturation of the products. An ideal membrane support for application
in chromatographic separation processes should be microporous to provide free
interactions of molecules with the support. The membrane should be chemically and
physically stable to resist to the conditions of adsorption, regeneration and should
posses functional groups which provide interactions like ion exchange and affinity

between the support and the solute molecules.

1.3  Objective

The main objective for this research is to produce cation exchanger mixed matrix

membranes that are capable for lead removal from wastewater.



1.4

Scope of Study

The main scopes of this research are:

(1) To screen the potential cation resin that can give high binding capacity to
lead (I1) removal from eight commercial cation resins.

(i) To produce an ethylene vinyl alcohol (EVAL) based MMM with different
cation resin loading range from 10% - 30%.

(iii) To determine adsorption isotherm for various type of absorbent including
ground resin and MMM,

(iv) To study different type of regeneration solution such as HCI, H,SO,4, NaCl

for the regeneration of MMM after the binding process.



CHAPTER 2

LITERATURE REVIEW

2.1 lon Exchanger

lon exchange is a reversible chemical reaction where an ions, atom or molecule
that has lost or gained an electron and thus attained an electrical charge from solution is
exchanged for a similarly charged ion attached to a stationary solid particle. This
attraction may take place by direct contact with free metal anions, but that mechanism
may be also absorbed in the sorption of metal, as a result of the interaction of metal
cations with ligands in the solution. Actually, the formation of complexes, with ligands
and/or OH  influences the speciation of metals ions and thus the sorption efficiency and
taking mechanism (Eric Guibal, 2004). These solid ion exchange particles are either
naturally happen inorganic zeolites or synthetically generates organic resins. The
synthetic organic resins are the major types used today because their characteristics can

be fitted to specific applications.

Based on all the chromatographic methods, the most common used techniques in
downstream processing are ion exchange. It is occupied for recovery and purification of
proteins, polypeptides, nucleic acids, polynucleotides and other biomolecules. lon
exchange is advantageous in terms of wide applicability, high declaration and large
adsorption capacity in large-scale protein purification processes. Another advantage of
this technique is that the regeneration takes place under mild conditions (Saiful et.al.,
2006).



2.2  Resin Types

There are variety of commercial ion exchange resins are available and have been
applied in protein capturing, purifying and polishing steps (Saiful et al., 2006). Resins
currently available exhibit a range of selectivity’s and thus have wide application. Ion
exchange resins are classified as cation exchanger, which has positively charged mobile
ion available for exchange, and anions exchanger, whose exchangeable ion are

negatively charged.

Resin can be classified as strong or weak acid cation exchanger or strong or
weak base anion exchanger. Some example, cation exchange resin particles, Amberlite
IR-12 styrene-divinyl benzene type of resin has an ion-exchange capacity of 4.4 meq/g
dry resin (Kiyono etal., 2003). Mono-Plus SP112, a strong acidic, macroporous, cation-
exchange resin with an average diameter of 10 micron. (Zhang et al., 2005). The
chelating ion exchanger with iminodiacetate functional groups, Lewatit TP-207 is
suggested by the Bayer company for selective removal of metal ions, mostly Pb (1) ions
(Dabrowski et al., 2004). Selectivity is a guideline to the new types of ion exchangers
with specific affinity to definite metal ions or groups of metals. Higher selectivity can
gives a great exchangeability as well as reversibility of the sorption-elution process
towards Pb (Il). Frequently, cation-exchange is jointed with precipitation for Pb (II)
removal from wastes (Lee and Hong, 1995). It should be emphasized that in most cases
ion exchange enables replacing the undesirable ion by another one which is neutral

within environment.



Table 2.1: Selectivity of lon Exchange Resins

Strong acid cation exchanger Strong base anion exchanger
Barium lodide
Lead Nitrate
Calcium Bisulfite
Nickel Chloride
Cadmium Cyanide
Copper Bicarbonate
Zinc Hydroxide
Magnesium Fluoride
Potassium Sulfate
Ammonia Sodium
Hydrogen

2.3  Comparison Technologies for Heavy Metal Removal

Many of studies have been made to avoid increases of heavy metal ions to
human body and damages to environment. Several methods have been used to remove
heavy metal ions, for examples, chemical precipitation, ion-exchange, adsorption,
membrane filtration, and electro-chemical treatment technology. Adsorption using ion
exchange is an effective and economic method for heavy metal removal from

wastewater.

Activated carbon is the common used adsorbent although it is quite expensive.
Many researchers have tried to find easily available adsorbents and low-cost in terms of
economics to remove heavy metal ions, for examples, agricultural wastes, plant wastes,
zeolites, and clays. Biosorption of heavy metals from aqueous solutions is a rather new
process that has been established as a very talented process in the removal of heavy
metal contaminants. The benefits of biosorption are its elevated efficient in reducing the
heavy metal ions and the reasonably priced of biosorbents. Although biosorbents are

characteristic in wide sources, the researchers are still in the theoretical and



experimental phase (Kyong-Soo Hong et al., 2010). Table 2.2 shown summarize

technologies to remove heavy metal from wastewater.

Table 2.2: Comparison of technologies to heavy metal removal from wastewater

of

Method Advantages Disadvantages
Chemical Simple Large amount of sludge produced
precipitation Inexpensive Disposal problem

Chemical

coagulant

Sludge settling

Dewatering

High cost

Large consumption of chemicals

lon-exchange

High regeneration of
materials

Metal selective

High cost

Less number of metal ions removed

Electrochemical

Metal selective

High capital cost

Using activated

removed

methods No consumption of High running cost
chemicals Initial solution pH and current
Pure metals can be achieved density
Adsorption Most of metals can be Cost of activated carbon

No regeneration

Using natural

zeolite

Relatively less costly

materials

carbon High efficiency (99%) Performance depends upon absorbent
Low efficiency
Adsorption Most metals can be removed Low efficiency

Membrane process

and ultrafilteration

Less solid waste produced
Less chemical consumption
High efficiency (>95% for

single metal)

High initial and running cost
Low flow rates
Removal (%) decreases with the

presence of other metals

Source: Farouq et al (2010)

Solvent extraction, or liquid ion exchange removes the metal by contacting the

solution with an organic reagent that will react with the metal ion and result in its

exchange to a dissolved form in the solvent. For optimum operation, this method needs

high initial metal concentrations and the environmental standards for acceptable metal

levels in discharged water cannot be met with this method alone. It is more to operate it



with other treatment systems such as membranes. Solvent extraction of metals is

commonly working for selective recovery (Mack et al., 2004).

Conventional ion exchange resins have been used with solvent extraction in the
recovery of metals. The simple phase separation and high concentration efficiency of
ion exchange pretence the disadvantages of solvent extraction, mainly the difficulty in
phase separation. However, these ion exchangers are insufficient selective to remove
certain metals from large volumes of additional metals and thus metal-selective resins
are being constructed. Disadvantages of these methods are relatively expensive,
requiring complicated equipment with high operation costs, such as the regeneration and
/ or disposal of the regeneration liquid and the spent resin, and large energy
requirements. Resin usage causes a large environmental burden in terms of disposal
(Lee et al., 1998).

Chemical precipitation is still the simplest and cheapest means of removing
metals from solution. The increase in pH caused by the precipitant results in the
immobilization of the metal ions in insoluble forms, either as a metal hydroxide or a
metal sulphide (Eccles, 1999). Sodium hydroxide introduces the least amount of inert
material to the sludge, but this becomes expensive in the long-term, as large volumes of
effluent and metal-laden sludge are produced and must be treated daily (Van Hille et al.,
1999).

Membrane processes involving the removal of heavy metals from solution are
mainly limited to those that require a membrane as a pretreatment filtration device
linked to a second removal mechanism. An example of this is a combination of
membrane technology and solvent extraction suggested by Kentish and Stevens (2001)
in which metal is removed from industrial wastewater. In this example, the membrane is
placed between the waste stream and the solvent stream and mass transfer of the
selected chemical species occurs across the membrane into the solvent (Mack et al.,
2004).
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2.4  Membrane Process Use for Heavy Metal Removal

Membrane separation have been earlier used in order to retain metallic cations
and the filtration was performed using chelating reagents as additives in the feed by
increasing the size of the solute to be retained. In ultrafiltration, the more often used
chelating polymer are poly-acrylic acid and polyethylenimine and their derivatives but
natural chelating ligand as alginate and chitosan were also used. The filtration assisted
by complex formation is extended to nanofiltration. In such type of filtration, the
chelating ligand had to be regenerated in the final step of the process, before recycling,
in order to minimise waste amounts. Consequently, to overcome this step, the recent

studies involve membranes bearing the chelating groups (Anne Bougen et al., 2001).

Reverse osmosis membranes used have an opaque barrier layer in the polymer
matrix where most separation occurs. Mostly, the membrane is designed for water to
pass through this dense layer while preventing the passage of solutes (such as salt ions).
This process needs a high pressure to be applied on the high concentration side of the
membrane (Bakalar et al., 2009).



CHAPTER 3

METHODOLOGY

3.1 Materials

EVAL (a random copolymer of ethylene and vinyl alcohol) with an average
ethylene content of 44 mol% was purchased from Aldrich and was used as membrane
material without further modification. Dimethylsulfoxide (DMSO, Merck) was
employed as solvent and 1-octanol (Fluka) as non solvent additive in the casting
solution. Water was used as non-solvent in the coagulation bath. Commercial cation
resin which are Dowex M-31, Dowex Marathon MSC, Dowex Mac-3 (Sigma-Aldrich),
Amberlite IR 120, Amberlite IRN 150, Amberlite IRC 86, Lewatit MonoPlus TP 214
and Lewatit MonoPlus SP 112 (Fluka) were used as a potential adsorbent particle in
screening experiment. Resins were freeze-dried to remove moisture and then were
grinded and fractionated down to a fraction with an average size of 45 pum.
Hydrochloric acid (HCI), sulfuric acid (H,SO,4) was purchased by Fisher Chemical and
sodium chloride (NaCl, Merck) are used for the regeneration of MMM adsorbers. Lead

(11) solution was prepared by dissolving lead (I1) nitrate (PbNO3) powder in water.

Buffer solutions were freshly prepared in ultra pure water. Ultra purewater was
prepared using a Millipore purification unit Milli-Q plus. The buffers used for washing
were phosphate buffer at pH 7.
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3.2  Resin Screening

The list of resin used in screening experiment is showed in Table 3.1.The resin
was freeze dried and then grinded using ultra centrifugal grinder to obtain a particle
fraction small than 0.45um.

Approximately 0.05g dried ground resin was used in the screening experiment
with triplicate run. The resin was equilibrate with phosphate buffer solution (pH 7) for
about 3 hours in centrifuge test tube. The buffer was removed by centrifugation at
12000 rpm about 20 minutes to settle down the resin. Lead (Il) nitrate solution (1000
ppm) was added to the tube and bind on rotator for about 12 hours. The remaining lead
concentration was checked by atomic absorption spectrometer (AAS). The binding
capacity for each resin is expressed by the amount of lead bound per gran of resin used.

Table 3.1 List of Commercial resin

Commerecial resin Functional Group Matrix
LewatitMonoPlus TP214 Thiourea Styrene divinylbenzene,
macroporous
LewatitMonoPlus SP112 Sulfonic acid Crosslinked polystyrene
Amberlite IRN 150 Sulfonic acid Styrene divinylbenzene
copolymer
Amberlite IR 120 Sulfonic acid Styrene divinylbenzene
copolymer
Amberlite IRC 86 Carboxylic acid Gel polyacrylic
copolymer
Dowex Mac-3 Carboxylic acid Polyacrylic,
macroporous
Dowex M-31 Sulfonic acid Styrene divinylbenzene,
macroporous
Dowex Marathon MSC Sulfonic acid Styrene divinylbenzene,
macroporous
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3.3  Preparation of Mixed Matrix Membrane.

Dowex M-31, properties shown in Table 3.2, was selected from the resin
screening experiment as absorbent in MMM. The composition of base membrane
polymer solution is 15 wt% EVAL and 15% 1-octanol in DMSQO. The cation resin

loading in the EVAL solution was calculated using Equation 3.1.

W

resin

+W

x100

Resin loading (%) = (Equation 3.1)

resin polymer

Where Wesin is the mass of resin (g), Wpoymer the mass of polymer contain 15% EVAL

(9)

Table 3.2: Properties of resin Dowex M-31 (DOWEX Resins Design
Guidelines)

Maximum operating temperature:

120-150°C (250°F) gel Type I
50°C (300°F) macroporous type

pH range

0-14

Swelling Na -> H

5-8%

Bed depth, min.

800 mm (2.6 ft)

Flow Rates:

Service / Fast Rinse

5-60 m/h (2-24 gpm/ft?)

Service / condensate polishing

75-150 m/h (30-60 gpm/ft?)

Backwash

10-25 m/h (4-10 gpm/ft?)

Co-current regeneration /
displacement rinse

1-10 m/h (0.4-4 gpm/ft?)

Counter-current regeneration /
displacement rinse

5-20 m/h (2-8 gpm/ft?)

Total rinse requirement

2-6 Bed VVolumes

Regenerant:

1-8% H»SO4
4-8% HCI
8-12% NaCl
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The preparation step involved in casting MMM is showed in Figure 3.1.The
EVAL polymer solution and cation resin mixtures were stirred over night at 50 °C and
200 rpm to form a homogenous slurry solution for membrane casting. The bubble in the
casting solution was removed by ultrasonic bath at 50°C until all the bubbles was
completely disappeared. The casting solution was spread on glass plate by using a
casting block, which has 0.45um gap between the block and the glass plate. The gel
formed on glass plate was immersed into a water coagulation bath at room temperature
to form a solidified membrane. The membranes were washed with tap water at room

temperature to remove residual solvent and then dried using freeze-dryer.

Polymer Solution Cation Resin
EVAL + DMSO + (Dowex M-31)

Stir about a day with
small heat at 200 rom

l

Remove Bubble using
Ultrasonic Bath

\ 4
Casting on
Glass Plate

A 4
Solvent Exchange
in Water Bath

A 4

Membrane Drying

v

Membrane testing

Figure 3.1: Preparation of mixed matrix membrane
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3.4  Batch Adsorption Experiment

The adsorption capacities of cation exchange membrane was determined by
batch experiments. Lead concentrations of 100-2000 ppm are employed in the
adsorption experiments. A known weight of membrane is immersed overnight in ultra-
pure water to ensure a steady inner structure during the experiments and afterwards
transferred in the lead solution. The lead solutions are prepared using phosphate buffer
solutions with pH 7. The samples containing a known concentration of lead are
incubated with an exact amount of membranes in a 15 ml or 50 ml centrifuge tube under
continuous rotating at 25 °C. The lead adsorbs on the membrane adsorbers thereby
reducing the lead concentration in the bulk solution until equilibrium is reached. The
equilibrium lead concentration was determined by atomic absorption spectrometer
analysis after 24 h. The adsorbed lead amount, g, (Mg lead/g membrane), at

equilibrium is calculated by Equation 3.2:

_ (CO - Ceq )V

e W (Equation 3.2)

membrane

where Cp is the initial lead concentration (ppm), Ceq the lead concentration at
equilibrium (ppm), V the volume of the solution (ml) and Wemprane i the weight of the

dry membrane (Q).
3.5  Determination of Adsorption Isotherm

The adsorption isotherm was determined similar with batch experiment by
binding the membrane with 8 different initial lead concentrations from 100ppm
to1500ppm. The final concentration and the binding capacity of the membrane were
calculated. The data was fitted with Langmuir adsorption isotherm as shown in

Equation 3.3:

(Equation 3.3)
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Since the parameters q (the heavy metal concentration into the adsorber
membrane) and ¢ (the heavy metal concentration in the bulk solution) at equilibrium are
experimental data, a plot of 1/q versus 1/c allows to determine the dissociation constant

Kg and the maximum adsorption capacity gm, using a linear curve fitting.

3.6  Regeneration of Membrane

Three regeneration solutions were tested for recovery of bound lead from the
membrane. These solutions are hydrochloric acid (HCI), sulfuric acid (H,SO,4) and
sodium chloride (NaCl) which have a concentration of 8% each. The ground resin and
membrane was incubated with 500ppm lead overnight. The equilibrium concentration
was checked by AAS and the amount of lead bound was calculated. The adsorbent was
then incubated with regeneration solution for 30 minutes and the lead released into the

solution was checked by AAS. The lead recovery was calculated Equation 3.4:

mass of Pb ([Nreleased in regensration solution -
recovery = . (Equation 3.4)
- mass of Pb (1) bound onto the adsorbent

3.7  Preparation of Standard Curve

Polarized Zeeman Atomic Absorption Spectrophotometer (Model Z-5000
Series) was used to measure the concentration of lead in solution. AAS standard curve
for lead (I1) was prepared by serial dilution of Pb NOj3 solution into a range of 0 ppm,
3.75 ppm, 7.5 ppm, 15 ppm, 30 ppm and 60 ppm. This solution was added a small
volume of nitric acid to make the solution acidic to preserve the solution.



CHAPTER 4

RESULT AND DISCUSSION

4.1  Screening of Cation Resin

Eight cation resins were screened as potential absorbent in MMM. Figure 4.1
showed the binding of these resin to lead (I1). Apart from binding capacity, other factor
such as pricing also critical in selecting the resin to be used in MMM. Four resin was
shortlist based on highest binding capacity which are Lewatit MonoPlus TP 214,
Lewatit MonoPlus Sp 112, Dowex M-31 and Amberlite IR 120 as shown in Table 4.1.
Based on price, Dowex M-31 was selected for further study in making cation exchange

mixed matrix membrane for lead (1) removal.

= 1081905 £26 353

£ 680 - 675.746

S 675 67439 671 939 669,762

- 762 668.815

S 670 -

a 6651 659.019
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Figure 4.1: Capacity of ground cation resin for binding 35 ml of 12000 ppm lead (1)
solution for 24 hour.



Table 4.1: Cation resin properties and price

18

Resin lAverage mg Pb [Type [lonic |Funtional |Matrix Particle [pH Regenerant |price /kg
bound/g resin form | group density |range (USD/MYR)
(g/ml)
strong .
Lewatit . . crosslinked
681.905 acid | NA thiorea 11 0-10 NA 2609.9/kg
monoplus i polystyrene
cation
TP 214
Lewatit strong . . HCI,
. sulfonic crosslinked
Monoplus 679.353 acid | Na+ . 1.24 0-14 H,SO, 541.96/kg
. acid polystyrene
SP 112 cation NaCl
strong sulfonic styrene 1-8% H,SO.
Dowex 675.746 acid | H+ . divinylbenzene, 0.76 0-14 4-8% HCI 203.49/kg
. acid 8-12% NaCl
M-31 cation macroporous
strong . styrene
sulfonic >1 5-8% HCI
Amberlite 674.39 acid | H+ . divinylbenzene . 0-14 295.98/kg
. acid (vs air) 0.7-6% H,SO,
IR 120 cation copolymer
4.2  Adsorption Isotherm

Pb (1) was strongly adsorbed to Dowex M-31 cation resin for all forms of the

resins. More than 98% of the Pb (1) was removed from the test solution with an initial

concentration ranging from 100 to 1500 ppm in a 24-h incubation time as shown in Table

4.2.

The adsorption isotherm of the ground resin and MMM were found to be Langmuir

type isotherm as shown in Figure 4.2. Typical lead (I1) binding capacity was in the range of

1 000-30 000 mg Pb bound/ g resin. The ground resin has the highest binding capacity

because it is mainly a pure cation resin. The MMM 30% showed a capability to adsorb lead

(1) due to the presence of Dowex M-31 resin. EVAL itself has a relatively low binding

capacity toward lead in the solution.
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Table 4.2: Binding capacity of ground resin, mixed matrix membrane (MMM) 30%

loading and ethyl vinyl alcohol (EVAL) membrane

GROUND RESIN MMM 30% EVAL

Average Final mg Pb Final mg Pb Average Final mg Pb
Conc,ppm bound/ g Conc, bound/g Conc,ppm bound/ g

resin ppm resin resin
161.41 28886.25 141.70 17744.56 156.48 17841.62
156.43 24990.89 128.97 15834.63 155.69 15701.80
108.40 19195.32 111.64 13910.86 153.67 14012.66
74.45 17235.57 84.75 11786.00 146.75 11913.15
3.86 13476.30 61.74 9804.99 125.47 9908.19
0.00 9622.09 31.89 5931.12 94.41 5919.52
0.00 5769.78 18.56 1986.49 10.30 1944.52

uuuuuu
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)

pd

Pb Binding (mg Pb/ g resin)
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, / ’.)
16000-00 /
10600-00
caoo-00-7 /
|

-50.00

50.00

100.00

150.00

Equilibrium Concentration (ppm)

—&—GROUND RESIN
== MMM 30%
EVAL

200.00

Figure 4.2: Binding capacity versus equilibrium concentration for different format of

Dowex M-31 based adsorbent
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4.3  Effect of Cation Loading in MMM

Based on results showed in Table 4.5 and Figure 4.3, the binding capacity increase
with increasing the resin loading. MMM with 30% resin loading showed the highest
binding capacity compare to 20% and 10%. However, further increase of resin loading to
45% was not feasible because the casting solution become too viscous and difficult to form

a membrane.

Table 4.5: Binding properties of mixed matrix membrane with different cation loading

MMM 30% MMM 20% MMM 10%

mg Pb mg Pb mgPb
Final Conc, bound/g Final Conc, bound/g Final Conc, bound/ g

ppm resin ppm resin ppm resin
141.70 17744.56 156.73 17566.52 161.31 17809.13
128.97 15834.63 156.29 15795.16 159.13 15952.26
111.64 13910.86 146.17 13956.15 151.78 13789.00
84.75 11786.00 124.93 11820.67 149.18 11743.86
61.74 9804.99 112.30 9770.89 131.91 9920.74
31.89 5931.12 61.88 5957.61 82.56 5939.59
18.56 1986.49 27.41 1956.56 37.33 1988.80
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Figure 4.3: Binding capacity of mixed matrix membrane with different cation loading

4.4  Regeneration of Membrane

Three different regeneration solutions was tested for recovery of bound lead which
are HCI, H,SO, and NaCl. Each solution prepared at 8% concentration and incubated with
the MMM bound with lead for about 30 minutes. All solution gave a recovery about 98-99
% lead (Il) as shown in Figure 4.4. Based on environmental factor, NaCl can be more

suitable for used as regeneration agent for lead recovery.
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Figure 4.4: Graph Recovery of Ground Resin and MMM
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CHAPTER 5

CONCLUSION AND RECOMMANDATIONS

51 Conclusion

Mixed matrix membrane (MMM) was successfully applied for wastewater
application for removing lead (I1). The effects of various parameters like resin selection,
resin loading and regeneration of membrane were studied. Among the resins screened
Dowex M-31 was selected based on high binding capacity around 675 mg Pb/g resin and
low cost of adsorbent. The adsorption isotherm of the ground resin and MMM were found
to be Langmuir type isotherm. Typical lead (1) binding capacity was in the range of 1 000-
30 000 mg Pb bound/ g resin.

The binding capacity increase with increasing the resin loading. MMM with 30%
resin loading showed the highest binding capacity compare to 20% and 10% loading.
However, further increase of resin loading to 45% was not feasible because the casting
solution become too viscous and difficult to form a membrane. Three different regeneration
solutions was tested for recovery of bound lead which are HCI, H,SO, and NaCl. Based on
environmental factor and recovery percentage, NaCl can be more suitable for used as
regeneration agent for lead recovery. The concept of MMM that been used extensively in
preparing membrane for gas separation and protein separation, can be expand to produce
cation exchanger membrane for heavy metal removal. The MMM provide a very good

platform for application of heavy metal removal.
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5.2 Recommandations

There were several recommendations that can be taken for further study in order to
improve the efficiency of MMM in heavy metals removal.
I. Prepared and characterize MMM using another type of polymer such as
polysulfone, polyethylene mine, polyvinyl alcohol.
ii.  Produce MMM with different composition of EVAL based membrane casting
solution and study the performance for lead removal
iii.  Optimizing the pH in order to get the ideal pH for operation of heavy metals
removal.
iv.  Mixed more than one cation resin into membrane to extend the adsorption for
other metals.
v. lon-exchange resin must be grind to very small pieces to get more surface area
and improve adhesion in the membrane matrix.

vi.  Used a proper casting machine to get more efficient membrane structure.
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APPENDIX A

AAS ANALYSIS RESULT

Resin Screening Analysis

Table of Each Element 1MN52011 11117 AM

Analysis Mode - Flame/Manual
Anplysis Name  : Screening resin anslyss
Comment Cu&Po
Maas. Date TINE2011 1117 AM
Element : Pb STD Unit . ppm UNK Unit : ppm
Sample 1D Sample Name Conc. RSD(%) ABS- | REF
8TD1 0.000 31350 00184 0.0096
5702 3.750 1128 00470 00037
STD3 7.500 43.51 00717 00004
STD4 15.000 1984 | 01384 0010
STDS 30.000 382 | 02851 0018
STD6 60.000 419 04511 00417
Coeficent LK - { ABS

K1=7 590906E-003 ‘

KDw1.224206E 002 040 1
Corr Coel 1 0.9930 ! 3

020 ! X
000 % f:,
0.000 50 000
Conel pprm )

UNK-001  smberste irc 86 18.907 356 01558 0.00%
UNK-00Z dowex m-31 0.732 7486 00178 00133
UNK-D03 lewatit monoplus tp 214 15.719 683 01316 00018
UNK-004 lewalit monoplus mp 112 0.389 42 .42 00182 00143
UNK.O06 dowex mac3 11128 6497 00867 -0.0058

Figure A.1: Resin Screening Analysis Part |



S 162011 1113 AM

L K3
K=
K1=7, 715102E-000
KD=5 602872E-002
1 09544

STD Unit - ppm

11162011 1113 AM

UNKUmt - ppm
Cone. RSOD(%) ABS REF
0.000 513 0.0390 , 0.0204
3.7%0 256 00781 | 00185
7,500 30 0.1148 | 00180
15.000 032 01873 | 00197
30.000 0.44 03186 | 00323
§0.000 211 05027 0050
ABS
Q.40
020 .
Om i‘ T T !
0000 50000
Coned ppen )
-2.301 1028 (00392 ' 0.0048
.2685 A3.41 0.0081
1304 J224 00482 00008

Figure A.2: Resin Screening Analysis Part 11
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Table of Each Blement 192212011 210 PM

Analysis Mode FlamaManual
Analysis Name : Sample Analysis
Comment . Screening resin for Cu and Pb
Maas. Date 112272011 Z18 PM
Blement : PV STD Unit - ppm UNK Unst : ppm
Sampile ID Sample Name Conc, RBOﬂs) ABS REF
STD! 0.000 01216 0.0060
STD2 3.750 1.40 0.1640 0.00023
8TD3 7.500 207 02076 00019
STDe 15.000 300 02767 0.0042
STD5 30.000 215 04002 0.0158
STD8 0.0293
Coefficlent | K3

Ko

K1=7 8257T0E-003 -

KDw~1.426257E-001
Corr Coaf. - 0.9649

0000 50 000
Cone{ ppm )

UNK-001  Lowatt TP 214 (1) 12.05% 870 02372 00105
UNK-002 Lewatt TP 214 (2) 16.711 123 02738 200075
UNK-003 Lowsft SP 112 (1) -2.073 2823 01288 00219
UNK-004 Lewattt Sp 112 2) 1.8 3001 01285 00215
UNK.005 Dowax M-31(1) -1.503 47850 01311 00305
UNK.006  Dowex M-31(2) - 2096 01290 00312
UNK-007 Dowex Mac-3 (1) 681226 240 06220 00228
UNK-008 Dowax Mac-3 (2) 32641 iz 0.3883 -0.0070

Figure A.3: Resin Screening Analysis Part 111
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Table of Each Element 112352011 330 PM

Analysis Mode  FlameManua
Analysis Name : Samplo Analysis
Commeant : Screening Resin for Pb
Meas. Date T 11232011 339 PM
Element : Pb STD Unit . ppm UNK Unt . ppen
Sample ID  Sampla Name Conc. RSD(%) ABS REF
STD? 0.000 081 01156 .0.0270
STD2 3.750 208 01838 00453
STD3 7.500 274 01898 .005268
STD4 15.000 150 02530 00563
STDS 30,000 0. 03841 00832
STDS 60,000 2908 04187 -D0318
Coefficent K ABS

K2=.

K1=5 031816E-003 040 -

KO=1_5130086E-001 LA
Comr Coat 105471 e

020 ‘L_‘ -
!
oo Y |
0.000 50000
Cone( ppm )

UNK-001  Lewatit TP 214 (3) 19918 248 02515 00752
UNK-002 Lewstit Sp 112 (3) 8.200 -1.25 01100 00934
UNK-003  Dowex M-31 (3) 8728 526 01074 00026
UNK-004 Dowex Mac-3 (3) 37.238 926 03387 -0.0783
UNK-005 Dowex Marathon MSC (1) £170 842 01102 01010
UNK-006 Amberita IRC 86 (1) 62.067 348 04836 00378
UNK-007 Amberfite IRN 150 (1) 8.607 -7.68 01080 .0.1085
UNK-008 Amberiite IR 120 (1) 20011 825 01008 01087

Figure A.4: Resin Screening Analysis Part IV



Table of Each Blemeant

Analysss Mode - FlameaManusl
Analysis Name : Sample
Comment

11242011 1254 PV

Analysss
 Scresring Resin and Binding EVAL for Cu 8 Pb

Meas. Date S 112472011 1254 PM

Element . P STD Unt
Sample ID  Sample Name

STDY

5102

sSTD3

STD4

STDS

STDS

Cosaficient L K=
K=
K1=6.748780E-003
KD=1,102257E-001

Corr Coef, : 0.9890

UNK001  Dowex Marathon MSc {2)
UNK-002 Dowex Merathon MSC (3)
Ambertite IRC 88 (2)
UNKOO4  Ambarite IRC 88 (3)
Ambarite IRN 150 (2)
Amberite IRN 150 (3)
UNK.Q07 Amberite IR 120 (2)
UNK-OOS  Amberite IR 120 (3)
UNKQO8 EVAL (1)

UNK-010  EVAL (2)

UNK-011  EVAL (3)

§

i

UNK Unit ppm
Conc. Rsoos) ABS REF
0.000 01001 00072

3.75%0 o.oo 01054 -0.0116
7500 333 01834 00122
15.000 151 02178 00058
30.000 200 03403 -0.0035
60,000 122 04988 00103

040 .
020 o
Q-w ! 1 L 1] !
0000 50 000
Conci ppen )
3597 1743 01346 0028

0122 28279 01094 -00348

36185 7896 03880 0.0005
30575 1016 03186 00032
15451 i 02145 00043

Figure A.5: Resin Screening Analysis Part V
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Tabie of Each Element 12132011 433 PM

Analysis Mode | FlameManuadl
Analysis Name  : Sample Anabysin

Comment : Screening Resin for Pb

Maas. Date ANV 433 PV

Element : Pb STD Unit . ppm UNK Unit . ppen
Sample ID  Sample Name Conc. RSD(%) ABS REF
STD1 0.000 5000 00002 -DO185

ST02 3750 324 00247 00376
8T03 7.500 0.80 0.0500 008520
STD4 15.000 m 00989 00800
STDS 30.000 0.21 0.1873 00587
ST0D6 60.000 0.36 03328 00490

CoefSicient  © K3=

K2 ABS

K15 545315E-003 .

KD=8.142857E-003
Coer.Coed. : 09976 020 E

0.00 +~ p—
0.000 50.000
Conct ppom )

UNK-001  Dowex MSC (1) 13607 0.06 07627 00553
UNK-002 Amberfite IR 120 (1) 13568 013 07827 0.0830
UNKD03  Dowex Mac-3 (1) 158 41 0.05 08866 01652
UNK-O04  Amberitte IRN 150 (1) 1538 010 0oss0Y  0.9232
UNK-O0S  Lowait SP 112 (1) 13629 003 07639 00409
UNK-D06  Lewast TP 214 (1) 159.76 011 08941 02189
UNK-007  Dowex M-31 (1) 13328 0.08 07472 00228
UNK-OO8  Amberie IRC 86 (1) 13957 0.14 07821  0.0e07

Lo e . o o I U SU VOV OV WLV S SO
e e e T N b

UNK-D12  Lowatt TP 214 (a) 126 91 108 07119 00114
UNK-OIS  Lewalit TP 214 (B) 13728 025 07682 00189
UNK.D14 Lowait TP 214 () 06 564 104 05436 00782

Figure A.6: Resin Screening Analysis Part VI



Tabde of Each Element

Anglysis Mode - FlameManual
Analysis Neme - Sample '
Comment

121442011 133 P

Analyss
- Resin Screening for Pb (SET 2}

Maas Date T12M42011 133 PN

Element - Pb STD Una

sSTDM

ST02

STD3

STDa

STDS

STDE

Coefficient LK
K2= .
K1=5 751545E-003
D=8 .807148E-003

Coer Coet ;08074

UNK-001  DOWEX MSC (2)
UNK-002  AMBERLITE IR 120 (2)
UNK-003  DOWEX MAC-3 (2)
UNK-OM  AMBERLITE IRN 150 (2)
UNKOD5 DOWEX M31(2)
UNK-008  LEWATIT SP 112 (2)
UNK.007 LEWATITTP 214 (D)
UNK-008 AMBERLITE iRC 88 (@)

3.7%0

UNK Unit . ppm
RSO(M%) ABS REF
S000 00002 00163
038 00262 -003%8
038 00520 00802
029 01035 -00580
026 01852 Q0562
014 03453 00500
50000
Conel ppen )

025 08528 01130
0.24 08126 00784
008 08724 01307
0.14 07201 0.0580
0.08 08759 01233
020 00323 o0824
010 Oasae 027117
013 OBa7a 00524

Figure A.7: Resin Screening Analysis Part VI
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Table of Each Element
Anslysis Mode  © FlamaManual

Anslysis Name - Sampbe Anglysis
Comment . Resin screening for FPD (set 3)
Meas. Dale C12152011 12:37 PM
Element . Pb STD Unit PPM
Sample 1D Sample Name Conc.
STD1 0.000
sTD2 3.7%
STD3 7.500
STD4 15000
STDS 30.000
STDS 60 000
Coefficent K

K ASS

K1=5 629622€ 003

K0=8 288572E-003 l
Com. Cosf 077 020

000 +*
0.000

UNK-001 Dowex Marathon MSC (3) 156 58
UNK-00Z Amberfie IR 120 (3) 13863
UNKAOO3 Dowex MAC-3 (3) 158 15
UNK-D04  AmberMe IRN 150 () 1580
UNK-D0S Dowex M-31(3) 14471
UNK-ODE  Lewstil SP 112 (3) 13636
UNK-DOT Lowosst TP 21403) 1680 51
UNKO08  Amberiie IRC 56(3) 34120

12152011 12:38 PM

Figure A.8 : Resin Screening Analysis Part VIII

UNK Untt . ppm
RSD(%) ABS REF
000 00001 00160
038 0025 -003%2
039 00510 00480
010 01003 00520
oNn 01507 0053
032 03302 00448
50 000
Conc{ PPM )

015 09087 01723
0.12 07018 00044
007 09074 01682
0.15 08887 01388
002 0825¢ 00737
013 07787 00400
W R 001689 02478
017 08060 00ass
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A2

Absorption Isotherm Analysis

Table of Each Element 122072011 11.48 AM

Analysis Mode FlameManual
Analysis Name - Sample Analymis [Dowex M-31)
Comment | binding capacity in dlerent conc (Pb)
Maas. Dase S 122002011 11:47 AM
Element . Pb SO Um UNK Urst . ppm
Sample ID  Sample Name Conc. RSD(M) ABS REF
STD1 0.000 0000 00001 00260
STD2 3 157 00254 00408
STD3 7 500 106 00806 LD0522
STD4 15,000 0.30 01013 00590
STD5 30.000 0.73 01917 00882
STD6 60,000 08 03420 0050
Coaficent K= ABS

K=

K1=5.607278E-003 .

KD+8.148570E-000
Corr Coet 1 09978 020 , N

000 +°
000 50 000
Conc{ ppm )

UNK-001  2000ppem 147 81 021 0B503 04423
UNK-002  1500ppen 166 44 0.1 09185 01960
UNK-D03  1000ppm 12168 012 07014 00126
UNK-O04  800ppm 4052 3.1 00312 D082
UNK.005  500ppm 0087 26289 00087 01157
UNK-008  300pom L3N S005 00080 01203
UNKDO7 190 rem 0 BAS 468 00033 D1244

Figure A.9: Absorption Isotherm Analysis Part |



Table of Each Element

Analysis Mode - FlamaManusl
Anslysis Name | Sample Analysis )
: Absoptian isothesm for Membrane & Resin (Pb)

Comment
Moas. Date C12R32011 10:22 AM
Element ;| P STD Unit ppm
Sample ID  Sample Name Conc.
STD1 0.000
STD2 37%
STD3 7.500
STD4 15000
STDS 30.000
STDS 60.000
Coeficent C K3

o ARS

K1=5 561177E-003

KO=8.154280E-003 |
Comr Coof. : 00076 020 |

000 ¢

UNK-00T R-1500ppm 163656
UNK-002 R-1300ppm 160.56
UNK-003  R-1000ppm 11663
UNK-004  R-S00ppm 78 984
UNK-005 R-700ppm & B44
UNK-006 R-500ppm {483
UNK-007 R-300ppm 0.331
UNK-008  M-1500ppm 152 658
UNK-008  M-1300ppm 161.14
UNK-O10  M-1000ppm 15863
UNK-O11  M-S00ppm 154 52
UNK-012  W-700ppm 12621
UNK-013  M-500ppm 78263
UNK-014  M-300ppm 31138

12252011 1023 AM

UNK Ut | ppen

RSD(%) ABS REF

40000 -0.0001 00220
040 00246 D414
0.40 00504 00883
020 00682 00620
01w 01850 -D.0640
018 033585 00857

50 000
Conef ppm )

0.04 08232 0295
009 09058 0.1637
017 06619 00051
0.80 044588 -D0B02
7.00 00576 01106
H068 00054 D182
18420 00063 -0.1226
021 08811 03880
004 08081 0.2415
003 08068 0.1401
032 08727 00875
087 07138 00160
is2 04457 00837
10.68 01822 D121

Figure A.10: Absorption Isotherm Analysis Part 11
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1272602011 1040 AM

Table of Each Elament
Analysis Moge  FlamaManusl
Analysis Name . Sampie
Commant
Moas. Date S 12262011 10:40 AV
Element ; Pb STD Unit -

Sample ID  Sampie Name
STD1

STD2
STD3
STD4
STDS
§TD6
Coefficiert  : K3=-
K=
Coer.Coef. 0.6080
UNX.001  1500ppm (M2)
UNK-002  1300ppm (M2)
UNX-003  1000ppm (M2)
UNK-004  900ppm (M2)
UNK-005 700ppm (M2)
UNK.0068 500ppm (M2)
UNK-007  300ppm (M2)
UNK.008 1500ppm (M3)
UNK-008  1300ppen (M3)
UNK-010  1000ppem (M3)
UNK.011  900ppm (M3)
UNK-012  700ppm (M3)
UNK.013  500ppm (M3)
UNK-Q14  300ppm (M3)
UNK.015  1500ppm (R2)
UNX-016  1300ppm (R2)
UNK-017  1000ppm (R2)
UNK.018  900ppm (R2)
UNK-019  700ppm (R2)
UNK-020  500ppm (R2)
UNK-021  300ppm (R2)
UNK.022  1500ppm (R3)
UNK-023  1300ppm (R3)
UNK.024  1000ppm (R3)
UNK-025

:
{ill
3233

K1=5 857384E-003
K07 38087T3E-003

- ppm

0.000
375
7.500
15.000
30.000
60.000

Analysis
. Absorption Isotherm for Ground Resin & MMM

UNK Ut | ppm
RSD(%) ABS REF
-100.00 -0.0001 00221
040 0025 0378
020 00480 008611
030 00095 00506
on 01894 D088
0.32 03392 00543
§0 000
Conel ppm )

018 07538 05833
017 08213 04843
0.12 08910 03768
013 09126 03189
0.06 08288 0.2041
0.06 08533 00768
0.18 0.5851 00558
010 08771 03573
0.03 098128 02718
0.02 09142 0.1538
018 08745 0.083%0
0.06 0.7508 00058
140 05508 00815
1106 00408 -0.153¢
008 09156 0.2084
0.04 08085 0.0050
0.18 05788 00877
0.06 03757 01285
724 00122 01718
17955 00059 -D1745
2115 00029 01770
010 09128 01641
0.13 08914 0.0817
0.02 06162 00838
0.31 04558 01335
7.79 00181 01877
3187 00043 01807
8039 00042 -0.1928

Figure A.11: Absorption Isotherm Analysis Part 111
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Table of Each Element
Analysis Mode - FlameManusl
Analysis Name - Sample Analysis
Comment - EVAL isorpsion isotherm
Maas Date L VUN2012 31T PM
Element ; P STD Unit :
Sample ID  Sample Name
STDY
sTD2
STD3
STD4
ST0S
STDS
Coefficient L K3

K2=—

K1=5 8483848003

KO=8 4GASTOE.003
Cowr Cosf. 106978
UNX-001  1500ppm (E1)
UNKX-002 cmgn
UNK-003  1000ppm (ET1)
UNK-004 mgs;
UNK008  700ppen (EY
UNK007 300ppm (E14
UNK-008  1500ppen (E2)
UME000 1200ppm (E2)
UNKD10  1000ppm (E2)
UNKO11 900ppm (E2)
UNK.012  700ppm (E2)
UNK013  500ppm (E2)
UNKO14  300ppm (E2)
UNK015  1800ppm (T
UNK.016 'mg
N7 1000ppm
UNK-013  S0Cppn (EJ)
UNKO%% Tooppm (B0
UNK.020 mug
UNK021  300ppm

132012 318 PM
UNK Unit : ppm

Conc. RSD(%) ABS  REF
0.000 10000 00001 00364
3% ore 00252 -Do0482
7500 0.38 00532 00680
15.000 0.00 01038 00619
30.000 0.38 01978 .0.0808
60.000 023 03508 -D04s8

ABS

f
020 : -
0.00 +
0.000 40.000
Conc{ ppm )

11982 0.15 07089 00427
13182 0.17 07783 05400
14796 0.08 oBssd 04119
151.48 0.14 08NS 03587
156 48 0w 082% 029
153.58 0.03 09088 0154
wn 032 07084 ODas?
11668 0.10 00910 00083
12699 012 N4 OS5
144 68 004 08547 03795
4037 on o8> OXN0
154 60 013 09128 02280
1517 017 nhass 01249
13314 025 07873 00185
1Hem D19 oBns7 054
12762 020 07550 04881
LSRN ) om nBss0 035
145.04 024 DE744 03000
153 858 oo osoNn 0 200m
151.00 020 08820 01082
125 03 07838 DOMS

Figure A.12 : Absorption Isotherm Analysis Part IV

39



Table of Each Elament 182012 1021 AN

Analysis Mode © FiasmaManusl
Analysis Name - Sample Analysis
Commant . Abs Isotherm EVAL & MV
Maas. Date CSR201Z 10:21 AM
Eloment : Pb STD Unit I ppm UNK Untt L ppm
Sample ID  Sample Name Conc. RSD{%) A8BS REF
sTDY 0.000 10000 00001 00308
sSTD2 3% 0.3% 00258 -0.0457
S5TDY 7.500 037 00535 0.0530
5704 15.000 0.10 01027 00574
STDS 30,000 020 01918 -0.0540
8TDS 60,000 042 03108 00461
Coefiiclent  : K3=- ABS

K2u.

K1=5 182255E-003 , ‘

KO=1 387715E-002 |
Coer Cost 1 0.6622 020 ~

000+~ - , ! I 2
0.000 50 000
Cone( poen )

UNK001 1500 (EY) 164,30 0.38 08651 04534
UNK-002 1300 (EY) 177.75 0.05 09348 02617
UNK-003 1000 (E1) 160.72 .21 08932 01845
UNKL004 900 (EY) 164,81 018 08878 G121
UNK-005 700 (E1) 144 38 038 07618 00501
UNK-008 500 (E1) 126,50 034 06882 00081
UNK00T 300 (E1) 02.287 157 04910 00420
UNK-008 1500 (M1) 120.34 1440 06373 0.0085
UNK-008 1300 (M1) 113.84 325 06038 0.0470
UNK.010 1000 (M1) 39.016 414 02158 00015
UNK-011 900 (M1) 160 .84 422 08788 0.2424
UNK-012 700 (M1) 48 625 1588 02857 0.0002
UNK.013 500 (M1) 23,315 2699 015 0070
UNK-014 200 (M1) 19.738 1741 01180 01128

Figure A.13 : Absorption Isotherm Analysis Part V
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Table of Each Element

Analysis Mode - Flame/Manual
Analysis Name i
Comment

i

Blament . Pb STO Ut
Sampls ID Sample Name
ST
sSTo2
STD3
STD«4
STDS
STDS
Cosfficient LK
Kom -
K1=5 863540E-000
KO=@ 977140E-003
Corr Cos!. - 0.8975
UNK.001  EBDD
UNK-002
UNK.003 E700
UNK-004 E800
UNK-.005 ESO0
UNK-008 E300
UNK.00T E100
UNK-008 NS00
UNK.008  MB00
UNK-010 M700
UNK-011  M&00
UNK.012  MSD0
UNK-013  M300
UNK-014  M100
UNK-015 EBVAaL1
UNK.-018 EVAL2
UNK-01T7 MMM 1
UNK-018 MMM 2
UNK-010  Relin |

r
P8
=
-~

Oste S152012 11:48 AM

: Sample Analysis
| isotherm and regenacate indial

1502012 11:40 AM
UNK Unit . ppm

Conc. RSD(™) ABS REF
0.000 -400.00 -00001 00283
3.750 0.78 0.0257 00400
7.500 055 00543 004506
15,000 057 0.1048 -D.0479
30.000 020 0.1688 00436
80.000 028 03521 00200

ABS

020 | .

000 «= ——y—T

Q000 S0 000
Cere(ppm )

156 48 008 ¢e285 02750
18666 0.01 06219 0.2448
153,87 012 09100 02061
14675 008 0eces 0.1410
12647 024 0.7447 00519
94412 196 05628 00127
10.200 1480 006804 00870
2011 .18 01797 DO798
22.027 032 0138t 00878
12.732 418 0.083 00960
14.159 1683 00620 00078
a2 3557 0451 D028
10.350 1870 00087 01054
24034 208 01400 00004
140.73 023 08342 00823
146.01 002 08845 01361
27638 083 01710 0079
65.328 iz7 03620 ©0.0825
0 354 8842 00050 -01282
0.754 2745 00134 01304

Figure A.14 : Absorption Isotherm Analysis Part VI
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Table of Each Element 11122012 10:27 AM

Analysis Mode | Flama/Manual
Analysis Name | Sample Analysis
Comemant : NMM Binding 10%
Meas. Date LIM22012 10:27T AM
Element  Pb STO Unit ppm UNK Unit . ppm
Sampie 1D Sample Name Conc. RSD(%) ABS REF
ST 2.000 0.00 L0002 00205
STD2 1750 040 0025 -00335
STOS 7.500 0.3 0.0613 0.0513
STO4 15.000 0% 01013 00581
STOS 30.000 0.42 0.1907 -0.0587
STDS 60.000 008 0.3387 00489
Cosfcent K ABS

K=

K1=5 841 733£-003 >

KO=8 491429€-003 .
Corr.Coat. 1 09675 020 s

000+ -
0000 80.000
Conal pom |

UNK.001 M G00 1513 oo 08188 02588
UNK-002 M B00 159.13 0.08 06082 01882
UNKOO3 M 700 151.78 0.09 08648 01208
UNK004 M 600 149.18 087 04801 0.1083
UNK.008 M 500 131,04 038 0.7627 00243
UNKAQ08 M 300 82 550 148 04743 00550
UNKOQT M 100 37335 083 02191 00868

Figure A.15 : Absorption Isotherm Analysis Part VI
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A3

Resin Loading Analysis
Tabile of Each Element 1142012 1141 AM

Analysis Mode | FlameManual
Analysis Mame : Sample Analyas
Commer il L MM 305 & MMM 10%
Mess. Date CINA2012 11:40 AM
Element : Pb STD Unit . ppm UNK Unit ppm
Sample ID  Sample Name Conc. RSD() ABS REF
STD1 0.000 40000 00001 00356
STD2 3750 154 00260 -0082
STD3 7.500 037 00544 Q0819
STD4 15,000 1.78 01087 00878
STDS 30.000 143 02030 00654
STD8 60000 149 03558 Q0553

K2=

K1a5 935683 1E-003 . p

KO=0 267143E.003
Car Coet (0.8&M 0.20 >

0.00 u
000 50 000
Cong{ ppm |

UNK-001T M 500 10% 157.7¢ 013 06458 02083
UNK002 ME00 10% 166.26 0258 06387 0207
UNK-003 M 700 10% 162.40 095 08138 01615
UNK-004 ME00 10% 146 .43 1.07 08788 0.1180
UNK-005 M 500 10% 132,53 1.40 07958 00478
UNK-008 V300 10% 85.024 470 05140 Q0547
UNK007 M 100 10% 8387 3437 00888 ONN
UNK008 M 500 30% 141.70 084 08504 00787
UNKO0% M B00 20% 12867 1.02 07748 00239
UNK-010 M 700 30% 111.64 1692 08720 0025
UNKO11T M B00 20% 84.784 L3 05124 Q0727
UNK-012 M 500 30% 51741 1332 03r58 D088
UNK-013 M 00 30% 3087 2322 01900 012406
UNK-O14 M 100 30% 18.585 10980 01194 01374

Figure A.16 : Resin Loading Analysis Part |
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Table of Each Element 152012 1048 A

Anatysis Mode Flame/Manual
Analysis Name  : Samplo Analysis
Comment MMM 20%
Meas Date CINER2012 10048 AM
Element ' Pb STD Unit ! ppm UNK Unit : ppm
Sample 1D Sample Name Cone. mm ABS REF
STD1 0.000 00000 -0.0214
sTD2 3.7%0 11 00270 0047
STDa 7.500 072 00853 -0.0804
STD4 15.000 037 01083 -0.0005
STDS 30.000 0.54 02023 00881
STDé €0.000 034 0.3537 00887
Coefficeant LK ABS

K=

K1=5 58526 TE-000 »

KD=1 04067 1E-002

000 +—— - ~
0.000 50000
Conc{ ppm )

UNK-001 M 800 20% 18673 0.03 08328 02780
UNX-002 M BDO 20% 185629 0.06 09302 02319
UNK-D03 M 700 20% 14817 081 08707 01118
UNK-004 M 800 20% 12450 1.36 0.7457 00234
UNK-O0S M 500 20% 11220 1.0 08713 00116
UNK-008 M 300 20% g1 87 10.81 03748 -D0615
UNK00T M 100 20% T A2 2042 01717 01115

Figure A.17 : Resin Loading Analysis Part II



A4

Recovery Analysis

Table of Each Element

Analysis Mode .?nmomu
Comment Reganarate resin and mmm using HCI, HZS04 NaCl

Moas. Date

Elemont | Pb STD Unit

Sample 1D
5TDY
sT02
STD3
5TD4
STD6
STDE
Coeficient

Coer,Coed,

UNK-001
UNK-002
UNK-003
UNK-004
UNK.005
UNK-008
UNK-007

UNK-008
UNK-010

1112012 428 PM

Sample Name

| K
K=
K1=8 005216E-003
KO=7 871420E-003
;09976

RESIN HCI
RESIN H2504
RESIN NaCi
M HCI
MMM H2S04
MA NaCl
RESIN 2
RESING
oL e 7
g 2

Figure A.18

112012420 PM

: ppm

Conc.
0.000
3,750
7.500
15.000
30.000
60.000

UNK Unit
RS0(%) ABS
10000 00002
041 00243
040 00408
041 0.0988
0.11 D.1882
0.21 03348
Cong( ppm )
0.04 0.9381
227 00485
0.08 09261
0.17 09142
232 00556
0,18 0.8068
0.56 0.1246
329 00488
0.89 04356
0.58 0.5208

: Recovery Analysis

. ppm

REF

0.0179
-0.0324
-0.0436
-0.0459
00513
00430

0257
00767
0.2188
0.1782
00037
01T
-0.09e8
0.1714
00817
00579
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