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Abstract of the Thesis
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I Breast cancer patients who have followed the lumpectomy procedure to take out the
infected tissue will leave an empty space in their breasts. The aim of this study is to
design and synthesize a novel Pluronics-based hydrogel that is radiation resistant,
osmotic pressure balanced, radiological imaging friendly, while temporarily
replicating the physical and mechanical properties of the native breast tissue. In order
to produce a photo-cross-linkable hydrogel, Pluronics F127 was chemically modified
from copolymer Poloxamer 407, by using diacrylates. The modified hydrogel, to our
knowledge, is non-toxic and biocompatible to the human body. Furthermore, it can
act as a scaffold to regenerate natural tissue in the presence of growth factors. In the
process, the hydrogel will be designed to degrade slowly in order to accommodate the
regenerated tissue as well as to maintain the shape of the breast. Therefore, this new

hydrogel will be an innovative approach for breast reconstruction applications.



The heavy metal pollution problem is an environmental concern in developing and
developed countries. The current study is designed for a novel microfiltration
membrane consisting of cellulose nanofibers (CNF) and amino-modified cellulose
nanofibers (MCNF), infused in an electrospun polyacrylonitrile (PAN) scaffold on a
non-woven polyethylene terephthalate (PET) support, which can effectively remove a
range of heavy metals from water. The high porosity, large surface area per unit
volume and dense charges of the nanoscale-web structure can provide the resultant
micro-filtration membrane with an ability to remove 159mg Pb (1) per gram CNF
(0.766 mmol/g) and 71mg Cr (V1) per gram mCNF(1.36 mmol/g) by static adsorption.
For dynamic adsorption, the CNF composite membrane is able to remove 259 mg/g
(1.25 mmol/g) Pb (I1), while the mCNF composite membrane is able to remove 100
mg/g (1.92 mmol/g) Cr (V1). Furthermore, the composite membrane can be recycled
by utilizing a desorption cycle, which can remove 100 % of the adsorbed metal ions
from the membrane. Therefore, a low cost, safe and effective pathway for heavy

metal ion removal has been developed.
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Chapter |

1. Introduction

1.1. Background and Significance

Breast cancer is the second most prevalent cancer in women in the United States, and the
chance of developing invasive breast cancer at some time in a woman’s life is just a little less
than 12% *. American women are facing the daunting statistical fact that an estimated 207,090
new cases of invasive breast cancer were diagnosed in 2010, and about 54,010 new cases of
carcinoma in non-invasive pre-cancer *. Furthermore, approximately 39,840 women died from
breast cancer in 2010 alone . From 2004-2008, the median age of women that had been
diagnosed as having cancer of the breast was 61, and the age-adjusted incidence rate was 124 per
100,000 women per year 2. There are over 2.5 million breast cancer survivors in the United
States at this time 1. Early diagnosis of breast cancer provide opportunity for the patients to
undergo lumpectomy, which requires the removal of only the tumor and surrounding margins of
tissue so that patients can maintain the original physical appearance of the breasts >. In order to
reduce the risk of a local recurrence, radiation therapy typically follows as soon as possible after
lumpectomy. Therefore, it is very important to develop an implant that can sustain numerous
repeated doses of radiation, maintain the desired physical and mechanical properties, and provide

little obstruction to X-ray imaging analysis.

1.2. History of Breast Reconstruction
Petrolatum injections, paraffin, organogen, bioplaxm and silicone implants are the common

materials for breast reconstruction in today’s market *. However, these materials are not ideal



since they may cause breast firmness, skin changes, pain, and chronic inflammation *.Other
breast reconstruction procedures, such as using muscle and skin grafts from other parts of the
patient are not only expensive and strenuous for both the patient and the surgeon, but also have
disappointing results, such as uneven breast sizes °.

Hydrogels are materials that have been wildly used. They contain a three-dimensional
network of polymer chains which can imbibe large amounts of water or biological fluids, and
thus can resemble a biological tissue. Moreover, hydrogels have been shown to effectively serve

as reconstructive biomaterials with the potential to act as scaffolds for tissue regeneration °.

1.3. Properties of Pluronics Hydrogels

The Pluronics are symmetric tri-block copolymers that have been approved by the United
States Food and Drug Administration for medical and pharmaceutical applications ’. The
Pluronics have a temperature-dependent hydrophobic polypropylene oxide (PPO) in the center

block and two hydrophilic polyethylene oxide (PEO) end blocks® (Figure 1.1).

The amphiphilic properties enable Pluronics to be used as carriers to deliver drugs °. With
increasing temperature and at temperatures above a critical micelle temperature, the hydrophobic
PPO block begin to self-associate, while the two end hydrophilic PEO blocks remain hydrated **
1112 Therefore, at low temperatures, Pluronics solutions form a clear viscous fluid. With

increasing temperature, they can become semi-solidified hydrogels ** .

Moreover, by
modifying the periphery of the Pluronic micelles, the micelles can be polymerized by covalent
cross-links through ultraviolet irradiation in the presence of a photo-initiator, thereby producing

non-dissolving and chemically cross-linked modified Pluronics hydrogel networks (Figure 1.2).



Also, the Pluronics hydrogel has been found to be resistant to gamma irradiation by a prior study

in our research group.

1.4. Specific Aims

There are three specific aims to this study. The first objective is to modify the ends of Pluronic
F127 (general structure PEOge-PPOge-PEQgs, molecular weight 1.26 x 10°Da), so that the
modified polymers could be photo-cross-linked by UV irradiation, resulting in forming a more
stable chemically cross-linked hydrogel that is also radiation resistant and radiological imaging
friendly. Then, by performing rheological, swelling and degradation studies to determine the
stability and the physical and mechanical properties of the hydrogel, we could tune the properties
of the hydrogel to mimic the natural breast tissue. Lastly, the hydrogel was evaluated
biologically with pre-adipocyte cells to test its potential for cell viability and growth, as the
scaffold could be used to regenerate natural breast tissues without creating any undesirable

immune response.

2. Experimental

2.1. Materials

Pluronics F127 was obtained from the chemical company BASF. N-Methyl-2-pyrrolidinone
(NMP) [M, = 99 g/mol, anhydrous, 99.5%], acryloyl chloride [M, = 91 g /mol, solution density
1.119 g/mL], deuterated dimethyl sulfoxide (DMSO) [M, = 78 g/mol, anhydrous, 99.9%],
Poly(ethylene oxide) (PEG) [average M, = 1500 Da, powder] and Dubecco’s Modified Eagle’s

Medium [sterile filtered endotoxin test] were purchased from Sigma-Aldrich.



Spectra/Por®BioTech regenerated cellulose membranes were purchased from Spectrum labs.
Photoinitiator ~ 4-(2-hydroxyethoxy)phenyl-(2-hydroxy-2-propyl)ketone(lrgacure  2959) was
obtained from Ciba Specialty Chemicals. Established cell line 3T3-L1 mouse embryonic
fibroblast-adipocyte cells were obtained from the American Type Culture Collection. Dulbecco’s
Phosphate Buffered Saline 1X (DPBS) ([-] Calcium Chloride, [-] Magnesium Chloride) was

purchased from Gibco.

2.2. Synthesis of Diacrylated Pluronics F127

10g of Pluronics F127 and 200 ml of NMP were transferred into a 500 ml round bottom flask.
Under magnetic stirring at 1200 rpm, the mixture was heated at 80°C until all the polymers were
dissolved. In order to optimize the diacrylated modification, the solution was purged with
nitrogen gas to remove any moisture. The end hydroxyl groups of Pluronics copolymers were
diacrylated by a ten-fold molar excess of acryloyl chloride solution (Figure 1.3). 1.29 ml of
Acryloyl chloride solution was mixed with 50 ml of NMP and added to the Pluronics solution in
a drop-wise manner by using an addition funnel over a period of 1.5 hours. The reaction mixture
was stirred at 1200 rpm for three days. In order to purify the reaction mixture, dialysis by using
regenerated cellulose membranes (from Spectra/Por® BioTech, with 8 — 10kD molecular weight
cut off) as performed. The external water of the dialysis tubings were renewed three to four times
every day over a period of 4 days, so that all the small molecules, such as NMP and excess
acryloyl chloride, were leached out, leaving the aqueous solution of diacrylated Pluronics inside
the tubing. In order to obtain dried diacrylated Pluronics products, the diacrylated Pluronics

solution was lyophilized by using the Millrock Benchtop Freeze-Dryer operating at a pressure



below 500 mT at -45°C for 7 days. The products were weighed to calculate the yield and
transferred into vials to be kept in the refrigerator at 4 °C for later experimental uses. It should be

noted that much of the experimental work described below was performed under joint efforts
with Mahati Elluru by using the same procedures but by carrying out the experiments

independently. The results were then pooled to cross check the findings and reproducibility.

2.3. Proton Nuclear Magnetic Resonance Spectroscopy (‘H NMR) Test of
Diacrylated Pluronics F127

The degree of acrylation of Pluronics polymers end groups was evaluated by *H NMR. 0.1 g
of diacrylated product was transferred to a NMR tube, and an appropriate amount of DMSO was
added. The solution was heated in a water bath until all the products were dissolved. There were
3 methyl protons from each PPO segment for a total of 69 PPO segments, and if the Pluronics
polymer was completely diacrylated, there will be 3 acryl protons from each of two acrylated end
groups. The degree of acrylation was evaluated by comparing the methyl protons peaks (~ 1.00

ppm) with the acryl protons peaks (~6.00 ppm).

2.4. Oscillatory Rheology Test of Pluronics Base Hydrogels

The chemical cross-linking of the copolymer network strengthened the hydrogel and
provided it the essential mechanical properties to mimic the native breasts tissue. An Anton Paar
Physica MCR 301 rheometer was utilized for evaluating the mechanical properties of the
hydrogel. The storage modulus (G’) and the loss modulus (G’”) of the hydrogel were measured

to find out the optimum UV irradiation time that could produce a hydrogel with a storage

5



modulus value similar to that of the native breasts tissue. The storage modulus represents the
elastic portion of the hydrogel while the loss modulus represents the viscous portion. The
conditions for the measurements was of cone and plate geometry with a 0.5 mm gap and an
angular frequency ranging from 0.01 rad/s to 1 rad/s, oscillatory rotations of the bottom plate of

the rheometer in a constant strain of 2% and at the body temperature of 37 + 0.5 °C. In order to

find out the ability to producing the Pluronics based hydrogel with different mechanical
properties, different compositions of the hydrogels were fabricated and different UV irradiation
times with the same energy were performed on them. All the samples were limited to a
concentration of 30% w/v polymer hydrogel. The compositions and the UV irradiation times
were as following: diacrylated Pluronics F127 mixed with PEG 3000 Da in the ratio of 2:1 was
UV irradiated for 30 minutes; diacrylated Pluronics F127 mixed with PEG 1500 Da in the ratio
of 3:1 was UV irradiated for 30 minutes, and diacrylated Pluronics F127 mixed with PEG 1500
Da in the ratio of 2:1 was UV irradiated, respectively, for 7 minutes, 10 minutes, 25 minutes, and
30 minutes. The storage modulus values of all the samples were measured after 24 hours of the

UV irradiation to ensure that the cross-linking reaction was completed.

2.5. Preparation of Pluronics based hydrogels

In order to increase the porosity, the 30% w/v polymer hydrogels were prepared by mixing
diacrylated Pluronics F127 with unmodified PEG. According to prior tests, diacrylated Pluronics
F127 mixed with PEG 1500 Da in the ratio of 2:1 was the optimum composition and 30 minutes
of UV irradiation time gave the best mechanical properties of the cross-linked hydrogel. The

photoinitiator Irgacure 2925 was used to initiate the UV induced photo-cross-linking reaction,



which covalently cross-linked the double bonds of the newly synthesized acryl groups at the ends
of the diacrylated Pluronics F127. The composition of the hydrogel solution was 20% w/v of
diacrylated Pluronics F127, 10% w/v of PEG-1500, 0.05% w/v of photoinitiator and 70% w/v of
solvent (de-ionized water for mechanical study and tissue culture medium for cell study). The
mixture was kept in the refrigerator until all the powders were dissolved and formed a viscous
solution. According to different studies, corresponding amounts of gel solutions were transferred
into glass vials or a 24-well plate. The XL-1500 Spectrolinker, operating at a wavelength of 365
nm, energy of 999,900 pJ/cm?, and an intensity of 5500 uW/cm?, was utilized for performing the

UV induced photo-cross-linking.

2.6. Swelling and Degradation of the Pluronics Base Hydrogel

A swelling study was performed to test the stability and degradation rate of the Pluronics
Based hydrogel.1 mL of the hydrogel solution was transferred into a vial and UV irradiated for
30 minutes with an estimated energy of 999,900 pJ/cm® The UV irradiated sample was capped
and kept at room temperatures for one day in order to make sure that the cross-linking reaction
was completed. The weight and the storage modulus of the cross-linked hydrogel at were
measured after the cross-linking reaction was completed and before the hydrogel was immersed
in PBS to swell, this was day 0. The sample was immersed in PBS in a petri dish and kept in an
incubator at 37 °C. The weight and the storage modulus of the hydrogel were measured at day 1,
2, 3, 4,7, 9 and 10. The hydrogel was dried with a laboratory Kimwipe® before all the
measurements. The PBS was discarded after all the measurements and new fresh PBS was

added afterward.



2.7. Preparation of Pre-adipocyte Culture for Cell Studies

10% wi/v Bovine calf serum and 1% w/v Peniallin-streptomycin were added into modified
Eagle’s Medium (DMEM) so that the medium was ready for cell culture use. All the chemicals,
such as DMEM, Dulbecco’s Phosphate Buffered Saline 1X (DPBS) and trypsin, were kept in a
refrigerator before use. They were heated in a 37 °C water bath and sterilized under UV for 5
minutes before use. Cell line 3T3-L1 pre-adipocyte was separated into culture as the protocol
from the American Type Culture Collection and was kept in an incubator at 37 °C. When the cell
culture reached the maximum number that occupied all the space at the bottom of the petri dish,
it needed to be spread and the method was described as follows. The medium of the culture was
aspirated and the cells were washed with 5 mL DPBS twice. 5 mL of trypsin was added and the
petri dish was incubated at 37 °C for 5 minutes so that the cells left the bottom of the petri dish.
In order to weaken the toxicity of the trypsin, 5 mL of the medium was added and mixed well
with the trypsin. The cell solution was transferred into a centrifuge tube and centrifuged at 1000
rpm for 5 minutes, so that all the cells could be collected at the bottom of the tube. After
aspiration of the top solution, the cells were re-suspended evenly in 3 to 4 mL of the medium.
The cell solution was separated into couple petri dishes, and enough amount of the medium was
added to each petri dish so that about 10 mL of the medium was present in each of them. All the
newly prepared cell cultures were observed under the microscope to make sure that the cells
were healthy, and evenly distributed in the petri dish. They were then kept in an incubator at 37

°C. The medium was renewed every 2 to 3 days.



2.8. Photoinitiator Cytotoxicity Test

The cytotoxicity of the photoinitiator Irgacure 2959 was tested to make sure any excess of
photoinitiator left in the cross-linked hydrogel would not have a negative effect on the per-
adipocyte culture. 600,000 per-adipocyte were seeded in each well of a 24 well plate, and
concentrations of 0.025%, 0.05%, and 0.075% of Irgacure 2959 de-ionized water solution were
added on the cells. Cells treated with pure de-ionized water were acted as a control. Cell cultures
were placed in an incubator at 37 °C for two days, and then the cells were stained with Trypan

blue and the viable cells were counted using a hemocytometer (#1490 from Hausser Scientific).

2.9. Cell Titer Aqueous Nan-Radioactive Cell Proliferation Assay (MTS Assay)

In order to test the viability of the MTS Assay to be utilized to measure cell activity and cell
growth, it was performed on only pre-adipocyte culture without any Pluronics based hydrogel.
9,000 per-adipocyte were seeded in the wells of a 24 well plate, and 200 pl of the medium was
added on the cells in each well. The wells that contained only the medium with no cells were
acting as controls. Before all the absorbance readings were taken, 40 ul MTS was added to each
well and the well plate was kept in the dark and incubated for 30 minutes. The absorbance

readings of day 0, 3, 6, 8 were measured by an ELISA 400 spectrophotometer at 490 nm.

2.10. Biological Evaluation of the Pluronics based Hydrogel for Pre-adipocyte
Viability and Growth

1 ml of hydrogel solution and a total of 10 samples were transferred into vials and UV

irradiated for 30 minutes. The UV irradiated samples were capped and kept at room temperature



for 1 day to complete the cross-linking reaction. The samples were sterilized under UV for 5
minutes before any cells were added onto them.52,500 pre-adipocyte were placed on top of each
hydrogel sample, and the well plate was incubated at 37 °C for 45 minutes so that the cells could
settle down onto the gel. 2 wells that contained only the pre-adipocyte culture without any
hydrogel were acted as controls. 2 mL of the medium was added into each well after incubation,
and the well plate was kept in an incubator at 37 °C. Phase Contrast microscopy images of the

pre-adipocyte culture with the hydrogel were taken on day 3.

3. Results and Discussion

3.1. Synthesis of Diacrylated Pluronics F127 and *H NMR Test

The diacrylated Pluronics product obtained from the lyophilizer was white in color and
powder-like in form. *H NMR spectroscopy was performed, and the degree of acrylation was
evaluated by comparing the methyl protons peaks (~1.00 ppm) with the acryl protons peaks
(~6.00 ppm) (Figure 1.4). The value of the methyl proton peaks represented 207 methyl protons
per molecule, while the value of acryl proton peaks represented the number of acryl protons
presented in one modified Pluronics F127 molecule. The *H NMR results of all the diacrylated
Pluronics F127 products indicated that overall 85% to 95% of the Pluronics F127 polymers were
modified through acrylation. This modification was sufficient for the polymers to undergo UV

induced photo-cross-linking and form a hydrogel with proper mechanical properties.

3.2. UV Induced Photo-cross-linking of Pluronics based Hydrogels
The Pluronics based hydrogel solutions were yellow colored if the solvent was de-ionized
water and red color if the solvent was the tissue medium. The solutions were very viscous in both
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cases. After UV induced photo-cross-linking was completed, the Pluronics based hydrogel

became a chemical cross-linked gel which could retain its morphology.

3.3. Oscillatory Rheology Test of Pluronics based Hydrogels

Values of the storage modulus for Pluronics based hydrogels with different composition and
different UV irradiation times were compared in this test (Figure 1.5). The results showed that as
the UV irradiation time was increased, the storage modulus of the diacrylated Pluronics F127
mixed with PEG1500 in 2:1 ratio was increased, probably due to an increase in the degree of
cross linking of the diacrylated Pluronics F127. Also, diacrylated Pluronics F127 mixed with
PEG1500 in 2:1 ratio had a higher storage modulus value than it was mixed with PEG3000 in the
same ratio, and diacrylated Pluronics F127 mixed with PEG1500 in 2:1 ratio was stronger than
they were mixed in a 3:1 ratio. The size of the PEG polymers and the ratio of the polymers in the
mixture could affect the micelle structure of the hydrogel solution. The hydrogel will swell in the
body fluid and the uncross-linked polymers will be leached out gradually. Then, it will lose its
mechanical property. The initial mechanical property of the hydrogel should be relatively strong
so as to be comparable to that of the native breast tissue. An optimal composition of the
copolymers hydrogel was found to be 30% w/v with 20% w/v diacrylated Pluronics F127 and
10% w/v PEG1500. The optimal UV irradiation time was 30 minutes with an estimated energy
01999,900 uJ/cmz. By varying the composition and UV irradiation time, hydrogels with different

mechanical properties to mimic the native breast tissue of different patient could be produced.

3.4. Swelling and Degradation of Pluronics based Hydrogels
The maximum frequency experienced by an individual is about 50 Hz, and the storage

modulus values of the actual adipocyte tissue at this frequency and with a strain of 1-5% was in
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the range of 11,000 Pa to 40,000 Pa *°. A swelling study was performed to make sure that the
Pluronics based hydrogel could maintain its mechanical properties within the range of the native
adipocyte tissue. The weight of the hydrogel was almost doubled during the first day of swelling,
and the hydrogel reached an equilibrium value in about 10 days (Table 1.1). The increase in
weight of the hydrogel was due to the absorption of PBS, once the hydrogel structure had enough
ions to maintain its osmotic pressure in the PBS, it stopped taking additional solution and could
maintain the weight at equilibrium. This change in dynamic equilibrium implied that once the
hydrogel was transferred into the human body, it could take in the body fluid in order to maintain
the osmotic pressure balance. Therefore, in order to achieve an osmotic pressure balance, it is
very important to provide a charge balance for the hydrogel. The storage modulus of the
hydrogel decreased to almost half of its value in the first day of swelling, and it reached an
equilibrium value in about the next 10 days (Figure 1.6). This could be due to the leaching out of
the uncross-linked polymers in the hydrogel and the absorption of a large amount of PBS in the
swelling process. These two problems as a result of osmotic pressure in balance should be
corrected by introducing appropriate charge in the hydrogel. Although the mechanical properties
of the hydrogels were weakened during swelling, the initial and final storage modulus values
were within the range of 40,000 Pa to 11,000 Pa, which indicated that the mechanical properties

of the hydrogels could be adjusted to fabricate a suitable scaffold for the breast implant.

3.5. Photoinitiator Cytotoxicity Test

The cytotoxicity of the photoinitiator Irgacure 2959 was evaluated by the viability and
growth of per-adipocyte (Figure 1.7). The number of cells was decreased in all the samples by a
small amount in two days, but the remaining cells in each well were healthy. With excess amount
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of cells being seeded in each well at the beginning, the cells were in close contacted with each
other. This close contact, inhibited cell growth and resulted in cell death. Despite the number of
cells being decreased in the first two days, the samples with different concentrations of the
photoinitiator behaved almost the same as the control. The concentration of the photoinitiator in
the cross-linked hydrogel was expected to be no more than 0.05%. The finding suggests that the
amount of photoinitiator used to cross link the hydrogel will not make it toxic to the cells, and
the amount photoinitiator that possible being leached form the hydrogel will not affect cell

growth.

3.6. Cell Titer Aqueous Nan-Radioactive Cell Proliferation Assay (MTS Assay)
on Pre-adipocyte Culture

The MTS Assay was performed on pre-adipocyte culture to make sure it was viable to test
the activity and growth of cells. All the absorbance readings of the cells were subtracted by the
readings of the controls. The results are shown in Figure 1.8. Viable cells constantly reduce the
MTS salt into a tetrazolium compound through the mitochondria, forming a product that has a
purple-black color *'. Therefore, an increase of absorbance indicated an increase of the healthy
cells number. The results show that the cell activity on day 0 was very low, due to the presence
of a very little amount of cells being seeded in the wells. The increase of absorbance on day 3
indicated a large number on cells growth between day 1 and day 3. The similar absorbance on
day 6 to day 8 indicated that the cells had stop growing. The results were the same as expected,
i.e., the small number of cells at the beginning provides more space for cells growth for 3 days.
However, starting on day 3, a large amount of cells occupied all the space in the well so that they

were in close contact with each other and thus inhibited the cell growth. This study suggests that
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the MTS Assay is viable for testing cell activity and cell growth. The MTS must be added into
the well plate to react with the cells, and the cell activity and cell growth were judged by the
absorbance of the cell solution. However, since the cells may grow into the hydrogel and the
hydrogel will affect the absorbance reading, it is difficult to perform the biological evaluation of
the hydrogel. A different method or a modified MTS Assay method should be used for testing

the cell activity and cell growth in future experiments.

3.7. Biological Evaluation of Pluronics based Hydrogel for Pre-adipocyte
Viability and Growth

Biological evaluation of the hydrogel with pre-adipocyte cells was intended to test its
potential for cell viability and growth. A positive finding can suggest that it can act as a scaffold
to regenerate natural tissue without undesirable immune response. Due to unexpected
difficulties, the MTS assay was unable to be performed on this study, but the Phase Contrast
microscopy images of the pre-adipocyte culture with the hydrogel were taken. The images
showed that the pre-adipocyte were healthy and able to grow next to the hydrogel on day 3
(Figure 1.9). Although this study cannot prove that the hydrogel is suitable to act as a scaffold to
regenerate the natural breast tissue, the images at least suggest that the hydrogel is stable enough
to maintain its shape in the pre-adipocyte culture for at least three days. This study also proved
that the hydrogel as well as the chemicals being leached out, which were the 10%w/v PEG-1500,
0.05% wi/v photoinitiator and a small amount of uncross-linked diacrylated Pluronics F127, were
non-toxic to the pre-adipocyte, and the pre-adipocyte were viable and able to grow normally in

the present of the hydrogel.
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4. Conclusion

In this study, diacrylated Pluronics F127 copolymer was successfully synthesized, and the
chemical cross-linked Pluronics based hydrogel was produced. The hydrogel is radiation
resistant, radiological imaging friendly and can be fabricated in any desired shape and size. It is
viable to be considered a possible scaffold for breast reconstruction for the breast cancer patient

who has undergone lumpectomy.

The oscillatory rheology test showed that by varying the composition and the UV irradiation
time, hydrogels with different mechanical properties to mimic the native breast tissue of different
patient could be fabricated. The swelling study showed that the hydrogel was able to maintain
its properties while in contact with the body fluid for a period of at least 10 days. In practice, the
hydrogel should maintain its properties until the tissue was being regenerated. Therefore, a range
of different degradation rate could be useful. The mechanical properties of the hydrogel can be
altered by changing the hydrogel composition and the UV irradiation time. Furthermore, the
hydrogel passed the preliminary phase of biological evaluation, indicating that its components
were not toxic to the pre-adipocyte. The Pluronics-based hydrogel has the potential to serve as a

space-filling scaffold for breast reconstruction and tissue regeneration.

Future research will be focus on the degradation of the hydrogel and the ability of the
hydrogel to act as a scaffold to facilitate the growth of pre-adipocyte, so as to reach the goal of
tissue regeneration. By varying the composition and UV irradiation time, not only different
mechanical properties, but also different degradation rates of hydrogel could be achieved. The
degradation rate of the hydrogel should be similar to the growth rate of the pre-adipocyte cells so

that the space of the hydrogel would be replaced by newly generated tissues and the original
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shape of the breast could be conserved. The surface of the hydrogel could be coated with
fibronectin so that the pre-adipocyte will be more likely to settle down on the hydrogel and
proliferate on it. The number of pores and the pore size of the hydrogel are very important for
cells growth. The proper size and connectivity of the pores are essential for pre-adipocyte
growth. Moreover, if time is available, the cell study would have been performed for a longer
period of time to better confirm the ability of the hydrogel serving as a scaffold for tissue
regeneration. The swelling study should also include measurements on the volume changes of
the hydrogel. Cell differentiation ability of the hydrogel is another important study needed to be
performed. Capillary vessel must be regenerated at the same time as the breast tissue so that
there will be enough nutrition to be delivered to the breast tissue, which is essential for cell
viability and growth. Overall, the successful synthesis of the Pluronics based hydrogel may

produce a novel material for tissue regeneration applications.
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Appendices

Ethylene oxide Propylene oxide Ethylene oxide

Hydrophilic Hydrophobic Hydrophilic

Figure 1.1: Pluronic tri-block copolymer molecule, x represents the number of PEO
groups, y represents the number of PPO groups °.
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Figure 1.2: Physical gelation transition and UV-induced photo-cross-linking of diacrylated
Pluronics tri-block copolymers. Pluronics tri-block copolymers are assumed to be in a closely
packed state prior to photo-polymerization *°.
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Figure 1.3: Diacrylated modification of Pluronics polymer.
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Flgure 1.4: 1H NMR spectrum confirming degree of diacrylation of the Pluronics F127 through

comparison of acryl protons peaks ("~6.00 ppm) and methyl protons peaks (~1.00ppm). The
acryl protons peaks shown here were amplified 16 times.
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Figure 1.5: Comparison of storage modulus of Pluronics based hydrogel with different
compositions and different UV irradiation times. DAF127 stands for diacrylated Pluronics F127,
PEG1500 stands for PEG with an average molecular weight of 1500 Da and PEG3000 stands for
PEG with an average molecular weight of 3000 Da. Due to error limits of the Anton Paar
Physica MCR 301 rheometer, the curves of some samples were not smooth.
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Table 1.1: Changes in weight of Pluronics based hydrogels in PBS for 10 days

Day Weight of The Hydrogel (g)
0 0.56
1 1.12
2 1.12
3 1.13
4 1.14
7 1.17
9 1.19
10 1.19

The weight of the hydrogel was almost doubled during the first day of swelling, and the hydrogel
reached an equilibrium value in about 10 days.
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Figure 1.6: Changes of storage modulus of Pluronics based hydrogels in PBS for 10 days.
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Figure 1.7: Cytotoxicity test of photoinitiator Irgacure 2959 on per-adipocyte. The number of
cells on day 0 and day 2 were compared. The test was carried out in collaboration with Elluru.
The design of the experiment and the preparation of the solution were performed by Guan while
the measurements of cell number were carried out together with Elluru.
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Figure 1.8: MTS Assay on pre-adipocyte culture, absorbance readings of day 1, 3, 6, 8 are
compared. The test was carried out in collaboration with Elluru. The preparations of the solutions
as well as the readings on day 6 were performed by Guan while the design of the experiment and
the measurements on day 1, 3 and 8 were carried out together with Elluru.
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Figure 1.9: Phase contrast microscopy images of pre-adipocyte culture growth next to the
Pluronics base hydrogel on day 3. The test was carried out in collaboration with Elluru.
Preparations of hydrogels were performed by Guan while experimental design and phase contrast
microscopy images were carried out in collaboration with Elluru.
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Chapter |1

1. Introduction

Clean water is essential to human health, agriculture, industry and the ecosphere. However,
with the rapid development of industries, such as metal plating facilities, mining operations, and
fertilizer industries, heavy metal pollution has become one of the most serious environmental
problems today. Heavy metals are not biodegradable and tend to accumulate in living organisms.
Many heavy metal ions are known to be toxic or/and carcinogenic. Toxic heavy metals of
particular concern in treatment of industrial wastewater include zinc, copper, nickel, mercury,
cadmium, lead and chromium. In order to tackle this pollution problem, the technology of
removing heave metals from industrial and commercial waste water becomes relevant. Many
methods and procedures, including chemical treatment, physical treatment, biological treatment,
have been adopted to resolve this environmental problem.”” Activated carbon adsorbents are
widely used in the removal of heavy metal contaminants. However, the depleted source of
commercial coal-based activated carbon results in a substantial increase in price. ®° Therefore, a

low cost, high efficiency and safe treatment of heavy metals is in great demand.

Electrospinning is a method of polymer fabrication technique that can create web-like non-
woven nanofibrous membranes. Since these membranes have up to 40 m?/g effective surface
area and close to 80% effective porosity with continuously interconnected pores, they have many
advantages in applications to water purification, such as microfiltration.’® Microfiltration is a
filtration process that removes contaminants from a fluid by passage through a microporous
membrane with the pore sizes ranging from 0.1 to 10 um.** However, as the pore sizes are much
larger than those of dissolved metal ions in the form of hydrated ions, microfiltration membranes
12-14

cannot be simply used for filtering heavy metal ions from an aqueous solution.
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Polysaccharides are among the most abundant natural polymers on earth, and cellulose is the
simplest and most abundant one. As a major constituent of all plant matter, cellulose is relatively
low cost.” In order to improve the removal efficiency of metal ions, a novel microfiltration
membrane consisting of cellulose nanofibers (CNF) and amino modified cellulose nanofibers
(mCNF) infused in an electrospun polyacrylonitrile (PAN) scaffold on a non-woven

polyethylene terephthalate (PET) support was investigated.

Lead (I) is an example for positive charged metals in this study. The maximum limit
concentration of lead (I1) in drinking water is 0.015 mg/L.'® Lead is a common metal found
throughout the environment in lead-based paint, air, soil, dust, food, porcelain, pewter, and
water. Lead can cause damage to the brain, red blood cells, and kidneys if too much of it enters
one’s body and builds up in the body over many years. Lead in drinking water, although rarely
the sole cause of lead poisoning, can significantly increase a person’s total lead exposure.” The
Lead exists as lead ion (Pb*") in an acid solution and starts to precipitate at pH values higher than
6.5, depending on the concentration of lead ions (Figure 2.1).*® In order to attract the positively
charged lead ions, negatively charged cellulose nanofibers were produced. Isogai and his
coworkers successfully prepared the ultra-fine cellulose nanofibers with diameters of about 5 nm
and lengths of about 1 um by the TEMPO oxidation method***:. The cellulose nanofibers have
large surface area and significant amounts of C6 carboxylate groups on the fiber surface, which
can be modified for many applications.’*? In this case, the positively charged Pb** ions can be
attracted by the negatively charged COO™ on the surface of CNF through electrostatic

interactions.

Chromium (V1) is an example for negatively charged metal ions in this study. The maximum

limit concentration of chromium (V1) in drinking water is 0.05 mg/L. Chromium (V1) has been
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used for chrome plating, dyes and pigments, leather tanning, and wood preservation®’. Breathing
high levels of chromium (V1) can damage to the nose and cause cancer %. Further, ingesting high
levels of chromium (V1) may result in anemia or damage to the stomach or intestines.??> The
hexavalent species of chromium exists primarily as chromic acid (H,CrQO,), hydrogen chromate
ion (HCrO4) and chromate ion (CrO4%), depending on pH (Figure 2.2).% In order to attract the
negative charged chromium ions, the CNF were further modified to generate positive charges on
the surface of the nanofibers. The CNF were amino-modified by polyvinylamine (PVAmM)
according to EDC reaction and the amino groups on the PVAm chains formed peptide bonds
with the COO™ groups on the surface of the CNF. The abundant amino side chains of PVAm not
only increased the efficiency of grafting, but also introduced enormous of amino group on the
surface of mCNF. Therefore, the mCNF with positive surface charged were generated. In this
case, the negative charged HCrO; and CrO,” ions can be attracted by the positive charged

amino groups (-NHs") on the surface of mCNF through electrostatic interactions.

2. Experimental

2.1 Materials

Polyacrylonitrile (PAN) with an average molecular weight of 1.5 x 10° g/mol was purchased
from Scientific Polymer Products. 98% N,N-dimethylformamide (DMF), N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), N-Hydroxysuccinimide
(NHS), 2,2,6,6-tetramethylpiperidine-1-oxylradical (TEMPO), sodium hypochlorite (NaClO),
potassium chromate (K,CrO,4), Lead (Il) nitrate (Pb(NOgs),), sodium bromide (NaBr), 4-(2-
pyridylaxo resorcinol) (PAR) and 1,5-Diphenylcarbzid were purchased from Sigma-Aldrich. The

PET non-woven support was purchased from Sanko, Japan. Wood pulp (Biofloc 96 MV, Tembec
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Tartas Factory in France) was selected as the source to produce ultra-fine cellulose nanofibers.

30% polyvinylamine (PVAm) solution was obtained BASF.

2.2 Electrospinning of PAN nanofibrous membrane

6 wt% of PAN solution was prepared by dissolving the PAN powder in DMF and stirring at
60 °C until the solution was homogeneous, which might take around 24 hours. The solution was
electrospun directly onto a PET substrate by using a computer-controlled electrospinning
instrument, consisting of a metallic spinneret, a syringe pump, a high-voltage power supply, and
a step-moving collector. The electrospinning instrument was operated in a closed environmental
chamber, with the humidity adjusted by a compressed air flush system. Teflon tubing was used
to connect the syringe pump to the spinneret for delivery of the PAN solution under controlled
conditions. The sample was electrospun at a spinneret diameter of 1.0 mm, a solution flow rate
of 25 pL/min, ambient temperature of 22 °C, humidity of 50 %, a tip-to-collector distance of 10
cm and applied voltages between 13 to 15 kV. After the desired thickness of the PAN
membranes were produced, the PAN membranes were taken out from the rotating drum collector
and dried at room temperature for 24 hours prior to use or/and any further modifications. The

electrospun PAN membranes were prepared with the help of graduate student Ran Wang.

2.3 Preparation of modified cellulose nanofibers
The procedure for the preparation of CNF and mCNF is shown in Figure 2.3. The CNF were
prepared according to the procedure of TEMPO oxidation published earlier.**# In short, wood

pulp which contained 10 g dry weight of cellulose was dispersed in 100 g of water. Then, 2 g of
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sodium bromide and 0.2 g of TEMPO agent were added into the suspension and stirred until all
the powder materials were dissolved. To start the reaction, 75 g of 13% NaClO solution were
added into the cellulose mixture, and the pH value of the mixture was controlled at 10-11 by
adding 0.5 M NaOH solution. The mixture was stirred at room temperature for 24 hours. After
the reaction was finished, the product was filtered and washed by distilled water several times to
remove the extra salts, and the carboxylated ultra-fine cellulose nanofibers (CNF) with diameters
of around 5 nm were achieved after ultrasonification. In order to produce amino-modified
cellulose nanofibers (MCNF), the carboxylated cellulose nanofibers were grafted by PVAmM
using EDC and NHS as catalysts. To 100 ml of the carboxylated cellulose nanofibers suspension
with 0.4% solid content, 6.7 g of PVAm solution, 0.1 g EDC and 0.07 g NHS were added, and
the pH value was controlled at 7.5 — 8. After the mixture being stirred overnight at room
temperature, the product was centrifuged and washed by distilled water several times to remove
the excess reagents. Ultrasonification was applied on the product to generated mCNF suspension

in desire concentrations.

2.4 Preparation of composite nanofibrous membrane

CNFs were used as testing adsorbents for Pb (I1), while mCNFs were used as testing adsorbents
for Cr (VI). In order to adapt microfiltration membranes for heavy metal adsorption, 4 ml of
0.01 wt% CNF/ mCNF suspension were infused into in a 2 inch diameter PAN scaffold on a
non-woven PET support with an applied pressure of 2 psi. The concentrations of CNF/mCNF in
the initial suspension and the permeate suspension were tested by using a total organic carbon
analyzer (TOC-5000, Shimazu Corp). According to calculation, the density of CNF/mCNF in the
PAN scaffold reached 0.05 mg/cm?. These microfiltration membranes consisting of CNF/mCNF
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infused in a PAN scaffold on a non-woven PET support were used for dynamic adsorption
experiments. However, since the static adsorption does not require a membrane with strong
mechanical strength, the PET support was peeled off from the membranes used in static

adsorption experiments.

2.5 Characterizations of functional cellulose nanofibers

After the TEMPO oxidation, the carboxyl content of the CNF was determined by
conductivity titration with 0.04 M NaOH solution. Freeze dried cellulose samples were scanned
with a Thermo Scientific FTIR model Nicolet 1S10. Infrared spectra of wood pulp, CNF and

MCNF were recorded and analyzed for the newly introduced functional groups.

2.6 Composite membrane geometry

The morphology of membranes was detected by the scanning electron microscope (SEM,
PEI Phenom) equipped with a Schottky field emission gun (10 kV) and a Robinson backscatter
detector. All samples were coated by gold for a period of 30 seconds before scanning. The cross-
sectioned samples were prepared by fracturing water-wetted membrane in liquid nitrogen. The
fiber diameters and the cellulose nanofibrous barrier layer thickness were determined by using
the SEM image together with a modified LeiKa software which was developed at Stony Brook

(www.dell.chem.sunysb.edu).
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2.7 Composite membrane porometry examination
The pore sizes of electrospun PAN scaffold, the CNF-PAN composite membrane and the
MCNF-PAN composite membrane were determined by a capillary flow porometer (CFP-1500A

from PMI porous material, INC). The Galwick wetting fluid was used for bubble point tests.

2.8 Static adsorption of heavy metal ions

Static adsorption experiments were carried out using the batch equilibration technique. The
1000 ppm stock solution for Pb (11) was prepared from Lead (1) nitrate (Pb(NO3),), and the 1000
ppm stock solution for Cr (VI) was prepared from potassium chromate (K,CrO,4). For static
adsorption experiments, initial concentrations of metal solutions were prepared in the range 10-
100 ppm by diluting the stock metal solutions. The pH values of the metal solutions were
adjusted by adding negligible amounts NaOH and HCI solutions. A series of 50-ml centrifuge
tubes containing 0.5-1 mg adsorbents and 5-10 ml solution were capped at room temperature
until equilibrium was obtained. Since the adsorbents CNF/mCNF were infused into the PAN
scaffold, they can be removed by taking out the membrane from the metal solution after the
adsorption equilibrium has reached. In order to get an accurate measurement of the adsorption
efficiency of the CNF/mCNF, static adsorption tests for both metals were also performed on the
PAN scaffolds without any infusion of CNF/mCNF. The experiments were performed over a
period of 24 hours, and the adsorption efficiencies were tested at different time points to find out
the time duration needed for the adsorption. In order to learn about the pH effect on adsorption,
the pH values of initial metal ion solutions were adjusted over a range of 2 — 6 for Pb (1) and 1 -
13for Cr (VI1).The adsorption efficiencies at different pH values were compared to determine the

optimal pH value. For the adsorption capacity experiments, different initial concentration of
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metal ion solutions were treated with same amount of adsorbents, and adsorption capacity was

calculated from the adsorption efficiency at different concentrations.

2.9 Dynamic adsorption of heavy metal ions

Dynamic adsorption experiments were carried out in an open-ended cell. Initial concentrations
of metal solutions were prepared in 50 ppm, and the pH values of the metal solutions were
adjusted by adding negligible amounts NaOH and HCI solutions. For each test, a volume of 50
ml metal solution was filtrated through a 2 inch diameter CNF/mCNF composite membrane by
using a syringe at a speed of 2 ml/min. The metal solutions permeated for each experiment were
collected in 5 portions, 10 ml each, and the adsorptions of each portion were tested. Dynamic
adsorption tests for both metals were also performed on the PAN scaffolds without any infusion
of CNF/mCNF in order to confirm that there was no removal of metals by the PAN scaffold
itself. The adsorption efficiency (Q) for both static and dynamic adsorption was calculated as

follows:
Q= V(Ci - CH)/M, (1)

where V was the volume of the metal ion solutions, M, was the mass of the corresponding
adsorbents, Ci and Cf were the metal ion concentrations of initial and after adsorption,

respectively.
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2.10 Desorption of heavy metal ions

After dynamic adsorption experiments were conducted, the 2 inch diameter CNF/mMCNF
composite membranes with metal ions attracted were dried and saved for desorption tests.
Desorption experiments were carried out in a similar way as dynamic adsorption. The composite
membrane was placed in an open-ended cell, and 5-ml of NaOH and HCI solution was filtrated
through the membrane by using a syringe at a speed of 2 ml/min. The NaOH and HCI solutions
permeated for each experiment were collected, and the metal concentrations of the solutions

were tested. The desorption efficiency (D) was calculated as follows:
D (%) =CdV/QM, (2)

where V was the volume of the desorption metal ion solutions, M, was the mass of the
corresponding adsorbents, Cd was the metal ion concentrations of desorption, and Q was the
adsorption efficiency of the membranes. All adsorption and desorption experiments were carried

out at room temperature and duplicated three to five times.

2.11 Spectrophotometric determination of metals ions

The metal concentrations were measured by the UV-visible spectrophotometric method. The
spectrophotometric method is highly sensitive to the metal concentration via complex formation
with a chromogenic reagent in an aqueous solution. For measurements of Pb (Il) concentration,
0.5 ml of 0-80 ppm Pb (1) solution was put into series of 10 ml volumetric flasks to which 0.6
ml of 0.024% (wt/v) PAR were added, and the borax buffer with pH equal to 9 was added to
make up a volume of 10 ml. The maximum absorbance wavelength for the Pb-PAR complex was

determined at 523 nm. For measurements of Cr (V1) concentration, 0.5 ml of 0-100 ppm Cr (V1)
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solution was put into series of 10 ml volumetric flasks to which 0.5 ml of 0.25% (wt/v) 1,5-
Diphenylcarbzid were added, and 0.5 N H,SO, solution was added to make up a volume of 10

ml. The maximum absorbance wavelength for the complex was determined at 541 nm.

3. Results and Discussion

3.1 Functional groups in cellulose nanofibers

According to the result of conductivity titration, the amount of C6 carboxylate groups
generated on the surface of the CNF was 2.08 = 0.12 mmol/g. The introduced carboxyl groups
will function as negatively charged domains for adsorption of positively charged metal ions. The
additional characteristic peaks in the infrared spectra of the difference cellulose samples are
shown in Figure 2.4.

The C=0 stretching of the N-acetyl groups at 1680 cm™ and the broad band for N-H
vibration between 3000 cm™ and 3300 cm™ were evidence of the effective PVAm grafting of
cellulose nanofibers and the formation of mCNF. The introduced amine groups will function as

positively charged domains for adsorption of negatively charged metal ions.

3.2 Structure characterization of composite membrane

The PET non-woven membrane was chosen as the support for the electrospun PAN scaffold.
Its mechanical properties were determined by the previous study, showing that it was the main
load bearing component, responsible for the mechanical strength.*® The average thickness of the
PET support and the electrospun PAN scaffold are 104.4 £ 1.7 um and 37.3 £ 6.4 um, which

were determined and confirmed by using a micrometer and a modified LeiKa software
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developed at Stony Brook (www.dell.chem.sunysb.edu). The PET support had an average fiber
diameter of (1.93 + 0.89) x 10* nm which was about 100 times larger than that of the electrospun
PAN scaffold (220 £ 50 nm). SEM microscopy images (Figure 2.5) showed that the electrospun
PAN fibers were randomly deposited on the PET support, and formed a highly porous scaffold
with a porosity of about 80% which was calculated by the weighing method. From the images of
CNF/mCNF infused PAN membranes, the PAN fibers were intertwining by the cross-linked
CNF/mCNF networks while the geometry of the electrospun membrane remained constant, and

the porosity remained close to 80%.

3.3 Porometry examination of composite membrane

After the infusion of CNF/mCNF, the maximum pore size of PAN-PET membrane remained
the same, but the mean flow pore size and pure water flux was reduced (Table 2.1). Although the
mean flow pore size was reduced to 0.32 um, it was still within the range of microfiltration.
Also, the pure water permeability could be maintained at a higher value than that of
ultrafiltration membranes which was about 100 L/m? h.psi. Since the mean flow pore size of the
composite membrane was much larger than the size of dissolved metal ions in the hydrated form,
the composite membrane could be used to remove metal ions by electrostatic interactions, not by

size exclusion.

3.4 Time influence on adsorption
For adsorption of Pb (11), 0.7 mg of adsorbents were added into 10 ml Pb (1) solution with an

initial concentration of 50 ppm, and the pH value of the solution was adjusted to 6 by adding a
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negligible amount NaOH solution. For adsorption of Cr (VI), 1.2 mg of adsorbents were added
into 40 ml Cr (VI) solution with an initial concentration of 15 ppm, and the pH value of the
solution was adjusted to 4 by adding a negligible amount of HCI solution. The static adsorption
tests on the PAN scaffold confirmed that it had negligible adsorption or rejection for both metal
ions. Therefore, only the weights of CNF and mCNF were considered as adsorbents in this study.
Table 2.2 lists the influence of time on metal adsorptions which were carried out at room
temperature. For the Pb (1) experiment, the adsorption increase slowly during the first 4 hours,
and almost stopped increasing after 24 hours. In contrast, it is clear that the adsorption increase
rapidly during the first 1hour for the Cr (VI) experiment, but it did not change much after that.
Thus, for the adsorptions of Pb (I1) and Cr (V1), a period of 24 hours could be considered to have

essentially reached the equilibration state.

3.5 Solution pH influence on adsorption of Pb (I1) and Cr (VI)

For the Pb (1) experiments, 0.7 mg of adsorbents were added into 10 ml Pb (11) solution with
an initial concentration of 50 ppm, and the pH of the solution was adjusted by adding negligible
amounts of HCI solution and NaOH solution to the range of 2-6. The reason why the pH of Pb
(11) solution was not adjusted to below 2 was because most of the carboxyl groups on the surface
of the CNF would be protonated at low pH values and thereby lost their ability to attract the Pb
(1) ions. Furthermore, due to formation of white precipitate of Lead (Il) hydroxide (Pb(OH),)
around pH 6.5, the pH of the Pb (I1) solution was not adjusted to above 6. The experiments were

conducted at room temperatures for 24 hours before taking the UV readings.
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Figure 2.6 shows the pH influence on the adsorption of Pb (Il). The adsorption of Pb (lI)
increased with increasing pH value from 2 to 6 and reached a maximum at pH 6. This was due to
the influence of pH on the protonation of carboxyl groups on the surfaces of CNF. As the pH
value was increased from 2 to 6, the carboxyl groups on the surface of CNF started to
deprotonate and changed from no charge to negative 1 charge. As the number of deprotonated
carboxyl groups increased, the ability of the CNF to attract the Pb (Il) ions increased. At the
same time, the Pb (Il) remained as positive 2 charged ions in this pH range. Therefore, the
experiment indicated that the solution pH could affect the adsorption of Pb (1) by CNF, and the
optimum pH for adsorption was 6. Since the original pH value of the Lead (Il) nitrate solution
was in the range of 4.7 to 5.2 in the concentration range between 1000 to 10 ppm, it did not
require us using too much NaOH solution to adjust the pH to 6. Therefore, it was convenient and

beneficial to adjust the Pb (11) solution to pH 6 in order to optimize the adsorption condition.

For the Cr (VI) experiment, 0.5 mg of adsorbents were added into 10 ml Cr (V1) solution of
an initial concentration of 15 ppm, and the pH of the solution was adjusted by adding negligible
amounts of HCI solution and NaOH solution to the range of 1 to 13. The experiments were

conducted at room temperature for 24 hours before taking the UV readings.

Figure 2.6 also shows the pH influence on the adsorption of Cr (VI). The adsorption of Cr
(V1) increased with increasing pH value from 1 to 4 and reached a maximum at pH = 4.
However, the adsorption decreased with increasing pH from 4 to 13. This was due to the
influence of pH on the Cr (V1) species in the solution and the protonation of amino groups on the
surfaces of mCNF. As the pH value was increased from 1 to 4, the primary species of Cr (V1)
changed from no charge in H,CrO4to the charged form HCrO, . Therefore, the HCrO, species

could be attracted by the positively charged amino groups (-NHs") on the surface of mCNF
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through electrostatic interactions. As pH increased from 4 to 13, the primary species of Cr (VI)
changed from HCrO,4 to CrO,%, and the charge changed from -1 to -2. In order to attract one Cr
atom, the number of amino groups was increased from one to two. Also, as the pH value was
increased from 1 to 13, the amino groups on the surface of MCNF started to deprotonate and lost
the positive charge. As a result, the amino groups on the surface of mMCNF then lost the ability to
attract the Cr (V1) species. Thus, the adsorption of Cr (V1) decreased with increasing pH from 4
to 13. The experiment indicated that the solution pH could affect the adsorption of Cr (VI), and
the optimum pH value for Cr (V1) adsorption was 4. Since the original pH value of the H,CrO4
solution was in the range of 4.08 to 4.8 in the concentration between 1000 to 10 ppm, little HCI
solution was needed to adjust the pH value to 4. It is convenient and beneficial to adjust the Cr
(V1) solution to pH = 4 to optimize the adsorption condition. In practice, the pH value of those
pollutants should be adjusted to the optimal pH value, as shown in Figure 2.6, in order to take

advantage of the maximal adsorption capacity of the membrane.

3.6 Adsorption isotherms of Pb (I1) and Cr (VI)

For the Pb (11) experiment, 0.7 mg of adsorbents were added into 10 ml Cr (V1) solution with
an initial concentration varying from 10 — 80 ppm, and the pH value of the solution was adjusted
to 6 by adding negligible amounts of NaOH solution. The higher concentration of Pb (I1) had not
been tested due to the precipitation of Pb(OH),. The higher the concentration of Pb (lI), the
lower the pH value of the precipitation which was close to 6. The experiments were conducted at

room temperature for 100 hours before taking the UV readings.
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Figure 2.7 shows the adsorption isotherms of Pb (I1). As the initial concentration of Pb (II)
solution increased from 10 to 50 ppm, the amount of Pb (1) adsorbed at equilibrium was also
increased. However, as the initial concentration of Pb (Il) solution was exceeding 50 ppm and
was increased to 80 ppm, the amount of Pb (II) adsorbed increased slowly and reached a
maximum. The Pb (I1) adsorption isotherms of CNF could be fitted well to the Langmiur model

Ce Ce 1
—_— =

Qe Qm K.Q, ®)

where Ce stands for the equilibrium concentration, Qe stands for the adsorption at equilibrium,
Ky is the constant related to the adsorption energy and Qm is the saturated adsorption. In order to
find out the value of Qm, Ce/Qe is plotted against Ce (Figure 2.8). The data fit well linearly. Qm

= 159 mg/g, based on the slope of the linear line.

For the Cr (V1) experiment, 1 mg of adsorbent was added into 5 ml Cr (VI) solution with
initial concentrations varying from 15 — 100 ppm. The pH value of the solution was adjusted to 4
by adding HCI solution. The experiments were conducted at room temperature for 100 hours

before taking the UV readings.

Figure 2.9 shows the adsorption isotherms of Cr (V1). As the initial concentration of Cr (VI)
solution increased from 15 to about 50 ppm, the amount of Cr (V1) adsorbed at equilibrium was
also increased. However, as the initial concentration of Cr (VI) solution exceeded 50 ppm, the
amount of Cr (VI) adsorbed increased slightly and reached a maximum. The Cr (V1) adsorption
isotherms of mMCNF could be fitted well according to the Langmiur model Qm =71 mg/g (Figure

2.10).
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3.7 Dynamic adsorption of Pb (I1) and Cr (VI)

For the Pb (I1) experiment, 50 ml of 50 ppm Pb solution with pH value adjusted to 6 was
filtered through a 2 inch diameter CNF composite membrane. Figure 2.11 shows the dynamic
adsorption of Pb (Il). The highest adsorption was obtained at the first 10 ml Pb (II) solution.
Then, as the amount of Pb (Il) solution passed through the membrane was increased, the
adsorption efficiency was decreased. When the fifth 10 ml Pb (1) solution was filtrated out from
the CNF composite membrane, there was almost no adsorption observed. Therefore, for the total

of 50 ml of 50 ppm Pb (I1) solution, the adsorption efficiency of Pb (I1) on CNF was 259 mg.

For the Cr (V1) experiment, 50 ml of 50 ppm Cr (1) solution with the pH value adjusted to 4
was filtrated through a 2-inch diameter mCNF composite membrane. Figure 2.12 shows the
dynamic adsorption of Cr (VI). Almost the same situation as Pb (1), the highest adsorption was
obtained at the first 10 ml Cr (VI) solution. Then, as the amount of Cr (V1) solution passing
through the membrane was increased, the adsorption efficiency was decreased. When the fifth 10
ml Cr (V1) solution was filtrated out form the mCNF composite membrane, there was almost no
adsorption observed. Therefore, for the total of 50 ml of 50 ppm Cr (V1) solution, the adsorption

efficiency of Cr (V1) on mCNF was 100 mg.

For both of Pb (1) and Cr (VI), the saturation capacities for dynamic adsorption of the
CNF/mCNF composite membranes were higher than those for the static adsorption. This may
due to the adsorption being occurred first in the middle of the CNF/mCNF composite
membranes. As the SEM images showed, the PAN scaffold of the CNF/mCNF composite
membrane could be contributed by many electorspun nanofibers randomly deposited on the PET
support to make up a thickness of 37.3 um. After the infusion, the CNF/mCNF penetrated into
the 37.3 pum thick PAN scaffold and intertwined with the electorspun PAN nanofibers while
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retaining a porosity of close to 80 % in the composite membrane. For dynamic adsorption, as the
metal-containing solution was passing through the composite membrane which was filled with
absorbents, the metals could be removed effectively. However, the metal solution could only
contact the surfaces of the CNF/mCNF composite membranes in the static adsorption, and the
adsorption efficiency was limited. Therefore, the proper thickness of the PAN scaffold could

affect the adsorption efficiency, which was maximized in the dynamic adsorption.

3.8 Desorption of Pb (1) and Cr (VI)

From the study of the pH effect on Pb (II) adsorption, very little adsorption could be obtained
from a metal solution with pH lower than 2. Therefore, 1 M HCI solution was used to treat the
CNF composite membrane for desorption. On the other hand, 0.1 M NaOH solution was selected
to treat the mMCNF composite membrane for desorption, since there was little adsorption obtained
from a metal solution with pH higher than 13 from the study of the pH influence on Cr (VI)
adsorption. Based on the above observation, the metal ions on the composite membrane could be
removed close to 100 % removed by using HCI and NaOH solutions for both cases. More
importantly, followed by a wash with distilled water, the composite membrane could be recycled

and reused.

3.9 Comparison of reported static adsorption capacities of Pb (I1) and Cr (V1)
The adsorption capacities of Pb (1) and of Cr (VI) in this study were compared to the
reported results of some commercial activated carbon products (Table 2.3). When compared with

the reported values of some commercial activated carbon products, the level of adsorption
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capacity of Pb (1I) by CNF was considered to be high. Although the adsorption capacity of Cr
(VI) by mCNF was not as high as the one of Pb (ll), it was close to those of the commercial

products.

4. Conclusion

A novel microfiltration membrane consisting of CNF/mCNF infused in an electrospun PAN
scaffold on a non-woven PET support was investigated. Although the pore size of the PAN-PET
membrane was reduced after the infusion of CNF/mCNF, it was still within the range of
microfiltration. The adsorption performance of the composite membrane was influenced by the
pH value of the metal solution. For Pb (Il), the saturation capacity of the CNF composite
membrane was 159 mg/g Pb (Il) by static adsorption and 259 mg/g Pb (Il) by dynamic
adsorption at an optimum pH value of 6. For Cr (Il), the saturation capacity of the mCNF
composite membrane was 71 mg/g Cr (VI) by static adsorption and 100 mg/g Cr (VI) by
dynamic adsorption at an optimum pH value of 4. Also, 100 % of the metal ions could be
removed from the composite membrane by desorption, and the composite membrane could be
recycled and reused. Compare with commercial activated carbon products, the adsorption
capacity of Pb (I1) by CNF was superior, while the adsorption capacity of Cr (V1) by mCNF was
comparable. Although there were only two heavy metal examples in this study, the adsorptions
were not limited to Pb (I1) and Cr (V1). The adsorption mechanisms of the composite membranes
were charge specific. Thus, they could be used for other charged ion removal. Overall, a novel,
low cost, safe and effective method for heavy metal removal has been developed to a promising

initial stage. It should be interesting to study a composite membrane which has the ability to
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remove both negatively charged ions and positively charged ions together. In order to do so, the
nanofibers must have free negative and positive charges. Such a configuration is within our reach

in the current set up.
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Figure 2.1: Species diagram of Pb (II) of 0.05 mn?ol/L in an aqueous solution at 25 °C*®
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Figure 2.2: Relative distribution of Cr (V1) species in water as a function of pH and
concentration.?
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Equation 1
Q=V(Ci - Cf)/Ma (1)

where Q was the adsorption efficiency, V was the volume of the metal ion solutions, Ma was the
mass of the corresponding adsorbents, Ci and Cf were the metal ion concentrations of initial and
after adsorption, respectively.

Equation 2
D (%) =CdV/QMa 2

where D was the desorption efficiency, V was the volume of the desorption metal ion solutions,
Ma was the mass of the corresponding adsorbents, Cd was the metal ion concentrations of
desorption, and Q was the adsorption efficiency of the membranes.

Equation 3

Co_Ce, 1 ©
QE Q??ﬁ‘ KI Q*.

where Ce stands for the equilibrium concentration, Qe stands for the adsorption at equilibrium,
Ky is the constant related to the adsorption energy and Qm is the saturated adsorption.
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Figure 2.3: Oxidation and PVAm grafting of ultra-fine cellulose nanofibers.
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Figure 2.4: FTIR spectra of wood pulp, CNF and mCNF.
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Figure 2.5: SEM microscopy images of PAN-PET membrane, CNF infused PAN-PET
membrane and mCNF infused PAN-PET membrane: a. top view of PAN membrane; b. cross-
sectioned of PAN-PET membrane®®; c. top view of CNF infused PAN membrane; d. top view of
MCNF infused PAN membrane.
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Table 2.1: Structure of PAN-PET membrane, CNF infused PAN-PET composite membrane and
MCNF infused PAN-PET composite membrane

Material PAN-PET CNF-PAN- MCNF-PAN-PET
PET

Maximum pore size (um)  0.78 0.73 0.78

Mean flow pore size (um)  0.66 0.38 0.32

Pure water flux (L/m* ~3000 ~1300 ~1300

h.psi)

After the infusion of CNF/mCNF, the maximum pore size of PAN-PET membrane remained the
same, but the mean flow pore size and pure water flux was reduced. Although the mean flow
pore size was reduced to 0.32 um, it was still within the range of microfiltration.
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Table 2.2: Time influence on the adsorption of Pb (I1) and Cr (V1)

Time Pv (I1) in mg adsorbed by CNF in g Cr (VI) in mg adsorbed by mCNF in g
(mg/g) (mg/g)
15 minutes 30.3+3.6 46.1+5.1
30 minutes 49.7+3.3 48.0 £ 0.6
45 minutes 67679 53.1+8.0
1 hour 75.6+8.0 576+11
2 hours 85.9+3.3 60.1+1.3
4 hours 107.3+9.0 62.7+6.1
24 hours 119.2 +10.3 63.0+ 8.5

For the adsorptions of Pb (Il) and Cr (VI), a period of 24 hours could be considered to have
essentially reached the equilibration state.
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Solution pH Influence on Static Adsorption of Pb (II) and Cr (VI)
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Figure 2.6: Solution pH influence on static adsorption of Pb (I1) and Cr (VI).
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Figure 2.7: Adsorption isotherms of Pb (I1) on CNF.
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Figure 2.8: Langmuir model of Pb (11) adsorption isotherms.
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Figure 2.9: Adsorption isotherms of Cr (VI) on mCNF.
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Figure 2.10: Langmuir model of Cr (V1) adsorption isotherms.
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Figure 2.11: Dynamic adsorption of Pb (11) on CNF.
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Figure 2.12: Dynamic adsorption of Cr (VI) on mCNF.
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Table 2.3: Comparison of reported static adsorption capacities of Pb (11) and Cr (V1)

Type of adsorbent Po  (II) QOQm|Cr (VI) Qm
(mg/g) (ma/g)

CNF 159 at pH=6 -

MCNF - 71 at pH=4
Granular activated carbon of Merck brand |21.5atpH =55 3.9 at pH=6.5
(#102518)%

Activated carbon cloths CS 1501 (with 96% of | 30.5at pH ~3-4 -
micropore volume) from the Actitex Co.%

Activated carbon cloths RS 1301 (with 32 % of | 25.7 at pH ~3-4 -
mesopore volume) from the Actitex Co.%

Granular activated carbon made form coconut shell | 13.7 at pH ~5.4-6 -

(Calgon Mitsubishi Chemical Corporation, Diasorb

W10-30)*8

Activated carbon FS-100 (Flitrasorb100, Calgon)*’ - 69.3 at pH=3.2
Activated carbon SHT (Shanghai Cocking & Chemical - 69.1 at pH=3.2

Co. Ltd., China)*

When compared with the reported values of some commercial activated carbon products, the
level of adsorption capacity of Pb (Il) by CNF was considered to be high, and the adsorption
capacity of Cr (VI) by mCNF was close to those of the commercial products.
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