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Abstract 

 

The increasing demand for potable water and the environmental impact of conventional plastics 

present significant global challenges that require innovative solutions. Addressing these issues 

effectively involves advancements in both water purification technologies and material 

sustainability. This thesis explores these challenges through two complementary projects: 

enhancing reverse osmosis (RO) membrane technology and improving the sustainability of 

alginate-based bioplastics. 

Reverse osmosis is a critical water purification technology used to produce fresh water from 

diverse sources, including seawater and brackish water. Central to this technology are RO 

membranes, which are predominantly made of polyamide. Despite their effectiveness, these 

membranes face performance limitations due to biofouling and chemical degradation. Biofouling, 

caused by microorganisms forming biofilms on the membrane surface, reduces water flux, 

increases operational pressure, and raises energy consumption. Chemical degradation affects 

membrane longevity and performance, leading to frequent cleaning and replacement. These issues 

contribute to significant economic costs and environmental waste. 

Chapter 1 explores the attachment of PEI-diazirine onto PET surfaces, with the hypothesis that 

successful cross-linking in these trials could also be applied to polyamide-based RO due to the 

reactivity between polyamides and carbenes. The objective was to develop a method for covalent 

modification of RO membranes using diazirine moieties, which could serve as a foundation for 

further functionalization. Covalent bonding offers advantages such as improved stability, 

durability, and compatibility, making it a favorable approach for RO membrane surface 

modification. In conclusion, the study introduced an innovative approach to enhancing the surface 

properties of RO polyamide-based membranes by incorporating covalently bonded diazirine-

containing molecules. While direct evidence of covalent attachment was not confirmed, indirect 

observations—such as results from dye and water angle tests, DSC, and FTIR—support the 

presence of activated diazirine on the surface. These tests disproved the idea that diazirine 

molecules react exclusively with each other rather than with the surface. This groundwork sets the 

stage for future functionalization processes to impart foul-release properties to RO membranes. 
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Chapter 2 focuses on advancing the sustainability of alginate-based bioplastics, particularly those 

derived from kelp. The study investigates the recycling potential of alginate, aiming to enhance 

sustainable practices. Recycling alginate helps preserve resources by reintegrating used materials 

into the production cycle, reducing the need for fresh raw materials. Additionally, recycling 

alginate-based products reduces waste volume, supports waste reduction goals, and minimizes the 

environmental impact of landfill disposal. 

The research in Chapter 2 builds on optimized sodium alginate extraction methods and evaluates 

the recycling potential of alginate films produced by these methods. It proposes and assesses a 

recycling protocol for its effectiveness in terms of yield and purity, focusing on calcium crosslinker 

removal and structural changes in alginate films. This study provides valuable insights into 

sustainable alginate recycling, promoting a circular economy by extending the life cycle of 

materials and reducing waste generation. 

Although each chapter addresses different material types and applications, they share a common 

theme: enhancing material performance while mitigating environmental impact. Improving RO 

membrane fouling resistance and chemical stability directly contributes to reducing waste and 

energy consumption in water treatment. For alginate bioplastics, optimizing recycling processes 

ensures effective material reuse, decreasing plastic waste and the demand for new raw materials. 

These projects reflect a broader commitment to sustainability by tackling critical issues in material 

performance and environmental responsibility. The outcomes from these chapters offer practical 

solutions that align with global efforts to conserve resources and minimize ecological footprints. 

Through the development of advanced membrane technologies and sustainable bioplastics, this 

thesis contributes to a more sustainable future, demonstrating that innovation in material science 

can drive significant improvements in both industrial applications and environmental stewardship. 

In conclusion, this thesis bridges the gap between technological advancement and environmental 

sustainability. By addressing the challenges of water purification and plastic waste management, 

it provides valuable insights and practical solutions that enhance material performance and 

promote a more sustainable approach to resource use. 
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Chapter 1: Advancing Reverse Osmosis Membrane Technology: Covalent Surface 

Engineering with Diazirine Linker for Enhanced Performance 

 

Abstract 
 

This study examines a novel approach to enhance the surface properties of RO polyamide-based 

membranes by developing a covalent surface modification procedure. Surface modifications take 

place via the introduction of covalently bonded diazirine-containing molecules, and modified 

membranes are compared to not-modified RO surfaces. The primary objective of this study is to 

establish a foundation by demonstrating that diazirine does covalently attach to polyamide 

membranes and to establish the groundwork for further functionalization of polyamide 

membranes, specifically the introduction of foul resistance. The diazirine-containing 

polyethyleneimine (PEI-diazirine) reagent was employed in the surface modification process and 

activated using UV radiation. A comparative analysis using differential scanning calorimetry 

(DSC) was conducted to determine the most effective application method for the diazirine 

compound, which revealed that the one-side coating procedure outperformed the 24-well plate and 

soaking methods. Various analytical techniques were employed to assess the surface modifications 

of the RO membranes, including FTIR-ATR, water contact angle measurements, and dye tests. 

Furthermore, PET, a surface previously proven to form bonds with diazirine, was utilized as the 

control surface throughout the study to enable a comparative evaluation of the surface activity of 

both polyamide and PET towards diazirine. The findings of this study provide valuable insights 

into the development of surface modification techniques for polyamide membranes, paving the 

way for future advancements in enhancing their foul-release properties. 

Keywords 

• Polyamide 

• Reverse Osmosis membrane 

• Covalent functionalization 

• Diazirine 
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1.1 Introduction 
 

The increase in water demand due to population growth, industrialization, and the difficulty in 

responding to water demand caused by climate change justifies the need for sustainable 

technologies to address water shortages. 1,2. According to the Canadian Safe Drinking Water 

Foundation3, RO has been successfully used as a filtration technology for desalination to address 

long-term potable water demands. RO polyamide membranes are crucial in addressing water 

scarcity because they can produce freshwater from different water sources such as well water, 

surface water, Brackish water, and seawater 3,4. Polyamide RO membrane systems are commonly 

applied in treating drinking water due to their high salt rejection capacity and broader operational 

pressure and pH compared to cellulose acetatemembranes5,6. Due to their capability of removing 

microorganisms, pollutants, and turbidity from any water source 5, the versatility of RO technology 

allows its application to smaller scales, such as buildings and villages, or larger scales, such as 

cities and industries 2,3,5–8. RO offers the filtration currently available, rejecting most dissolved 

solids as well as suspended solids5 (See Fig 1.1). 

 

Figure 1.1 “Filtration Spectrum” comparing the rejection capabilities of reverse osmosis with other membrane 

technologies and with the separation afforded by conventional, multimedia filtration5. 

  

In addition to drinking water, RO is valuable for industries since it can be applied i) to treat 

wastewater, decreasing pollutant fluxes into water bodies, ii) to respond to water demand via water 

reuse, and iii) to recover nutrients from wastewater 8. Despite the many advantages resulting from 
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the application of RO to produce fresh water, biofouling, and associated costs are the main barriers 

that hinder the popularization of this filtration technique 2,4,9. 

Biofouling, characterized by forming a layer of microorganisms encased in extracellular polymeric 

substances (EPS), known as the biofilm matrix on RO membranes, poses a significant challenge10. 

RO membranes, even when fouled with a one-month-old biofilm, maintain performance levels 

comparable to those of membranes in use for five years9. As highlighted by Fazel and Darton 10 , 

biofouling is a leading cause of more than 60% of RO system failures, either as a primary or 

secondary contributing factor. The consequences of biofouling include diminished freshwater 

production, heightened operational pressure, reduced membrane lifespan, and increased demands 

on energy and operational costs2,5,10. 

 

Figure 1.2 Schematic of Reverse Osmosis membrane in operation 

Given the challenges outlined, it is imperative to enhance existing membrane technologies by 

improving membrane performance, durability, and resistance to biofouling. By increasing RO 

membrane performance robustness increased adoption of RO membranes in meeting escalating 

demand for potable water in both industrial and domestic applications may be realized. 

To achieve enhanced membrane performance, two general methods for tailoring the properties of 

membranes have been implemented: (1) the additive blending technique and (2) surface 

modification of pre-formed membranes through surface modifying compounds. In the former 

technique, the membrane-modifying compounds are blended with membrane-forming polymers 

to synthesize membranes. This technique requires optimization of the membrane manufacturing 

process for further implementation in a large-scale production11, making it an unfavorable 

approach.  
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On the other hand, the surface engineering approach employs surface-modifying reagents to alter 

the surface of a pre-formed membrane. In this technique, various surface modification techniques 

can apply surface-modifying reagents through grafting or coating onto a pre-formed membrane. 

This approach is convenient and more accessible to implement on a large scale to modify 

commercial membranes11. Strategies for the modification of membranes through a surface 

engineering approach include the construction of a super-hydrophilic surface layer12, reduction of 

surface roughness13, the introduction of an antibacterial layer14, tailoring of electrostatic surface 

charge15, and utilization of steric repulsion effect properties16. 

As an illustration, one suggested approach involves applying a layer of hydrophilic and electrically 

neutral material, such as polyvinyl alcohol (PVA). Commercially available antifouling reverse 

osmosis (RO) membranes, like BW30FR (FilmTec) and LFC3 (Hydranautics), have been 

identified to feature coatings comprising neutral PVA layers 17,18. Compared to the unmodified 

membrane, the PVA-coated membrane consistently displays a smoother surface, increased 

hydrophilicity with reduced negative charge density, and improved antifouling and chlorine 

resistance properties. 

Within hydrophilic polymers, PEG (polyethylene glycol) and its derivatives have undergone 

comprehensive investigation because of their recognized efficacy in resisting fouling 11. An 

uncharged, water-soluble polymer, PEG features flexible long chains and a substantial exclusion 

volume. This composition is particularly effective in hindering the adsorption of hydrophobic or 

large molecules onto the surface of the membrane. 

To enhance resistance to organic fouling, Jeffamine, an amine-terminated PEG derivative, was 

grafted onto the PA surface in situ using acyl chloride surface groups by Lu et al. 19. Fouling studies 

conducted in cross-flow forward osmosis mode, utilizing synthetic wastewater containing 

surfactant and inorganic salts, reveal a significantly lower flux decline for the in situ modified 

membranes compared to the pristine PA (2.8 ± 1.4%   vs. 14.3 ± 2.7%, respectively) and the fouled 

membranes after cleaning. Notably, the modified membrane completely recovered the initial flux. 

The modified membrane's antifouling property was attributed to the steric hindrance offered by 

PEG molecules, increased hydrophilicity (contact angle < 20Cº), and reduced surface area. A 

smaller surface area reduces the space available for this initial attachment of microorganisms, 

lowering the overall risk of biofilm establishment. 
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Polyethylenimine (PEI) is a cationic polymer with branched structures featuring primary, 

secondary, and tertiary amine bonds. Bera and Jewrajka undertook modifications on laboratory-

made piperazine/trimethyl chloride nanofiltration (NF) membranes using PEI and its derivatives 

(PEI–PEG and PEI–dextran) to enhance monovalent-to-divalent ion selectivity and antifouling 

properties 20. Evaluating the modified membranes' antifouling and anti-scaling properties involved 

a desalination experiment using seawater with Na2SO4 and bovine serum albumin (BSA). The Flux 

reduction (FR) and Flux recovery ratio (FRR) for the modified membrane were 12% and 90%, 

respectively, whereas for pristine membranes, they were 37% and 72%, respectively. The 

improved antifouling behavior was attributed to superior steric hindrance by PEI, PEG, and dextrin 

against organic foulants (BSA), the formation of hydration layers, reduced surface roughness, and 

the presence of residual carboxylic groups on the membrane surface. 

Additionally, bio-inspired materials like polydopamine (PDA) were employed to graft PEI onto 

the PDA layer. For instance, reverse osmosis (RO) membranes with a polyamide (PA) active layer 

were modified using PDA-g-PEI, resulting in a membrane with 10–15% higher flux recovery Ratio 

(FRR) compared to native membranes after cleaning with a brine solution. However, this 

membrane exhibited a greater affinity for the positively charged dodecyl trimethylammonium 

bromide (DTAB) than the negatively charged bovine serum albumin (BSA) 21. Alternatively, PEI 

was anchored to the PA surface through a secondary interfacial polymerization reaction between 

residual acyl chloride groups on PA and the primary amine groups of PEI 22. The hydrophilicity 

and fractional free volume of the modified thin-film composite (TFC) membranes, which is the 

portion of a material's volume not occupied by its atoms or molecules, allowing space for 

molecular movement or diffusion, increased with the rise in PEI molecular weight, consequently 

enhancing water flux. All modified TFC membranes demonstrated superior anti-fouling behavior 

compared to the native TFC membrane when subjected to a wastewater filtration test containing 

surfactant (SA). This improvement can be attributed to enhanced hydrophilicity, fewer active 

complexation sites of carboxyl groups, and improved steric hindrance with PEI modification in 

the modified membrane. 

RO membranes are typically composed of polyamide structures, inherently possessing limited 

active sites or functional groups for surface interactions (See Fig 1.3). By introducing additional 
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active groups, such as through surface modification techniques, the membrane surface can be 

endowed with enhanced properties beneficial for various applications. 

 

Figure 1.3 General structure of polyamide, For a typical RO membrane, m = 2-20, n = 50-200. ChemDraw 18.0 

Diazirine is a chemical compound that generates reactive carbene species when exposed to heat or 

light. These reactive species have a remarkable ability to insert into specific types of bonds, 

including C–H (carbon-hydrogen), O–H (oxygen-hydrogen), and N–H (nitrogen-hydrogen), as 

demonstrated in literature 23. 

The efficacy of diazirine cross-linkers capable of integrating into the robust secondary (2°) C–H 

bonds of PET1 (See Fig 1.4) suggests that they would exhibit comparable or greater effectiveness 

than other polymer substrates. Most aliphatic polymers, excluding highly fluorinated materials 

such as Teflon, possess C–H bonds of similar or lesser strength (e.g., polypropylene, polystyrene). 

These polymers often contain O–H or N–H bonds that react faster with carbenes, as observed in 

polyalcohol or polyamides 23. 
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Figure 1.4 Schematic of PEI-diazirine reaction with C-H containing polymer, ChemDraw 18.0 

 

When considering polyamide components commonly found in RO membranes, N–H and aliphatic 

C–H bonds are dominant chemical bonds relevant to this insertion chemistry. These bonds offer a 

promising avenue for modification using diazirine chemistry. Notably, the energy barriers 

associated with inserting N–H bonds are generally lower than those for inserting O–H and C–H 

bonds. This lower energy barrier suggests that the most probable reaction is the insertion into the 

N–H bond 1,24 (See Fig 1.5). 
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Figure 1.5 Diazirine activation and NH insertion reaction, ChemDrawreaction, ChemDraw18.00 

 

To introduce additional active groups into polymers, various derivatives of diazirine-containing 

crosslinkers are use25,26,27,28,1 and  have been commercialized. For instance, consider Plastilynx, a 

product brought to market by XLYNX. These crosslinkers serve as a surface-activating primer, 

enhancing the adhesion of polyolefin materials. Another offering from the same company is 

Bodylynx, a line of diazirine molecular crosslinkers. These crosslinkers can usually bond 

unreactive polyolefins, reinforce polymer textiles, facilitate photo-patternable electronic 

applications, and contribute to the stability of organic electronics29.  

Singlet carbenes generated from the photochemical or thermal decomposition of diazirines 

represent an efficient C–H functionalization strategy for polymer cross-linking and biopolymer 

photoaffinity labeling24,30. 

In this study, it was decided to first test the attachment of PEI-diazirine onto PET surfaces, with 

the hypothesis that any success with cross-linkers identified in these trials would be broadly 

applicable to RO surfaces which are polyamide-based, based on the known reactivity of 

polyamides and carbenes23. The aim was to develop covalent modification of RO membranes using 

diazirine moieties to establish the foundation for further functionalization. Overall, improved 
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stability, durability, and compatibility make covalent bonding a favorable approach for surface 

modification of reverse osmosis membranes 31. 
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1.2 Methods 
 

1.2.1 Chemicals 

 

All chemicals were utilized in their original form without any further modifications. Polyethylene 

terephthalate (PET) sheets with a thickness of 0.254 mm were procured from McMaster Carr 

(8567k92). These PET sheets were cut by laser into circular shapes with a diameter of 15.6 mm. 

The TriSep ACM3 polyamide RO membrane was obtained from Sterilitech and similarly shaped 

into circular pieces with a diameter of 12 mm using a punching tool. The PEI-diazirine compounds, 

with 10 Wt.% and 30 Wt.% concentrations, and Molecule1 (see Fig 1.6), were contributed by 

XLYNX materials and were used as received.  

 

 

 

Figure 1.6 Molecule1, FTIR samples were mainly treated by this double bond-containing molecule, ChemDraw18.0. 

 

PEI-diazirine synthesis is reported by Nazir et al. 1.  As noted, a commercially available branched 

polyethyleneimine (PEI) (average Mw 25,000 g/mol) in methanol (completely homogeneous by 

visual inspection after sonication) is prepared and bubbled with nitrogen or argon for 2 min. Then, 

the desired amount of 3-(4-(bromomethyl) phenyl)-3-(trifluoromethyl)-3H-diazirine (150 mg for 

30 Wt.% and 50 mg for 10 Wt.%) is added dropwise, and the reaction mixture is stirred at room 

temperature for 72 h in the dark.The solvents are evaporated on a rotary evaporator at room 

temperature, covered by aluminum foil, and the product is dried under vacuum1 (See Fig 1.7). The 

product is recovered as a viscous, colorless gel. 
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Figure 1.7 Synthesis of diazirine-Amine conjugates1, Re-drawn in Chem Draw 18.0 

 
1.2.2 Surface Cleaning for PET and RO Membrane 

 

To ensure the removal of undesired contaminants from the surface of the PET material, samples 

were subjected to a sonication process using sparkleen1 detergent/ DI water solution (one 

tablespoon (5 mL) per 3.78 L of DI water as instructed by the producer) and DI water for 20 min. 

This was followed by a rinsing step and another 20 min sonication using deionized (DI) water. 

Subsequently, the PET discs were gently wiped with a lint-free Kimwipe and placed in an oven at 

130ºC for 20 min to facilitate drying. 

Due to the polyamide membrane's porosity and to ensure the foam does not trap in pores, 

sparkleen/ DI water solution was eliminated from the cleaning procedure for the polyamide 

membrane. Samples underwent sonication for 20 min using DI water exclusively. After 

sonication, the samples were left to air-dry for a minimum of 4 h in an open-air environment 

under a fume hood. Subsequently, the semi-dried samples were stored in a desiccator, ensuring 

they were kept for no longer than 24 h before their utilization in the experimental procedures 
1.2.3 sample design and codes 

 

Table 1.1 summarizes sample designs and associated naming. All samples were cleaned as 

described in section 1.2.2. Details of the PEI-diazirine Treatment, UV curing, and Rinse are 

outlined in Sections 1.2.4 and 1.2.5. 

Table 1.1 Cross-linking experiment sample design 
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Sample Sample description PEI-diazirine 

Treatment 

UV curing Rinsing 

Blank Surface-cleaned membrane without any 

further processing 

No No No 

NCNR The surface-cleaned membrane was 

modified with PEI-diazirine but not cured 

or rinsed. 

Yes No No 

NCR Surface cleaned membrane, modified with 

PEI-diazirine, not cured, rinsed 

Yes No Yes 

CNR Surface cleaned membrane, modified with 

PEI-diazirine, cured, not rinsed 

Yes Yes No 

CR Surface cleaned membrane, modified with 

PEI-diazirine, cured, rinsed 

Yes Yes Yes 

 

For Blank coupons, PEI-diazirine treatment was skipped, so there was no UV curing step or Rinse. 

NCNR is the acronym used for the samples treated with diazirine compound but not UV activated, 

with no post-treatment rinsing step. CNR describes samples that were diazirine treated and UV 

activated, again with no post-treatment rinsing step. 

NCR is used to code samples treated with diazirine compound without a UV activation step, which 

includes a post-treatment rinse. Lastly, CR is associated with diazirine-treated samples activated 

by UV radiation, followed by a rinsing step. 

  

Both PET and RO samples used the same sample design and coding. Each experiment and 

characterization were conducted using triplicates of each sample design. 

1.2.4 Light Source and Irradiation Parameters 

  
To activate the diazirine, a UV chamber with the following specifications was used:  a foil-lined 

box in which a 365 nm floodlight (realUV™ LED Flood Light, Waveform Lighting, 20W) was 

suspended 18 cm from the bottom of the box. Circular samples were arranged side-by-side (in 

single layers) at the bottom of the box for photocuring.  

The photochemical activation rate of diazirine depends on the photon flux of the light source. 

The measured light intensity at the sample was 121 lx (1.26 W/m2); this modest light intensity 

mandated the use of crosslinking times over 30 minutes. 
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The same light activation setup was used for PET and RO membrane discs throughout the study. 

 

1.2.5 Surface Modification Procedures 

 

Two different procedures were studied to treat PET and polyamide RO membrane surfaces, 

described in sections 1.2.5.1 and 1.2.5.2, respectively. Ultimately, the one-side coating procedure 

was chosen over the soaking procedure for further experiments. The justifications behind this 

choice are reported in section 1.3.1. 

 

 

1.2.5.1 Soaking procedure 

 

For each coupon (RO membrane/PET disc), 6 mg PEI-diazirine 30Wt% was dissolved in 1 mL of 

methanol.  A micropipette was used to deposit 60 uL of this solution in each well of a 24-well with 

having 1 coupon in each well. Subsequently, the 24-well plate was placed in a VWR Analog 

Vortex mixer (speed 8) for 1 h. Following this step, samples with R (R: rinsing) code were washed 

by a VWR mini vortexer (see Fig 1.8). The coated coupons were allowed to dry for 2 h in a semi-

dark environment within a fume hood. After drying, the samples were transferred to a desiccator 

to completely dry for 24 hours. The photocuring conditions were set to 30 minutes of exposure to 

UV radiation at a wavelength of 365 nm. 
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Figure 1.8Sample treating with diazirine compound, soaking approach 

 

1.2.5.2 One-side coating surface modification procedure 

 

For each coupon (RO membrane/PET disc), 6 mg PEI-diazirine30Wt% was dissolved in 1 mL of 

methanol.  A micropipette deposited 30 uL of this solution on each coupon surface. Subsequently, 

methanol evaporated off the coupons for 5 min in a semi-dark environment in a fume hood. After 

drying, the samples were transferred to a UV box for photocuring. The photocuring conditions 

found to be sufficient (as measured by Differential Scanning Calorimetry, described below) were 

30 min of exposure to UV radiation at a wavelength of 365 nm. Samples with R (R: rinsing) code 

were washed by a VWR mini vortexer (see Fig 1.9).  
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Figure 1.9 Sample treating with diazirine compound, One-side coating approach 

 

1.2.5.3 DSC: a tool to decide on surface treating process 

 

In this study, the efficacy of the soaking procedure was compared to that of one-side coating using 

DSC. Based on the results presented here, one-side coating was chosen to be applied to coupons 

further in the experiment. To consider the layered structure of polyamide membrane that can 

interfere with surface modification efficiency and provide misleading results, the soaking surface 

modification technique was compared with one-side coating, both tested by DSC. 

In 1965, Mogan pioneered the development of composite TFC (Thin Film Composite) membranes 

using a novel approach called IP (Interfacial Polymerization) surface polymerization32. These 

membranes, characterized by their extremely thin separator layers, have found significant utility 

in various applications, particularly in water and wastewater treatment processes. 

As shown in Figure 1.10, a typical TFC membrane has a multi-layered structure, usually consisting 

of one top PA selective layer, an intermediate porous polymeric membrane layer, and a base 

supporting substrate (such as non-woven)33. 
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Figure 1.10 Schematic illustration of a TFC membrane, highlighting the different layers of the composite film; (Top) 

typical chemical structure of the cross-linked aromatic polyamide barrier layer33 

 

It is predicted that in the soaking surface modification technique, due to porous supporting layers, 

surface modification reagents are absorbed in the bulk of the membrane rather than the surface, 

decreasing the efficiency of surface modification and providing misleading results. 

To examine this hypothesis, the soaking procedure was compared to the side coating procedure, 

which modified the polyamide side of the membrane rather than exposing all layers to PEI-

diazirine solution. Samples were chosen to be NCNR for both surface modification procedures 

and were tested byDSC. Sample preparation was conducted as described earlier in section 2.2 

using PEI-diazirine 30Wt%.  

 In section 1.3.1.1, PEI-diazirine 10 and 30Wt% (in the absence of coupons) were compared in 

terms of thermal transition by DSC. PEI-diazirine 30Wt% was chosen to proceed with the 

experiment 

1.2.6 Characterization of coupons  

 

Characterization of coupons included a Dye test using Reactive Blue4, Fourier-transform infrared 

spectroscopy (FTIR), and contact angle test. Coupons were prepared as described in sections 1.2.2-

1.2.4 and 1.2.5.2 the DSC was employed to conduct thermal transition analyses of the reverse 

osmosis membrane and PET samples. Surface analysis was carried out using the Holmarc Contact 
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Angle Meter and Aliant FTIR-ATR spectroscopy. The Reactive Blue4 (CAS#13324-20-4) dye 

with a dye content of 35% was procured from Sigma Aldrich. 

1.2.6.1 DSC test on PET and RO membrane  

 

Differential scanning calorimetry (DSC) is an analytical method to assess the heat exchange 

accompanying temperature-induced transformations in a specimen. This technique involves 

subjecting the sample to a controlled thermal regimen within a regulated atmosphere. In simpler 

terms, DSC facilitates controlled heating or cooling of a material while monitoring the energy flux 

resulting from its inherent physical or chemical alterations, manifesting as either energy absorption 

or release. Any phase transition or reaction that involves heat transfer and causes a change in heat 

flow, whether of an exothermic or endothermic nature, is detectable using DSC spectra 34. 

Diazirine activation is an endothermic process that can be identified by an endothermic peak at 

about 137ºC 35 (see Fig 1.11). 

 

 

 

Figure 1.11 DSC indicating the onset and peak reaction temperature of the diazirine35 

 

In this study, DSC has been extensively used to confirm the efficacy of the coating process, the 

satisfactory level of diazirine activation, and activation time. It has also been used to test the PEI-
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diazirine concentration level needed for recordable activation. Each of the confirmatory tests 

mentioned is discussed in 1.3.1. 

DSC pans (LOT 216647) and lids (lot 218336) were purchased from TA instruments. PET and 

polyamide circular samples (all sample codes listed in Table 1.1) were cut using a razor blade to 

fit the pan (6.2 mm diameter). DSC was also conducted on 10 and 30 Wt% PEI-diazirine itself. 

Each sample was weighed (at least 5 mg in each pan), the mass was input into the DSC software ( 

TRIOS35), and the heat flow was normalized to the weight (w/g). Each sample was sealed in a 

DSC pan using a Tzero DSC Sample Encapsulation Press. A disposable syringe needle was used 

to puncture the reference and sample pan to avoid seal breakage due to nitrogen gas release in the 

diazirine reaction (see Fig 1.12). 

 

Figure 1.2 a. Diazirine-containing pan after DSC run, with no hole in lid b. Diazirine-containing pan after DSC run, 

with a hole in the lid 

DSC was programmed to do two rounds of heating up to 180ºC and cooling down to 40 º C to 

make sure all the existing diazirine is activated (diazirine activation temperature ~ 137Cº); the 

absence of a peak indicates full activation of diazirine. DSC procedure is described in Table 1.2.  

The procedure remained the same for both PET and polyamide samples. DSC spectra were 

analyzed using TRIOS software. 

 

Table 1.2 DSC employed procedure 

Steps Description 

1 Equilibrate 40.00 ºC 

2 Isothermal 3.0 min 

a b 
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3 Ramp 10.00 ºC/min to 180.00ºC 

4 Isothermal 3.0 min 

5 Equilibrate 180.00ºC 

6 Ramp 10.00º/min to 40.00ºC 

7 Isothermal 3.0 min 

8 Equilibrate 40.00ºC 

9 Ramp 10.00ºC/min to 180.00ºC 

 

 

 

1.2.6.2 Dye test on PET and RO membrane 

 

To study the attachment of diazirine to the surface, a staining technique was employed using 

Reactive Blue 4. The dye was expected to successfully stain samples already treated with diazirine 

and activated. In this case, the expected reaction for Reactive Blue4 was to react with available 

NH2 groups of PEI and result in a saturated blue shade.  

Reactive Blue4 contains two critical functional groups: a reactive group and a chromophore group. 

The reactive group is a reactive chloride group (-Cl) that can participate in nucleophilic substitution 

reactions with various nucleophiles 36.Under acidic conditions, the primary and secondary amine 

groups on the PEI are protonated, forming positively charged ammonium ions (–NH₃⁺), which 

result in a positively charged membrane surface. This positively charged surface plays a crucial 

role in attracting anionic molecules like Reactive Blue 4, a dye that carries negatively charged 

sulfonate groups (–SO₃⁻). The sulfonate groups on the dye are strongly attracted to the positively 

charged ammonium ions on the PEI-modified membrane through electrostatic forces. This 

electrostatic interaction ensures that the dye is closely held to the membrane surface36, (See Fig 

1.13 ) 

 The absence of blue coloration in the samples indicates the lack of NH2 groups, which suggests 

that PEI-diazirine was not present on the target surface. Our study anticipated that if PEI-diazirine 

was adequately activated and covalent bonds with PET and Polyamide discs formed, it would 
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remain on the surface even after the rinsing procedure. Essentially, the dye test we designed aimed 

to indirectly assess the presence of covalent bonds between the diazirine compound and the chosen 

surfaces. 

The molecular weight of this dye was 637.43 g/mol 30 mL of methanol was used with 19.12 mg 

of dye to prepare the 1 mM dye solution. Each sample was immersed in the dye solution (using 24 

well plates) for 5 min and then rinsed 3 times with methanol.  

A dye test was conducted on the whole sample design set, as described in Table 1.2, for both PET 

and Polyamide membranes. The Blank control confirmed whether the dye reacts with the 

polyamide/PET without PEI. 

 

 

 

Figure 1.13 Reactive Blue4 molecule (shown in blue) reacted with surface-modified membrane. 
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The coupon staining procedure commenced with pre-cleaned coupons, as outlined in section 1.2.2. 

Every sample was coated on a single side using a 20 μL pipette and 30 μL of a 1 mM dye solution. 

The dye-coated coupons underwent a triple rinse with 3mL of methanol for each rinse, followed 

by three rounds of vortexing (3ml each time for 1 minute) using the same solvent. 

After the rinsing step, PET coupons were dried under an extraction fume hood for 24 h, while RO 

membranes were moved to a desiccator after 4 hours of exposure to open air and left there for 20 

h. The coupon staining procedure was applied to all sample designs for both PET and RO 

membranes. Qualitative results were recorded as photos from the Samsung S22 camera.  

 

 

 

1.2.6.3 Contact angle studies on PET and RO samples 

 

Contact angle measurement has been widely used to characterize the properties of solid surfaces 

and study liquid–surface interactions37.  

The introduction of PEI-diazirine to both PET and RO surfaces increases surface polarity. As a 

result, the contact angle test using filtered water as the solvent was chosen to track the surface 

polarity change due to PEI-diazirine presence. Strip-shaped samples were prepared using a razor 

blade to have more droplets in one row without overlapping each other. The sample had 

dimensions of 0.8 cm ×3. 9 cm (see Fig 1.14). After cutting samples to the mentioned size, they 

were treated as described in sections 1.2.2-1.2.4 and 1.2.5.2 and then fixed on the edge of the glass 

slides (Fisher Brand). In most static contact angle measurements, the sessile drop is usually formed 

in an open lab atmosphere by gently dispensing the testing liquid through a micro syringe onto a 

horizontal solid surface using a motor-controlled dosing unit39. The droplet volume was chosen to 

be 0.002 μL to get a clear image within an acceptable size range for the camera to focus clearly. 

Unlike other hydrophilic surfaces, droplet shape and contact angle change over time. To make sure 

all pictures were taken simultaneously after contacting the surface, t=5 s after the water droplet 

touching the surface was chosen to take photos. There were 3 repeats for each sample design and 
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3 droplets per each, adding up to 9 spots per sample design. The contact angle instrument was 

Holmarc (model No: HO-1AD-CAM-01B), with a COS sensor and an imaging resolution of 2592 

x 1944 pixels. Holmarc Contact angle measurement software was used to process images. 

 

Figure 1.14 Strip-shaped polyamide sample 

 

1.2.6.4 Fourier transform infrared (FTIR) 

 

 Fourier transform infrared (FTIR) is a spectroscopic technique commonly used to analyze the 

surface properties of materials, especially those that are difficult to analyze using traditional 

transmission methods. In FTIR-ATR, a sample is brought into contact with a high refractive index 

material (often a crystal) at a specific angle. This interaction between the sample and higher 

refractive index material allows for detecting evanescent waves that extend into the sample39. 

This study uses ATR-FTIR to assess the chemical composition of RO and PET surfaces due to 

surface functionalization using PEI-diazirine and Molecule1. 

Circular coupons treated with 30Wt% PEI-diazirine and Molecule1 containing C=C bonds were 

prepared as described in sections 1.2.2-1.2.4 and 1.2.5.2. The procedure for preparing the sample 

was the same, except for the structure of the diazirine derivative. All sample designs (see section 

1.2.3) were tested for PET and RO membranes. The Agilent Cary 630 FTIR  setting was set on the 

transmittance mode with spectra range  650-4000 cm-1, 8 background scans, 12 sample scans, and 

4 cm-1 resolution. Each circular coupon was tested in 3 spots. Agilent MicroLab FTIR Software 

was used for data processing. 
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To be able to intepertet and compare changes in peak intesities between different samples, peak 

intensities were normalized to a reference peak (e.g., a non-changing functional group) to account 

for sample or instrument variations. 

 

1.3 Results and Discussion 
 

1.3.1 DSC Result 

 

The DSC results, which were used to decide on the surface treatment approach (soaking versus 

one-side coating) and justify diazirine attachment to PET and RO membrane surfaces, are 

presented in the 3.1 subsections. 

 

1.3.1.1 Effective PEI-diazirine Wt%  

 

A pre-requirement to do DSC studies is to have a solid thermal transition that is detectable by the 

instrument and clear enough to make a comparison based on it. To trace the diazirine activation 

peaks by DSC, PEI-diazirine at Wt% of 10 and 30 were tested, in the absence of PET and RO 

discs. It was expected to have three-fold more activation heat for 30 Wt% PEI-diazirine than 

10Wt% due to more diazirine activation. By comparing the resulting DSC spectra, it was possible 

to examine how the variation in PEI-diazirine concentration influenced the observed peaks and 

thermal behavior.  

As depicted in Fig 1.15, the normalized enthalpy of activation for 30 Wt% PEI-diazirine is three 

times greater than that of 10 Wt% PEI-diazirine. This observation positions 30 Wt% PEI-diazirine 

as a preferable choice to ensure distinct DSC peaks in our subsequent thermal studies. 
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Figure 1.15 Comparison of DSC peaks for 10 and 30Wt% PEI-diazirine, Analyzed in TRIOS 5.1.1  

 

 

 

 

Figure 1.316 DSC spectra for RO samples treated with 30Wt% PEI-diazirine, one side coat, and UV cured for 30 

min, Analyzed in TRIOS 5.1.1 

Exo Up

Enthalpy (normalized): 7.1711 J/g

Enthalpy (normalized): 2.4202 J/g
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Figure 1.17 DSC spectra for RO samples treated with 30Wt% PEI-diazirine, soaked and UV cured for 30 min, 

Analyzed in TRIOS 5.1.1 

In investigating diazirine activation enthalpy within two different diazirine treating approaches, 

the impact of one-side coating and soaking on enthalpic variations was studied. Unlike what was 

expected, there was no substantial difference in diazirine activation enthalpy between one-side 

coated and soaked samples (See Fig 1.16 and Fig 1.17). This challenges the initial assumption that 

diazirine compounds would be trapped in the membrane bulk in the soaking method.. DSC analysis 

indicates that the enthalpic behavior of diazirine activation remains largely unaffected by one-side 

coating or soaking. These findings provide valuable insights into diazirine-membrane interactions, 

emphasizing the necessity for further exploration of the underlying mechanisms. 

1.3.1.2 Sample storage and surface treatment procedure time-length  

 

An additional factor impacting the operational efficiency of surface modification procedures lies 

in the context of preparation and storage conditions.RO membranes are inherently prone to 

oxidative degradation. To minimize the degradation, membranes were stored in a desiccator. 

Diazirine is light sensitive, and for experimental designs where deliberate inhibition of diazirine 

activation is favored, prolonged exposure to light must be minimized for not cured samples (NC). 

Table 1.3 presents storage conditions and time for the soaking procedure and one-side coating.  

 

Exo Up

Enthalpy (normalized): 5.9271 J/g
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Table 1.3 Sample diazirine treating soaking approach timeline 

Action  Time Atmospheric condition 

Absorbing PEI-

Diazirine 

Soaking 

 

1 hour Dark covered with foil under a fume 

hood (lid closed) 

One-side 

coating 

20 minutes Open lid in Petri dish, under fume 

hood 

Drying off 

methanol 

Soaking 2 hours Dark covered with foil under a fume 

hood (lid open) 

One-side 

coating 

At the same time as Absorbing 

PEI-Diazirine 

Open lid in Petri dish, under fume 

hood 

Storage Soaking 24 hours Semi-dark, in a desiccator 

One-side 

coating 

0 0 

 

DSC sample 

making 

Soaking 5 min each sample Semi dark 

One-side 

coating 

5 min each sample Semi dark 

DSC sample 

storage 
 

Soaking Short before test time (1 hour) Dark in freezer  

One-side 

coating 

0 0 

 

The extended duration of the soaking procedure could introduce errors by allowing uncured 

samples to remain exposed to the risk of activation before undergoing DSC analysis. This 

prolonged preparation time may lead to the activation of diazirine under ambient conditions, 

potentially affecting the reliability and accuracy of the DSC results. As presented in Table 1.3, 

one-side coating is a shorter procedure than soaking. 

 

1.3.1.3 Effective activation time 

 

Polymers that contain O–H or N–H bonds exhibit faster reactivity with carbenes, as observed in 

polyalcohol or polyamides24. On the other hand, C-H insertion is the only available carbene 

incorporation possible for PET, so slower reactivity is expected. To determine the adequacy of a 
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30-minute curing time for achieving complete curing of the samples, both the RO and PET samples 

were subjected to this duration of curing. The DSC results for RO (see Fig 1.18) indicate that a 30-

minute curing time was sufficient for the RO samples, as evidenced by the absence of a curing 

peak for already activated samples (CR, CNR). Similarly, for the same activation time and the 

same Wt% of PEI-diazirine, no activation peak was observed for PET samples (NCR, NCNR). 

DSC failed to detect any thermal transition related to diazirine activation for NCR and NCNR PET 

samples (see Fig 1.19). The endothermic peak at   120 ºC  is the cold crystallization peak of PET. 

Cold crystallization occurs above Tg when the polymer chain gains sufficient mobility to arrange 

itself into the ordered structure (i.e., crystalline structure) by chain folding40.  

The absence of diazirine activation peaks can be attributed to insufficient diazirine insertion 

reactions to PET during the DSC scan, which made the activation peak undetectable by DSC. As 

a further suggestion for the experiment, the same experiment can be done using higher 

concentrations of PEI-diazirine to see if DSC can detect the activation peak of diazirine.  

 

Figure 1.418 DSC result for 30 Wt% PEI-diazirine treated RO membrane, one side coat, already cured samples were 

UV activated for 30 min, Analyzed in TRIOS 5.1.1 

 

Exo Up
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Figure 1.5 30 Wt% treated, one side-coat PET coupons, already cured samples were UV activated for 30 min, 

Analyzed in TRIOS 5.1.1 

 

Based on studies conducted in section 1.3.1, a one-side coating procedure was chosen to be used 

throughout the project, using 30Wt% PEI-diazirine and 30 minutes of UV radiation for the 

diazirine activation process. 

1.3.2 Dye attachment to coupons 

 

The qualitative assessment of PEI-diazirine stability on PET and RO membrane discs during the 

rinsing procedure was conducted using a Dye test with Reactive Blue4 dye. The experimental 

results are presented in Fig 1.20 for PET and Fig 1.21 for RO membranes. 

In the case of PET coupon discs, clear colorless samples were obtained for Blank PET, attributed 

to the absence of NH2 groups. In Fig 1.20, Samples d (CNR) and e (CR) exhibited a similar bluish 

appearance with reduced transparency. The test did not discern the notable difference in color 

saturation and transparency between d and e, which indicates the PEI-diazirine group's insertion 

to the surface rather than bonding to each other. This observation supports a high degree of 

diazirine insertion into the PET surface, resulting in not losing shade during rinsing. 

Exo Up
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As shown in Fig 1.20, PET coupons b (NCNR) and d (CNR) were expected to exhibit similar 

appearances since both had PEI-diazirine groups remaining on the surface (regardless of whether 

they had been cured or not) as a result of not undergoing the washing process in sample diazirine 

treatment. However, this expectation was not met. 

 

 

Figure 1.20 Dye test result on PET discs: a) Blank PET, b) NCNR, c) NCR, d) CNR, e) CR 

 

 

 

Figure 1.21 Dye test results for RO discs: a) Blank RO, b) NCNR, c) NCR, d) CNR, e) CR 

a 

b 

c 

d 

e 

a 

b 

c 

d 

e 
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In Fig 1.21, the blank RO membrane exhibited a light blue color. The color saturation increased 

after introducing PEI-diazirine to the surface in sample b (NCNR). However, in sample c (NCR), 

the color decreased, indicating that the PEI-diazirine was not cured and rinsed away. 

Although sample d (CNR) results are inconsistent, they generally showed high color saturation 

compared to not-cured samples (b and c), which supports the PEI-diazirine insertion into the RO 

membrane. 

Having the highest color saturation in sample e (CR) and the comparison to sample b (NCNR) 

indicates the effect of curing on PEI-diazirine insertion and, as a result, having Reactive Blue4 

highly bonded to the surface in sample e.  

The results of the d series of RO samples were somewhat inconsistent but generally darker than 

those of the not-cured samples. This suggests that some PEI-diazirine groups left the surface during 

the washing-off-the-dye step within the dye test process, likely due to some portion of diazirine 

compounds bonding together rather than to the surface. 

Generally, the Dye test results cannot be used solely to conclude PEI-diazirine attachment to PET 

and polyamide surface and must be accompanied  by other characterization methods.  

1.3.3 Water contact angle result 

 

As described in the methods section, the hydrophilicity of strip-shaped samples of the PET and 

RO membrane was tested using filtered water. Photos were taken at t=5 s and analyzed with contact 

angle meter software by Holmarc version 8.0.0.0. Table 1.4 presents the data and the accuracy of 

measurements. The contact angle measurement was done in triplicate for each sample design, with 

3 spots per sample (3×3 water angle measurements).  

Table 1.4 Data and Standard deviation (STE.DEV) of contact angle measurements for both PET and RO surfaces 

Coupon Blank CNR CR NCNR NCR 

RO 71.20±1.27 45.75±3.70 60.37±2.33 45.75±1.15 59.81±0.65 

PET 64.84±1.63 33.07±1.15 54.22±1.46 32.22±3.25 32.39±2.86 
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Contact angles for PET and RO samples were compared. PET, a polyester derived from ethylene 

glycol and terephthalic acid, is characterized by a nonpolar structure and is generally hydrophobic. 

In contrast, polyamide, a class of polymers containing amide linkages in their repeating units, can 

exhibit variable hydrophilicity. Polar amide groups facilitate interactions with water molecules, 

contributing to increased hydrophilicity in some polyamides 41–43. As shown in Fig 1.22, 

introducing PEI-diazirine decreased the contact angle of all samples regardless of the surface type 

but had a more substantial effect on RO samples. Comparing CR samples with CNR for RO 

membrane suggests that some of the PEI-diazirine moieties were bonded together rather than the 

surface and left the surface during the rinsing step, resulting in a higher CR contact angle than 

CNR. Since the contact angles for CR and NCR are remarkably the same in the case of PET 

samples, PEI-diazirine insertion into PET was not supported by the water contact angle test. 

 

Figure 1.22 Contact angle measurements for PET and RO samples 

 

1.3.4 FTIR-ATR results 

 

FTIR-ATR analysis was performed on the RO membrane surface treated with 30Wt% PEI-

diazirine. Subsequently, this treatment was substituted with Molecule1. Due to substantial spectral 
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overlaps between the FTIR spectra of polyamide surfaces and Polyethylenimine, the interpretation 

of the FTIR spectra became intricate. As a result, a decision was made to explore the bonding 

capacity of the RO membrane and PET to diazirine using Molecule1 as well. 

As shown in Fig 1.23, the starred peak at 3335 cm-144 is a characteristic peak for all synthetic 

membranes due to the N-H stretching vibration band, typically found in cross-linked PA layers. A 

decrease in intensity of this peak was observed for diazirine-treated samples; this can be due to 

diazirin insertion reactions. The peak at 1650 cm-144  depicts the C=O stretching vibrations of 

amide45, highlighted in grey. An increase in C=O  stretching peak intensity in PEI-diazirine treated 

samples suggests the formation of covalent amide bonds between amide functional groups of 

polyamide (-CONH-) and PEI-diazirine leading to the introduction of additional carbonyl groups.  

Although PEI does not directily introduce carbonyl groups, but it can go through secondary 

reactions with oxidative agents leading to formation of carbonyl groups. 

The yellow highlighted region in the same FTIR diagram shows the disappearance of a peak 

shoulder at 1582 cm-1 due to treating RO membrane with PEI-diazirine.. The peak itself represents 

the aromatic C=C stretching within the benzene ring, while the shoulder is attributed to the 

secondary amide bonds. The disappearance of the shoulder, which is related to the amide bond, 

can be explained by the insertion of diazirine N-H, indicating the covalent bonding between PEI-

diazirine and the polyamide surface. 

 To overcome this overlap, Molecule1 was chosen for PET and polyamide surface treatment 

instead of PEI-diazirine, and ATR was repeated. 
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Figure 1.23 FTIR-ATR result for 30Wt% PEI-Diazirine- treated RO samples, Normalized to max transmittance 

intensity at 558 cm-1 

 

As a reference, FTIR-ATR was conducted on Molecule1 (See Fig 1.24). The prominent 

characteristic peaks are 2866 and 2922 cm-146, attributed to stretching vibrations of carbon-

hydrogen bonds in the allyl and aromatic parts of Molecule1. The peak at 1610 cm-1 also 

corresponds to the stretching vibration of the carbon-carbon double bond in the allyl group. The 

peak at 1140 cm-147 is associated with the stretching vibration of the carbon-fluorine bond in the 

trifluoromethyl group. 
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Figure 1. 24 FTIR spectra of Molecule1 

 

Figs 1.25 and 1.26 present the FTIR results of PET and polyamide membranes treated with 

Molecule1, respectively. 

For the PET surface (Fig 1.25), a characteristic peak is present at 2862 cm-146, which is distinctive 

for the sample code of CNR-M1-PET. This peak can be attributed to stretching vibrations of 

carbon-hydrogen bonds in the allyl and aromatic parts of the Molecule1. 

As it is supported by the increased intensity of the 2860 cm-1 peak for CNR-M1, it can be 

interpreted as the presence of M1 on the surface, whether they are inserted into the PET as a result 

of diazirine activation or diazirine bonding to each other and not leaving the surface since it is an 

unrinsed sample. Looking at NCNR, the same peak (2860 cm-1) shows an increase in intensity to 

a lower extent compared with CNR, which can also be attributed to carbon-hydrogen bonds in the 

allyl and aromatic part of Molecule1. Other than that, the ATR results for PET samples failed to 

provide substantial proof of the diazirine insertion. In the case of polyamide, diazirine insertion 

was not strongly confirmed by the resulting peaks, as was the case with the FTIR result for PET.  
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Figure 1.25 FTIR-ATR results for Molecule1-treated PET surface (M1:Molecule1), Normalized to max 

transmittance intensity, at 1716 cm-1 

 

 

 

Figure 1.26 FTIR-ATR result for Molecule1 treated RO membrane surface, (M1: Molecule1), Normalized to max 

transmittance intensity, at 1237 cm-1 

 

As shown in Fig 1.26, the starred peak at 3335 cm-144, which is the characteristic peak for all the 

synthetic membranes due to the N-H stretching vibration band, did not change in intensity among 

* 
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different sample designs, which can be due to minimal diazirine insertion into the PA surface. The 

peak at 1650 cm-144(highlighted in grey) depicts the C=O stretching vibrations of amide, which 

also did not experience much change and can be interpreted as covalent amide bonds not forming 

between polyamide (-CONH-) group, which is highlighted in grey. An increase in 2866 cm-146 

peak is observed for NCNR and CNR samples, which can be attributed to stretching vibrations of 

carbon-hydrogen bonds in the allyl and aromatic parts of the Molecule1. 

 

Table 1.5 summarizes the characterization methods used, their aim, and the central understanding 

of each conducted experiment.  

Table 1.5 Result Summary 

Method Aim Observation Overall objective support 

Differential 

scanning 

calorimetry 

Choose the surface 

treatment method by 

comparing the soak vs. one-

side coating method. Study 

and decide on adequate 

diazirine activation time 

and PEI-diazirine Wt% for 

further steps in this study.  

One side coating was a more 

efficient way to do surface 

treatment. Minimized sample 

preparation time and limited 

the treatment to polyamide 

surface rather than the other 

supporting membrane layers 

was observed. PEI-diazirine 

30Wt% was shown to provide 

detectable activation peaks in 

DSC.  30-minute UV curing 

was found to be adequate to 

activate the diazirine 

compound regardless of the 

surface vitiation 

The DSC results were used to 

decide the surface treatment 

methodology, including the 

surface coating method, diazirine 

compound weight percentage, and 

activation time. Based on these 

results, one-side coating, 30Wt% 

PEI-diazirine, and 30 min 

activation were chosen. 

Dye 

attachment 

test 

Indirect study of the 

diazirine compound 

interaction with both PET 

and RO surface. A 

qualitative study of 

There needed to be more 

consistency in color shade 

within sample designs. 

However, samples with 

activated diazirine generally 

The observation supports the 

possibility of diazirine moieties 

bonding together instead of 

bonding with the surface. This 

agrees with the change in surface 
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potential covalent bonding. 

The remaining effect of 

PEI-diazirine on Dye 

attachment after activation 

and rinsing will support the 

existence of covalent bonds 

between diazirine 

compound and surfaces and 

not just to other diazirine-

containing molecules. 

resulted in a darker blue shade. 

Activated samples with no 

rinsing procedure (CNR) 

showed the darkest shade. 

 

 

 

 

 

 

 

 

 

 

 

 

chemistry due to diazirine 

insertion on polyethylene and 

polyamide surfaces. And 

polyamide surfaces while 

supporting the possibility of 

diazirine moieties bonding 

together rather than the surface. 

This observation agrees with the 

change in surface chemistry due to 

diazirine insertion. 

Water 

contact angle 

Study surface 

characteristics change as a 

result of diazirine 

treatment. The remaining 

effect of PEI-diazirine on 

surface hydrophilicity after 

activation and rinsing will 

support the exitance of 

covalent bonds between 

diazirine compounds and 

surfaces, not just to other 

diazirine-containing 

molecules. 

The introduction of PEI-

diazirine induced a decrease in 

contact angles across all 

samples, regardless of surface 

type, with a particularly 

pronounced effect observed in 

RO samples. Upon comparing 

C/R samples with CNR, it was 

discerned that specific PEI-

diazirine moieties underwent 

intermolecular bonding rather 

than surface attachment. 

Consequently, during the 

rinsing step, these moieties 

disassociated from the surface, 

culminating in an elevated C/R 

contact angle compared to 

C/NR. 

This observation shows diazirine 

compound covalent bonding to 

PET and polyamide surfaces while 

supporting the possibility of 

diazirine moieties bonding 

together rather than the surface. 

Overall, this observation provides 

proof of surface chemistry changes 

due to PEI-diazirine bonding to the 

surface. 
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Fourier 

Transform 

Infrared 

Spectroscopy 

ATR-FTIR is used to assess 

the chemical composition 

of RO and PET surface 

surfaces due to surface 

functionalization using 

PEI-diazirine and 

Molecule1. The remaining 

effect of the diazirine 

compound on surface 

chemistry after activation 

and rinsing will support the 

existence of covalent bonds 

between the diazirine 

compound and surfaces, not 

just to other diazirine 

molecules.  

Due to the similarity of the 

polyamide membrane’s 

primary and secondary amines 

to PEI peaks, FTIR peaks at 

lower wavelengths are not 

helpful to analyze. The FTIR 

results for PET samples failed 

to provide further proof of the 

diazirine insertion. In the case 

of polyamide, PEI-diazirine 

insertion was confirmed by the 

resulting peaks, while FTIR 

failed to provide evidence for 

the case of PET. 

The FTIR(ATR) result did provide 

sufficient evidence to support the 

covalent insertion of diazirine into 

the PA surface while the evidence 

was not sufficient for case of PET. 
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1.4 Conclusion 
 

In conclusion, this study introduced an innovative approach aimed at augmenting the surface 

properties of reverse osmosis (RO) polyamide-based membranes. The focus of the study was on 

advancing surface modification procedures through the incorporation of covalently bonded 

diazirine-containing molecules. The key objective was to establish a foundational understanding, 

demonstrating the successful covalent attachment of diazirine to polyamide membranes. This 

groundwork sets the stage for subsequent functionalization processes to impart foul-release 

properties to the reverse osmosis membrane surface. Although we could not prove the covalent 

attachment, we did have (indirect) observations that can support the presence of activated diazirine 

on the surface.  The dye and water angle tests disproved the idea that diazirine molecules react 

exclusively to each other rather than the surface.  

DSC was primarily implemented to study diazirine crosslinking in the soak method versus the one-

side coating method of sample treatment and optimize the appropriate weight percentage of the 

used diazirine and activation time. DSC supported 30Wt% diazirine, the 30-minute activation time, 

and the one-side coat method, which was chosen over other variations. 

A Dye test using ReactiveBlue4, Water contact angle, and FTIR-ATR was conducted to study 

diazirine insertion into PET and polyamide surfaces.  

The dye test observation suggests that not all PEI-diazirine groups were inserted, and some left the 

surface during the rinsing step. Therefore, the dye test cannot be used alone as proof of diazirine 

insertion and needs to be accompanied by quantitative characterizations.  

The addition of PEI-diazirine caused a decrease in the contact angle for all samples, showing that 

it interacted with the surfaces. This effect was more noticeable in RO samples. The reduced contact 

angle in CR samples suggests that diazirine is incorporated into the surfaces rather than bonding 

with nearby diazirine active sites. 

Although FTIR demonstrated limited efficacy in corroborating the formation of diazirine chemical 

bonds on PET and polyamide surfaces, further characterization through advanced analytical 

techniques such as X-ray photoelectron spectroscopy (XPS) and nuclear magnetic resonance 

(NMR) is suggested for future studies. These techniques can offer detailed insights into the 
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chemical modifications occurring at the molecular level. XPS can provide information about the 

surface's elemental composition, chemical states, and bonding environments, confirming the 

presence of new elements or shifts in binding energies. XPS can compare diazirine-treated 

membrane surfaces with control samples and analyze binding energy shifts corresponding to 

relevant elements (e.g., N, C, O). Looking for new peaks ( Flourine element) or changes in peak 

intensities ( decreasing impact on O,C and increasing impact on N) indicating chemical 

modifications and quantifying elemental compositions for treated and untreated samples is a 

valuable study using XPS. On the other hand, NMR spectroscopy, especially solid-state NMR in 

the case of polymer interactions, can elucidate changes in the local environment of specific nuclei, 

revealing alterations in molecular structures and potential interactions between functional groups.  

Comparing results for treated polyamide membranes with blank control samples provides 

information on chemical shifts, peak intensities, and new peaks indicating covalent bond formation 

and evaluating coupling constants and peak patterns for structural details. 

These complementary techniques allow validation of the proposed chemical reactions and 

understanding of the intricate surface modification between the polyamide membrane and 

diazirine-containing compounds. 
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Chapter 2: Unraveling Alginate's Recycling Potential: A Study on Molecular 

Changes, Structural Integrity, and Ca Crosslinker Removal for Sustainable 

Practices 
 

Abstract  
 

This study explores sustainable methods for recycling alginate-based bioplastics sourced from 

kelp. The primary objective of this research is to address concerns regarding the environmental 

impact of petroleum-derived plastics. The study assesses the effectiveness of a proposed      

recycling protocol in terms of yield and purity. Additionally, it provides insights into Ca2+ 

crosslinker removal through analysis of recycled sodium alginate hydrogels and investigates 

structural alterations in alginate films resulting from recycling. To study the recycling effect on 

sodium alginate properties, sodium alginate hydrogel films were made from three sources; two 

commercial sodium alginates as well as a locally sourced kelp-extract    alginate. Hydrogels were 

then recycled and hydrogel films were made of recycled sodium alginate. To validate the findings, 

commercial sodium alginates are used to examine the impact of changes in the M/G ratio on 

recycling outcomes, regarding yield and structural changes. Alginate extraction is conducted in 

replicates (5 series) and each extraction series was characterized as well as characterizing a mixture 

of all extractions. The Fourier-transform infrared spectroscopy with attenuated total reflection 

(FTIR-ATR) method tracks calcium crosslinker while recycling yield is calculated based on initial 

and recycled alginate amounts. Non-destructive tests such as nuclear magnetic resonance (NMR) 

and gel permeation chromatography (GPC), assess structural changes. Tensile testing compares 

material properties before and after recycling. The recycling yield ranged from 52.5% to 62%. The 

M/G ratio analysis revealed that the recycling procedure caused I-2 and I-2G a considerable 

increase in M/G ratio, indicating lower guluronic acid content, while the M/G ratio stayed 

unchanged for the case of kelp-extract alginate. FTIR and EDX analyses confirmed the 

effectiveness of the recycling process in minimizing residual calcium ions. Studied by tensile test, 

tensile strength decreased for recycled I-2 and I-2G compared with their base material as a result 

of increased M/G ratio, while tensile strength was improved for the case of EX which showed no 

change in M/G ratio in terms of recycling. The study aims to contribute to sustainable materials 

research by providing insights into alginate extraction and recycling processes for environmentally 
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conscious bioplastic utilization. As a result, it will advance the development of eco-friendly 

alternatives in the plastics industry. 
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● Kelp-extract sodium alginate 
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2.1 Introduction  

 

Petrochemical plastics are widely used around the world in society owing to their low cost and 

durability. As a result, more than 360 million tons of plastic are produced annually, and 95-99% 

of all plastic on the market is derived from petrochemicals1,2. In 2020, the main sectors of plastics 

produced included packaging (40%), building (20%), and automotive (8%)2. Plastic packaging 

plays a role in product containment, protection, and food safety1.  

Despite their many advantages, these products have been determined as the most significant source 

of waste globally, with about 96.6% of packaging going unrecycled each year due to their 

recyclability challenges3. Petroleum-derived plastics are not biodegradable, resulting in increased 

solid waste accumulation4. Overall, it is estimated that more than 7.8 billion tons of plastic waste 

have accumulated globally, causing concerns for the natural environment, aquatic life, and human 

health5. Oceanic plastic is one of today's most troubling pollution issues, not only because it 

disrupts marine ecosystems but also because it is extremely challenging to collect and remove5. 

Unlike other materials, plastics don’t decompose; they continuously break down into microplastics 

but never truly disappear. Microscopic-sized microplastics swirling within striated, vast, and deep 

oceans make collecting oceanic plastic pollution nearly impossible5. Recycling plastics in general 

is aligned with strategies to reduce marine litter and decrease plastic waste. 

 

2.1.1 Bio-based Plastics 

 

 To transition to a more sustainable economy, bioplastics, sourced from renewable feedstock, have 

been investigated as an alternative to conventional plastic packaging6. Bio-based plastics are not 

all biodegradable, depending on the polymers' chemical and physical characteristics/composition 

they can still contribute to plastic pollution. Biodegradable plastics refer to materials rapidly 

degraded in a bioactive environment by biological microbes (i.e., soil) or through direct hydrolysis 

without releasing pollutants7. Biodegradable plastics offer a reasonable way to reduce the negative 

impact of increased landfills, plastic pollution, and hazards to humans and the environment. In 

addition, they are applied in various fields, including food packaging (52% of total production), 

but also textiles (10%), consumer goods (10%), automotive (7%), agriculture (7%), adhesives 
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(7%), construction (4%), and other sectors (3%)8. Biodegradable bioplastics have started to make 

inroads into the plastic industry with 2.15 MT reported in 2019. 

 

 

Figure 2.1 Main global bioplastic use, 20198 

 

 Despite the many benefits, some bioplastic production requires significant use of freshwater, 

energy, and land, contributing to global warming, water scarcity, and biodiversity challenges9. 

Further, the advancement of biodegradable plastics is limited by higher processing costs and poor 

mechanical properties1.  

 Crop-based feedstock is an example of a bioresource that requires arable land, nutrients, and 

freshwater to grow. Moreover, its use as a bioplastic source competes with food production. 

Agricultural waste is another potential source for bioplastic production which has limited resources 

and it is insufficient in terms of volume and quality. Bioplastics can be considered more sustainable 

than traditional plastics when they are derived from renewable resources, have a lower carbon 

footprint, are biodegradable or compostable, and are produced with minimal environmental 

impact. However, to achieve full sustainability, challenges such as land use, waste management, 

and production efficiency need to be addressed. 

Unlike the general downsides to bio-based plastic production and their properties, alginate, a 

natural polymeric extract from kelp, is a promising feedstock for the application of bioplastics due 

to its biodegradability, low cost, biocompatibility, and, more importantly, from a bioplastic 

perspective, excellent film-forming capabilities10. Unlike other biomass, seaweed can be harvested 
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from the ocean, requires no fertilizers or freshwater to farm, and can withstand harsh weather 

conditions11. Seaweed polysaccharides can be useful in various food industry applications such as 

texture modification, colloidal stabilization, fat reduction, and shelf-life extension12. It is also 

possible to produce biodegradable water bottles made from seaweed13. Other applications include 

lenses, coatings for telephones and DVDs, and packaging materials14. 

Brown seaweeds (also known as macroalgae) are abundant on numerous coastlines, and they are 

a valuable marine resource that is almost unexploited. This biomass constitutes a production 

system of bioactive compounds such as polysaccharides, proteins, minerals, and lipids including 

polyunsaturated fatty acids, pigments, vitamins, antioxidants, etc., which are known to have 

antibacterial, antifungal, antiviral, antioxidative, anti-inflammatory, and antitumor properties15.           

 

2.1.2 Alginate Composition           

 

The composition of alginate varies depending on several factors, including the proportion and 

sequence of two uronic acid monomers: mannuronic acid (M-blocks) and guluronic acid (G-

blocks) (Fig 2.2). The contents of M and G-blocks, as well as molecular weight, depend primarily 

on species and growth environment16. 

 

Figure 2.2 Examples of monomers and block distributions in alginate16 

In addition to the kelp species and origin, the alginate composition and polymer molecular weight 

also depend on the method of alginate extraction. According to the literature, different extraction 

protocols can control the properties of alginate to derive alginate of a particular character and 

application17–20. For the isolation of alginates, the typical extraction methods from kelp generally 

include the following steps (Fig 2.3). The algal material is dried, milled, and treated with 
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depigmentation agents (e.g., formaldehyde, ethanol, bleach) to eliminate color. The solution is 

then treated with acid to remove salts and homopolysaccharides associated with kelp, like fucoidan 

and laminarin. Simultaneously, there is an ion exchange of cations for H+ ions, converting alginate 

to alginic acid, followed by alkaline treatment. Alkaline extraction is the central step of the process, 

which converts alginate into a soluble form that passes into the aqueous phase. Once alginate is 

extracted, precipitation and isolation of alginate are completed to remove residual kelp residue and 

acquire a pure compound17–20. 

 

Figure 2.3 Common treatment steps for sodium alginate extraction17 

 

The extraction parameters (e.g., temperature, pH, solvent type, concentration, reaction time) 

impact the alginate molecular characteristics, including molecular weight, mannuronic and 

guluronic acid contents17,18. Controlling the chemical process and operating condition makes it 

possible to adjust the alginate properties17–20. For example, Sterner et al. have reported that 

selecting solvents in the alkaline extraction step that operate at a higher pH, such as sodium 

hydroxide and sodium carbonate solutions, produce an alginate extract with a higher mannuronic 

acid content than using chelating solutions at a pH closer to neutral18. Further, higher temperatures 

and longer reaction times during extraction may lead to the breakdown of uronic acid chains and 

consequently lower the molecular weight19. 

 

The extracted alginates can form thin-film hydrogels, which can be used for bioplastics21,22 . 

Alginate hydrogels (alginate films) are typically produced through physical crosslinking in the 

presence of divalent ions (e.g., calcium ions), which facilitate bridging carboxylic acid groups of 

primarily G-block rich segments to each other and the adjacent polymer chains forming a stable 
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"egg-box" network23 (Fig 2.4). The G-block chain configuration is more extended and stiffer than 

the M-block because of the hindered rotation around the glycosidic bond linkages24. The 

crosslinking properties depend on the G-block content and the arrangement of G and M-blocks 

along the chain; therefore, the stiffness of the hydrogel increases in the following order: MG blocks 

< MM blocks < GG blocks25. In this regard, the physiochemical properties (e.g., viscosity and 

mechanical strength) of alginate are dependent on its molecular weight, the concentration of 

divalent cations, alginate concentration, the ratio of guluronic and mannuronic acid content (M/G 

ratio), and the distribution and segment length of M or G-blocks along the chain. As mentioned 

earlier, most of these factors are influenced by kelp source, species, and extraction process. 

Studies have shown that increased molecular weight and concentration of G-blocks result in a 

brittle or more robust hydrogel, while higher M-block and MG-block content enhances the 

elasticity of the alginate film26. For the application of alginate for material purposes, ultra-high-

molecular weight is beneficial for producing alginate hydrogels with better mechanical properties, 

improving tensile strength, and percentage elongation23. However, extremely high molecular 

weight in alginate solutions can lead to extreme viscosity, which can cause processing challenges 

in extrusion or 3D printing of materials, including clogging during the extrusion process and 

inconsistent deposition, causing defects within the final product27. 

 

 

Figure 2.4 Alginate hydrogel mechanism in the presence of calcium ions (Ca2+)28 

 

From a sustainability perspective, the conventional methods for alginate extraction are not eco-

friendly, often involving harsh processing conditions, high volumes of fresh water, and large 
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quantities of reagents and chemical solvents, which can produce hazardous waste streams and 

generate a substantial carbon footprint29. Enhancing the sustainability and efficiency of processing 

methods was previously studied in our research group by PhD candidate (at the time of writing 

this thesis) Hayley Smith, and an optimized extraction procedure was established.  

 

2.1.3 End of life options for bioplastics 

 

The most suitable end-of-life option for any waste product depends on the material, its market 

volume, and the available collection and processing infrastructure. According to the European 

Directive on Waste Management30, waste should be managed following a precise hierarchy that 

indicates a priority order in legislation and policy for waste prevention and management: (i) 

prevention; (ii) preparing for re-use; (iii) recycling; (iv) other recovery, e.g. energy recovery; and 

(v) disposal (see Fig 2.5). 

 

Figure 2.5 Different plastic waste recycling options and associated plastic quality31 

 

Since recycling is the second-best option for waste management after preparing for reuse, the 

lifecycle of every plastic material is truly sustainable only if its disposal options include recycling. 

While there is a consensus on the convenience of recycling non-biodegradable plastics, whether 

derived from natural sources or not, biodegradation is often considered the only suitable end-of-

life option for biodegradable plastics. However, most commercial biodegradable bioplastics 

degrade slowly under ambient conditions, even in the presence of microorganisms, as they have 

been engineered to degrade in specific conditions, such as in composting plants32. Although 

biodegradation can be seen as a recycling option and is sometimes referred to as "organic 
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recycling"33, it is usually not aimed at recovering plastic materials or monomers to be reintroduced 

into the lifecycle of plastic products. On the other hand, this is specifically the objective of other 

types of recycling options, such as mechanical (primary or secondary) and chemical (tertiary) 

recycling. 

 

2.1.4 literature review on chemical recycling of bio-based plastics 

 

The aim of the chemical recycling methodologies is the maximum preservation of the synthesis 

effort invested during preceding monomer production. This relates to the maximum integrity of 

the chemical structure and functionality34. Ideally, chemical recycling yields compounds that can 

be reused as monomers for polymerization, applied directly in other fields (e.g., as solvents), or 

used as substrates for further chemical conversions34. 

Polyhydroxyalkanoates (PHA) are biopolymers synthesized as internal carbon and energy storage 

polymers by different bacteria35. Being microbial storage polymers, bacteria naturally possess 

enzymes for the depolymerization of PHA and the metabolization of the resulting monomers. Post-

consumer PHA is thus amenable to enzymatic degradation. However, the enzymatic machinery 

for the hydrolysis of the polymer is intracellular in most bacteria. For easy access, extracellular 

PHA-depolymerases are needed and have already been identified, for example, in the bacterial 

predator Bdellovibrio bacteriovorus35,36. Also, for short-chained PHA (polyhydroxybutyrate) 

degradation, exoenzymes are known. The product of enzymatic PHA degradation is the original 

monomer, 3-hydroxyalkanoic acid, with the respective chain length37. 

PLA is among the most extensively studied bioplastics in terms of recyclability. It can biodegrade 

under specific conditions, such as in the presence of oxygen and moisture38. While PLA's 

biodegradability significantly reduces its environmental impact, understanding changes in its 

properties through multiple processing cycles and recycling efforts remains crucial. Industrial 

processes inevitably generate waste, necessitating online grinding of offcuts and blending with 

neat polymer39. Moreover, reusing post-production PLA waste can extend its service life before 

disposal in composting facilities40,41. Therefore, achieving the recycling of industrial wastes is 

essential to maintain PLA's low environmental impact39. Two main processes are employed for 

the chemical recycling of PLA. The first method involves hydrolysis at elevated temperatures to 
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yield lactic acid42–45. The second method is thermal degradation, converting PLA into L, L-lactide, 

a cyclic dimer used in the production of new PLA46–48. Hydrolysis, which necessitates water and 

high temperatures, breaks down PLA into highly pure lactic acid. This lactic acid can then be 

polymerized to create virgin PLA, completing the recycling loop in a cradle-to-cradle process37,44 

. Research by Faisal et al.44 indicates that recycling efficiency is heavily influenced by operational 

factors such as temperature, reaction time, and the water-to-sample ratio. 

Thermoplastic starch (TPS) is one of the most abundant polysaccharides available in nature and is 

widely used for the production of biodegradable polymers for functional applications. most 

commonly used biopolymer and consists of restructured starch49. Pure starch-based bioplastic is 

usually brittle. To counteract this and facilitate thermoplastic processing, plasticizers such as 

glycerol, glycol, and sorbitol are added50. Not all plasticizers added to TPS are biocompatible and 

can thus affect biodegradability51. Enzymes for the depolymerization of starch are abundant in 

nature, with amylases being a prime example. Glucose is the main product of enzymatic 

degradation of TPS; however, due to the random cleavage of glycosidic bonds, other malto-

oligosaccharides are also observed52. 

Cellulose esters derived from cellulose esterification are valuable biodegradable materials sourced 

from renewable biomass. Among them, thermoplastic cellulose acetate is highly favored in 

industry53. Much of the manufacturing and post-consumer waste of cellulose acetate still ends up 

in landfills, highlighting the need for improved recycling processes54. Recent advancements 

include patent disclosures on hydrolyzing cellulose acetate waste with a hydrolyzing agent to 

obtain water-soluble products like monosaccharides and acetic acid, aiming to enhance 

biodegradability and product functionality54 . 

The existing literature emphasizes the importance of recycling various bio-based polymers such 

as starch and cellulose, highlighting their significant impact on the environment and natural 

resource preservation. However, kelp-extract sodium alginate (SA), a natural polysaccharide 

renowned for properties like biosafety, biocompatibility, and renewability, has been largely 

neglected in these discussions. 
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2.1.5 Study Objectives 

 

     This study aims to advance sustainable practices by exploring the recycling potential of kelp-

extract alginate. Recycling alginate offers numerous benefits that have driven our focus toward 

this investigation. Firstly, recycling alginate preserves valuable resources by reintegrating 

previously used materials into the production cycle, reducing the demand for fresh raw materials. 

Moreover, by recycling alginate-based products, we can diminish the volume of waste destined 

for landfills, aligning with waste reduction goals and minimizing environmental impact. 

Implementing closed-loop systems facilitates collecting and recycling alginate-based items by 

fostering a circular approach where materials are continually repurposed sustainably. Furthermore, 

recycling alginate helps lower the environmental footprint associated with the extraction, 

processing, and transportation of virgin resources, thereby supporting eco-friendly practices. 

Participating in alginate recycling also supports the principles of a circular economy by extending 

the life cycle of materials, reducing waste generation. Incorporating recycled alginate into 

production processes promotes sustainable manufacturing practices, aligning with global efforts 

to minimize environmental impact. Additionally, recycling alginate may offer economic 

advantages by reducing the costs associated with raw material acquisition and waste management, 

ultimately making processes more cost-effective in the long run. 

Bioform Solutions Inc., a Vancouver, BC-based startup start-up, has developed a patented 3D 

extrusion printing technology customized to manufacture 100% homecompostable packaging 

derived from alginate and wood pulp. Their technology has produced various tubes and films of 

similar mechanical strength, functionality, and cost to petroleum-based products. Bioform has 

established that the molecular weight and composition of alginate and the cellulose fiber ratio play 

a critical role in producing bioplastic products that are competitive with conventional plastics. 

Bioform is committed to using local kelp as the primary feedstock; however, alginate sourced from 

the Canadian coastline is largely unexplored, with limited information on alginate composition in 

literature.  
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To advance the transition to higher-grade bioplastics, we have partnered with Bioform to 

investigate the properties of alginate, sourced from kelp native to Canadian coastlines. As a part 

of an ongoing collaboration with Bioform, Hayley Smith (PhD candidate in the Green Safe Water 

Lab) has tested various sodium alginate extraction methodologies and optimized the most efficient 

methods. This study builds on our learnings about sustainable extraction protocols and goes a step 

further to explore the recycling potential of the films formed by the best protocol determined in 

the previous work. This research proposes and assesses the utility of one possible recycling 

protocol, and will indicate whether it is an appropriate method for consistent recycling. Data and 

methods drawn from this research will further allow Bioform to gain control of the recycled 

material and the affecting parameters. 

In this study, our focus lies on establishing and assessing the effectiveness of the recycling protocol 

in terms of yield and purity, providing insights into Ca crosslinker removal through analysis, and 

investigating structural alterations in alginate films resulting from the recycling process. 
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2.2 Methods 
 

2.2.1 Chemicals 

 

All chemicals were utilized in their original form without any further modifications. Commercial 

sodium alginates I-2 and I-2G were purchased from Kimica. Bioform provided dry Macrocystis 

pyrifera seaweed. Sodium citrate dihydrate (LOT 223578A) and sodium hydroxide (LOT185531) 

were used for sodium alginate extraction and were purchased from Fisher Chemicals. Sodium 

carbonate anhydrous (CAS#497-19-8) was from Bio Basic Canada Inc. Hydrochloric acid 

(LOT226081) 36.5-38% was from Fisher Chemicals. Ethyl alcohol (95%) and anhydrous ethyl 

alcohol (commercial grade) were from Greenfield  Global. Glucino delta lactone, a tofu coagulant 

purchased from Elo's Premium, is used in hydrogel film formation. Calcium carbonate (LOT 

192879A) and calcium chloride (LOT 224469) were from Fisher Chemicals and used for hydrogel 

film formation.  

2.2.2 Extraction Procedure 

 

Sodium alginate extraction methods from kelp were previously studied by Hayley Smith, a PhD 

candidate in the Green Safe Water Lab at the time of writing this thesis. An optimized extraction 

procedure (adapted from Albers et al.,202157; Sterner et al.,201721) was provided for this study.  

Kelp was ground into ~ 0.5 cm2 pieces using Magic Bullet (MBR-1701) and stored in a desiccator 

at 4°C. sodium citrate solution (0.124M) was prepared and adjusted to pH 9.3±0.1 using NaOH to 

conduct the chelation step. 720 g of the prepared sodium citrate chelating solution (0.124 M) was 

added to a 1 L centrifuge bottle and stirred using a stir bar for 1 min and 150 rpm. The centrifuge 

bottle was shaken well before being placed in an incubator shaker (New Brunswick126) (150 rpm, 

1h, 49.5 °C).  

After the chelation treatment, the sample was centrifuged for 30 min at 15,000 x g at 21 °C. The 

supernatant was collected in a separate centrifuge bottle. 
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Hydrochloric acid (6 M) was used to set the supernatant's pH to 1.0 ± 0.2 to precipitate alginic 

acid. It was mixed using a stir bar for 30 s and 200 rpm. 

The centrifuge (thermoscientific sorvall LYNX4000) was used for 20 min at 15,000 x g and 

separated; the pellet (alginic acid) was collected, and the supernatant was discarded. 

The alginic acid pellet was washed in 100 mL of 0.1 M hydrochloric acid (pH ~1.50) and again 

centrifuged (15,000 x g for 10 min), collecting the pellet. This step was done twice. 

100 mL of DI water was added to the pellet. Alginic acid pellets were neutralized with Na2CO3 (1 

M) to pH 7. The solution was placed on a stir plate for 20 min at 200 rpm.  

Sodium alginate was precipitated by adding an equal volume of anhydrous ethanol. The solution 

was gently agitated and manually stirred until only one liquid phase was visible and all sodium 

alginate had been precipitated. The mixture was centrifuged (15,000 rpm), and the sodium alginate 

pellet was collected. The supernatant was disposed of in organic waste storage. 

The sodium alginate pellet was washed in 200 mL of a 70% (Wt/Wt) aqueous ethanol solution 

(shaken well for 10 s) and centrifuged for 10 min, collecting the pellet and disposing of the 

supernatant was in organic waste storage. This step was performed two times for each sample. 

Samples were oven-dried at 40 ºC for 48 h and weighed afterward to calculate the extraction yield.  

 

Figure 2.6 Sodium alginate extraction procedure 
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 2.2.3 Hydrogel Film Formation Procedure 

 

The Hydrogel film formation procedure used in this study was previously studied and optimized 

by Nathan Leonard, an undergraduate student in the  Green, Safe Water Lab. This procedure is 

based on the study by Panday et al55. on the formation of calcium silicate-reinforced alginate 

composite hydrogel films. 

This procedure used a combination of calcium carbonate and gluconic-delta-lactone (GDL) to pre-

gel a film of alginate, which was then crosslinked using a dilute solution (100 mM) of calcium 

chloride. A concentration ratio of 50 mM GDL to 25 mM calcium carbonate was used for all film 

sets.  

 

Figure 2.7 Pre-gelation reaction of alginate film, ChemDraw 18.00 

 

A 3% (w/v) suspension of sodium alginate was used. Typically, 250 mL is prepared. 7.5 g of 

sodium alginate was combined with 250 mL of deionized (MilliQ) water and was blended using a 

household Magic Bullet blender(3×30s). This suspension was left overnight to remove bubbles. 

125 g of sodium alginate suspension was measured using a top-loading balance, to which 1.11 g 

of GDL was added and mixed thoroughly. Afterward, 0.31 g of calcium carbonate was suspended 

in ~8 mL of water and combined with the sodium alginate and GDL mixture. The suspension was 

mixed very thoroughly using a glass rod. 
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35 g of suspension was added to a petri dish (150×15 mm) using a top-loading balance. The petri 

dish base was tapped aggressively against a lab bench surface to remove bubbles. It was left to sit 

for approximately 15 min, and tapping was repeated. The film-forming suspension was allowed to 

gel for 24 h, covered, at ambient temperature and humidity. After that, 70 mL of 100 mM calcium 

chloride was added to the pre-gelled film in the glass petri dish. After adding the cross-linker 

solution, the petri dish was gently swirled to detach the film from the base of the petri dish to allow 

for even crosslinking. After 30 min, the cross-linker solution (neutral aqueous waste) was poured 

off, and the film was gently rinsed with water. The mass and diameter are recorded at this time, 

see Fig 2.8 for the process schematic. 

The films were then pinned to pieces of wood and compressed foam lined with plastic wrap, with 

a space of about 1 cm at the border. After at least 24 h (up to 72 h), the pins were removed after 

the films were dry. The mass and diameter were recorded at this time. 

 

Figure 2.8 Alginate film development schematic 

 

2.2.4 Recycling Procedure 

 

The recycling procedure has almost the same steps as extraction from raw kelp, except the 

chelation step was skipped as it was not necessary because the desired compounds were already in 

a chelated form from the initial extraction.  This process was optimized to increase recycling yield, 

resulting in up to 62% recycling yield. 

Sodium alginate film was ground using a ball mill (find model) with 30 Hz frequency for 30 s. 15 

g of ground alginate film was placed in a 1 L centrifuge bottle, and 70 mL DI water was added. In 
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the next step, the alginate film/water mixture was acidified to pH 1 using 10 M hydrochloric acid 

to precipitate alginic acid, then centrifuged for 35 min,15 ºC, and 15000×g. The pellet was filled 

with 150 mL of 0.03 M hydrochloric acid and centrifuged for 20 min, 15000×g, 15 ºC. This step 

was done two times for each sample. The pellet was neutralized using 1 M sodium carbonate and 

mixed at 200 RPM for 1 h. 250 mL DI water was added to ease the stirring and reduce the solution 

viscosity. Anhydrous ethanol was added to the centrifuge bottle in the same volume to precipitate 

sodium alginate. The sample was centrifuged for 20 min,15000×g, and 15 ºC. The sample was 

oven-dried at 35 °C for three days, and the alginate was weighed. See Fig 2.9 for the process 

schematic. 

 

 

Figure 2.9 Sodium alginate recycling procedure 
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2.2.5 Hydrogel Film Formation Procedure from recycled kelp-extract sodium alginate 

 

The film formation process with recycled extracted alginate (REX-1) encountered challenges due 

to rapid gelation, high viscosity, and difficulties with leveling. To make the film formation 

procedure described in section 2.2.3 applicable for the case of recycled kelp-extract sodium 

alginate following modifications were applied: 

For the second recycled extracted alginate (REX-2), the sodium alginate solution was prepared in 

small quantities, enough for making one sample at a time. This was done to reduce the filmmaking 

process time and prevent pre-gelation before pouring the hydrogel solution. To adjust the viscosity, 

5.7% distilled water was added to the original formula (2g of water per 33g of sodium alginate 

solution). Due to the adjustment and additional water content, the tensile properties of the dried 

hydrogel film may not be comparable to the other samples. 

Hydrogel film samples used in mechanical properties characterization were tested for moisture 

content and thickness.2.2.6 Sample Design  

 

Sample codes associated with 3 sodium alginate sources (Commercial I-2, Commercial I-2G, and 

extracted) at different stages of the film formation (assigned with F), recycling (assigned with R), 

and recycled sample film (R-F) are presented in Table 2.1. To obtain a sufficient quantity of kelp-

extracted alginate, five extraction series (ex1-ex5) were performed. EX represents the combined 

kelp-extracted sodium alginate, consisting of equal amounts of sodium alginate from each 

extraction series. To validate the reproducibility of the findings from recycled kelp-extract sodium 

alginate, recycling was conducted in 2 replicates, labeled as REX-1 and REX-2. 
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Table 2.1 General sample design 

Sample Description Sample 

film 

Description Recycled 

sample 

Description Recycled  

sample 

film 

Description 

I-2 Commercial 

sodium alginate 1 

I-2F I-2 hydrogel  RI-2 Recycled I-

2 

 

RI2-F Recycled I-2 

hydrogel 

I-2G Commercial 

sodium alginate 2 

I-2GF I-2G hydrogel  RI-2G Recycled I-

2G 

RI-2GF Recycled I-2G 

hydrogel 

EX mix of sodium 

alginate 

extractions (5 

extraction series: 

ex1,ex2, ex3, 

ex4, ex5) 

EXF Mix of 

extractions 

hydrogel 

REX-1 

 

Recycled 

Ex, Serie1 

REX-1F Recycled(serie1) 

Ex hydrogel 
REX-2 Recycled Ex, 

Serie2 

REX-2F Recycled(serie2) 

Ex hydrogel 

 

 

2.2.7 Characterization Methodology 

 

2.2.7.1 FTIR 

 

Fourier transform infrared (FTIR) is a spectroscopic technique commonly used to analyze the 

surface properties of materials, specially those that are difficult to analyze using traditional 

transmission methods. In FTIR-ATR, a sample is brought into contact with a high refractive index 

material (often a crystal) at a specific angle. This interaction between the sample and higher 

refractive index material allows for detecting evanescent waves that extend into the sample56. 

All sample designs (see section 2.2.6) were tested in a solid state and were ground by the Retsch 

MM400 ball mill for 30 s in 30Hz. The Agilent Cary 630 FTIR  setting was set on the transmittance 

mode with spectra range 650-4000 cm-1, 16 background scans, 64 sample scans, and 4 cm-1 

resolution. For each sample code, 3 different FTIR runs were conducted. Agilent MicroLab FTIR 

Software was used for data processing. 
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2.2.7.2 EDX 

 

Energy-dispersive X-ray spectroscopy (EDS, also abbreviated EDX or XEDS) is an analytical 

technique that enables the chemical characterization/elemental analysis of materials. A sample 

excited by an energy source (such as the electron beam of an electron microscope) dissipates some 

of the absorbed energy by ejecting a core-shell electron. A higher energy outer-shell electron then 

proceeds to fill its place, releasing the difference in energy as an X-ray that has a characteristic 

spectrum based on its atom of origin. This allows for the compositional analysis of a given sample 

volume that has been excited by the energy source. The position of the peaks in the spectrum 

identifies the element, whereas the intensity of the signal corresponds to the concentration of the 

element59. In this study, EDX was chosen to study the removal of elements like Ca and Cl in the 

recycling procedure which are added to the sodium alginate as a result of hydrogel formation. EDX 

is a quantitative method that provides element Wt.% and atom% of the element on the surface. 

All sample designs (see section 2.2.6) were tested in a solid state and were ground by the Retsch 

MM400 ball mill for 30 S in 30Hz. To prepare samples, double-sided tape was attached to each 

SEM specimen stub, and powdered sample placed on the tape (See Fig 2.10). Cressiongton carbon 

coater (208 carbon) was used to coat EDX samples. Each sample was coated for 24 s which is 

about 6nm of the carbon layer. Carbon coating improves the electrical conductivity of the sample, 

which is especially important for non-conductive or poorly conductive materials. Enhanced 

conductivity helps to reduce charging effects under the electron beam in the scanning electron 

microscope (SEM), where EDX is typically conducted. Pointed carbon rods were purchased from 

TED PELLA, INC. Quantax800 by Brucker was used to quantify and analyze SEM images taken 

by HF-3300V scanning transmission electron holography microscope (STEHM). SEM images 

were taken at 3000X magnification, 13Kv HV, and WD of 15mm. Each Sample code was tested 

at 3 points for O, Na, Mg, Cl, K, Ca, and Fe elements. To calculate normalized weight percentages 

(Wt.%) accurately, it's essential to account for all elements present in the sample. Focusing solely 

on element of interest can result in an incomplete picture of the sample's composition, leading to 

inaccurate normalization. Since normalization adjusts Wt.% values so they sum to 100%, 

excluding other elements can cause the normalized value of your element of interest to be 

misleadingly high, giving an incorrect impression of its actual proportion in the sample. 
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Figure 2.10 EDX samples 

 

2.2.7.3 NMR 

 

1H NMR spectroscopy is a consistent method in literature used to characterize the uronic acid 

composition of the alginate and block sequences. The relative mannuronic and guluronic acid 

contents (M/G ratio), block length, and block distribution provide critical information, which 

directly impacts the polymer stiffness and ionic crosslinking and therefore mechanical properties 

(e.g., elasticity and rigidity)17. The relationship to determine the uronic acid composition and block 

length of G and M-blocks in alginate can be calculated by the relative integrations of the three 

resonance peaks [I, II, III] (See Fig 2.11), and the following equations26,57,58. I is the anomeric 

hydrogen of guluronic acid. II is the anomeric hydrogens of mannuronic and the H-5 of alternating 

blocks (GM-5), and III is the H-5 of guluronic acid residues of the homopolymer G blocks. 
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Figure 2.111H NMR analysis of CBA UF extracted from brown seaweed26 

 

Eqution1 presents the calculation of the relative mannuronic and guluronic acid contents(M/G), 

where AI, AII, and AII are the integration of the under peak area for I, II, and III peaks26,59 . 

𝑀/𝐺 = (𝐴𝐼𝐼 + 𝐴𝐼𝐼𝐼) /(𝐴𝐼 − 1 ) (Equation 1)  

The equation shows block distribution (𝜂) calculation, where FMG is alternating block content, 

and FM, and FG are fractions of homopolymer block structures26,59 

𝜂 = 𝐹𝑀𝐺 /(𝐹𝑀 × 𝐹𝐺) (Equation 2)  

To calculate the average length of homopolymer blocks (MM, GG), equations 3 and 4 are used. 

NG= 𝐹𝐺/𝐹𝐺𝑀 (Equation 3) 

NM = 𝐹𝑀/𝐹𝑀𝐺 (Equation 4) 

Where: 

FG—fraction of individual blocks of G-units 

FM—fraction of individual blocks of M-units 

FGM or FMG—fraction of heterogeneous blocks of alternating M and G units 59 

 

The M/G ratio, determined through equation 1, will inform us of the M and G-block content; an 

M/G ratio greater than 1 will have a higher quantity of mannuronic acid content, producing a more 

elastic hydrogel, while a lower M/G ratio will produce a stiffer hydrogel. The block distribution is 
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the fraction of homo-polymeric block structures (FMM, FGG) and alternating blocks (FMG, FGM), and 

can be calculated by equation 258. The abundance of homo-polymeric blocks MM and GG generate 

a 𝜂 value less than 1, while values greater than 1 correspond to greater heterogeneous blocks MG 

and GM. The block length is the average length of homo-polymeric blocks (MM, GG) and will be 

calculated via equations 3 and 458 . This data will provide insight into the ability to form strong 

cross-linking junctions, as calcium needs 8-20 adjacent G-blocks to coordinate a stable junction of 

the “egg-box” formation60. The 1H NMR spectra were recorded at 500 MHz on a Bruker DMX-

500 spectrometer at 85 Cº and MestReNova software will be used for data procurement. 

2.2.7.3.1 NMR Sample Preparation 

 

All sample designs (see section 2.2.6), were tested in triplicate. Due to the risk of degradation, 

samples were prepared on the same day of NMR testing, with a maximum 2-hour wait time. 

To prepare NMR samples of alginate, 25 mg of alginate was dispersed in 125-mL deuterium oxide 

(99.9 atom% D, Sigma Aldrich (151882-100G)) to make 2wt% solution. A glass pasture pipette 

was used to take 125 mL of deuterium oxide.  

For mixing, a small centrifuge container was used and secured by a rack. A vortexer was used to 

mix the solution. A syringe and needle were used to mix manually between vortexes, and this 

process was repeated several times until all particles were well dispersed and did not show obvious 

precipitation, and stayed stable in dispersion. Alginate was observed to disperse rather than make 

clumps, and it was acceptable to have bubbles at that point. 

The NMR tube was filled using the syringe and needle. The tube was shaken down several times 

to get the solution down, ensuring there were 3 finger lengths of material in the tube. The tube was 

capped, and the top and surroundings were sealed using parafilm. 

2.2.7.4 GPC 

 

Gel permeation chromatography is widely used for the molecular weight characterization of 

alginates17. Molecular weight impacts the physical and mechanical properties of the alginate 

hydrogel, such as stiffness, toughness, strength, and viscosity26. From GPC, we measured the 

weight-average molecular weight (Mw) and number average molecular weight (Mn); from the 
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ratio of Mw/Mn, we measured the polydispersity index (PDI). The polydispersity index is a useful 

parameter that allows molecular weight distribution estimation and indicates alginate 

depolymerization during the extraction or purification procedure’s steps22. The molecular weight 

distribution of the sodium alginate samples was determined through gel permeation 

chromatography (GPC) using a Waters 2695 separation module equipped with a DAWN 

HELEOUS-II multiangle laser light scattering (MALLS) detector and an Optilab T-rEX refractive 

index detector (Waters, USA). Waters Ultrahydrogel high-performance liquid chromatography 

(HPLC) columns (including guard, linear, and 120) were employed for analysis. The samples were 

analyzed in 10 mM phosphate-buffered 0.1 M NaNO3 at pH 7. 

Key parameters such as weight-average molecular weight (Mw), number-average molecular 

weight (Mn), polydispersity index (Mw/Mn), and intrinsic viscosity were determined to 

characterize the biopolymers. 

2.2.7.5 Characterization of Hydrogel Properties 

 

Tensile testing is a destructive test process that provides information about the tensile strength, 

yield strength, and ductility of the specimen. It measures the force required to break a composite 

or plastic specimen and the extent to which the specimen stretches or elongates to that breaking 

point. Tensile testing also provides tensile strength (at yield and break), tensile modulus, tensile 

strain, elongation, and percent elongation at yield, elongation, and elongation at percent break. The 

main equations in tensile testing are summarized in Table 2.2: 

Table 2.2 Definition of main tensile testing parameters 

Tensile stress Tensile strain Young’s modulus 

     Force per unit area which 

is associated with stretching 

and denoted by σ. 

     Deformation or elongation of a 

material when it is stretched by a tensile 

force or stress. 

Young’s modulus compares tensile 

or compressive stress to axial 

strain. 

The formula is: σ = F/A 

Where, 

● σ is the tensile stress 

● F is the force acting 

● A is the area 

The formula is: ε = ΔL/L 0 

Where, 

● ε is the tensile ΔL strain 

● ΔL is the elongation 

● L0 is the initial length of the 

sample 

The formula is: E = σ / ε  

Where, 

● σ is the tensile stress 

● ε is the tensile strain 
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The tensile testing is carried out by applying longitudinal or axial load at a specific extension rate 

to a standard tensile specimen with known dimensions (gauge length and cross-sectional area 

perpendicular to the load direction) till failure61. The applied tensile load and extension are 

recorded during the test for calculating stress and strain. Analyzing the stress-strain curve 

generated during the test will provide an essential understanding of a polymer's response to applied 

stress, aiding in material selection, formulation optimization, and the design of polymer-based 

products. ASTM D3039/D3039M62 was previously used in the literature to study fabric-reinforced 

epoxy63, low-density polyethylene64, and reinforced polyester composites65. Specimens were cut 

to D3039 regulation for this study.  

To cut the dried sodium alginate hydrogel films into strips measuring 10 mm by 7 mm, a laser 

cutting machine was used. (Aeon Nova 16 Elite) was used with 23% power and 280 mm/s 66.  

Samples were conditioned in the tensile testing room at 47% humidity and 23 ºC for 24 h before 

testing. The mechanical properties were measured with the Instron6800 system (facility at UBC, 

Pulp, and paper center), providing a stress-strain curve for the various alginate film samples. In 

the tearing test, one sample leg was fixed to the upper clamp while the other leg was fixed to the 

bottom with a tensile velocity of 1 mm min until the sample failed (see Fig 2.12). 
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Figure 2.12 Hydrogel film sample placed between two clamps in the instron6800 system, photo by Negar Rahmati, 

2024 

  

Moisture content (Mc, %) within the films was assessed through a gravimetric approach. The 

samples were first conditioned under conditions of 23 °C and 47% humidity for 24 h. 

Subsequently, they were subjected to drying in an oven set at 110°C until a constant weight was 

achieved. The moisture content values reported in this study represent the averages derived from 

three separate replicates. To calculate the moisture content, equation5 was employed: 

Mc %= (W0 – Wd/W0) ×100 equation5 

Where W0 represents the initial sample weight before drying (after conditioning), and Wd 

denotes the sample weight after the drying process. 

Hydrogel films’ moisture content and thickness (after conditioning) is presented in table 2.3. 
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Table 2.3 Tensile sample’s characteristics 

Sample Tensile Sample Thickness 

(mm) 
Mc % 

I-2 0.09 14.3 

RI-2 0.12 14.9 

I-2G 0.08 16.0 

RI-2G 0.1 22.5 

EX 0.08 17.7 

REX-2 0.1 21.3 
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2.3 Results and Discussion 

 

2.3.1 Yield of Sodium Alginate Hydrogel Recycling, M/G ratio potential impact 

 

Table 2.4 shows the average yield of sodium alginate hydrogel recycling, using commercial I-2, I-

2G, and EX. I-2G had the highest average yield (62.0%), followed by EX (56.5,55.7%) and I-2 

(52.5%) respectively. The reproducibility of the kelp-extract alginate recycling yield was tested by 

recycling it in replicates. Recycling kelp-extract alginate was reproducible and comparable to 

commercial sodium alginate, as shown in Table 2.4.      

 The M/G ratio was calculated using NMR data (See section 2.3.4). A lower M/G ratio, which 

indicates a higher proportion of guluronic acid blocks, enhances the gel formation and stability 

due to the stronger and more effective binding with calcium ions. This interaction results in more 

robust and cohesive hydrogels57, which are hypothesized to be less prone to breakdown or 

degradation during use and recycling. Consequently, it is expected to have more of the hydrogel 

structure recovered intact, increasing the recycling yield.  Alginates with higher G content can 

have a lower viscosity67, depending on the molecular weight68, which can potentially make 

handling and processing easier and reduce material loss during recycling steps. 

Comparing the M/G ratio of I-2 and kelp-extract alginate, kelp-extract alginate has a higher M/G 

ratio of 1.38, which indicates lower G content, while it presented higher recycling yield compared 

to I-2. This result suggests that G content is not the only factor impacting recycling yield.  

Although all procedure conditions such as temperature, mixing speed, and processing duration 

were carefully controlled and kept consistent across all recycling attempts, the degree of 

polymerization or molecular weight of the recycled sodium alginate hydrogel can still impact the 

recycling process. High molecular weight and a high degree of cross-linking can lead to difficulties 

in recycling, such as higher viscosity polymer’s solution and difficulty in dissolution and 

processing that can result in lower recycling yields. The molecular weight of the starting material 

and calcium content% of the sodium alginate films are shown in Table 2.4.        
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Table 2.4 Recycling yield for 3 sodium alginate sources 

Sample M/G ratio Mw 

(kDa) 

Ca 

Wt% 

Recycling Yield% 

I-2 1.01±0.02 237 13.54 52.5% 

I-2G 0.25±0.05 248 4.35 62.0% 

EX-1 1.38±0.02 104 10.99 56.5% 

EX-2 1.38±0.02 104 10.99 55.7% 

 

Although crosslinked samples cannot be analyzed using GPC, the molecular weight of the starting 

material significantly determines the molecular weight of the resultant hydrogel films. I-2, with an 

average Mw of 237 kDa and a 13.54% Ca content for the I-2 film, is higher than that of kelp-

extract alginate (104 kDa). This higher molecular weight and calcium content make I-2 more 

challenging to recycle, explaining why its recycling yield is similar to that of kelp-extract alginate, 

despite having a lower M/G ratio and higher G content. 

Both the high G content and the low Ca content (4.35%) of I-2G may justify its high recycling 

yield of 62%. While this is the highest yield among conducted recycles, it could have potentially 

been higher with a lower molecular weight material with a similar chemical composition.  

 

2.3.2 Recycling Procedure’s Ca2+ Crosslinker Removal Efficacy 

 

Tracing calcium ions in recycled sodium alginate hydrogel is indispensable due to the pivotal role 

of Ca2+ ions in influencing the structural integrity and performance of the gel. The traceability of 

calcium ions is essential for understanding their retention levels, which directly impacts the 

hydrogel's reusability, strength, and stability over multiple cycles. To study the efficiency of  Ca2+ 

crosslinker removal in the proposed recycling procedure, FTIR72 and EDX73 was employed.  
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2.3.2.1 FTIR Result 

 

Fourier-transform infrared spectroscopy (FTIR) was utilized to characterize the isolated sodium 

alginate within the range 650-4000 cm-1 as detailed previously by Belattmania et al57. In Figure 

2.13, the FTIR spectra of kelp-extract alginate are presented alongside a reference to commercially 

available high-purity sodium alginate, I-2 and I-2G (KIMICA, Japan). Notably, the spectra of the 

sodium alginates obtained from the investigated protocols closely mirror those of the commercial 

standards, showcasing similar positions of characteristic bands. This alignment indicates that 

sodium alginate is the primary polysaccharide constituent in the product. 

Several distinctive bands were observed in the FTIR spectra. Broadband with a peak at 1593 cm−1 

was attributed to the O1-C-O4 asymmetric stretching of the carboxylate group. Additionally, a 

band with a peak of 1403 cm−1 was associated with the C-OH deformation vibration, coupled with 

the symmetric stretching vibration of O1-C-O. The presence of a band with a peak at 1021 cm−1 

indicated the presence of the C-O group within the alginate structure. In the anomeric region (950 

to 750 cm−1), crucial in carbohydrate analysis, distinct bands were observed. Furthermore, bands 

at 930 to 950 cm−1 were linked to the C-O stretching vibration of uronic acid residues. 

Peaks at 883 cm−1 were specifically associated with the C1-H deformation vibration of β-

mannuronic acid residues, while peaks within the range of 815-833 cm−1 were attributed to 

mannuronic acid residues. Notably, a band at 883 cm−1 indicative of β-mannuronic acid residues 

was prominent in samples from I-2. Conversely, the spectra from commercial I-2G and kelp-

extract alginate exhibited a weaker band at 883 cm−1, reflecting the lower content of β-mannuronic 

acid residues in these samples. 
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Figure 2.13 FTIR spectra of I-2, I-2G, and EX (kelp-extract sodium alginate), Normalized to max transmittance 

intensity, at 1021 cm-1 

 

The purity of the kelp-extracted alginate was compared to the sodium alginate (I-2 and I-2G). By 

comparing the position of the characteristic bands, we indicate that sodium alginate is the main 

polysaccharide found in the extracted sample57. The IR spectrum of sodium alginate shows two 

characteristics peaks at 1596 cm-1 and 1404 cm-1, which correspond to the asymmetric and 

symmetric vibrations of the carboxylate (-COO) group, respectively, and are consistent with IR 

studies of alginate69.  

After cross-linking with Ca2+, the peak that shows symmetric vibration of COO− in alginate shifts 

to higher wavenumbers, and the peaks that show asymmetric vibration of COO− and C=O groups 

shift to lower wavenumbers, that is due to weak interactions between polymeric chains are replaced 

by robust ionic bonds between Ca2+ ions and carboxyl groups of polysaccharides. After recycling 

sodium alginate, the symmetric and asymmetric vibration peaks return to their original positions, 

as they were before cross-linking. This shift indicates that the crosslinker and the associated ionic 

bonds have been successfully removed70.  

For the case of I-2, O-C-O Symmetric stretching showed a peak at 1407 cm-1 which was shifted to 

1412 cm-1 as a result of Ca ion crosslinking in I-2F, followed by a shift to lower wave numbers 
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(1395 cm-1) after recycling. O-C-O Asymmetric stretching presented a peak at 1593 cm -1, which 

was shifted to 1587 cm-1 for I-2G and then shifted to a higher wavenumber of 1597 cm -1 after 

recycling. Recorded trends of O-C-O symmetric and asymmetric shifts confirm the successful 

removal of introduced Ca2+ ions as a result of recycling. The observation that O-O=C-O symmetric 

stretching appeared at a lower wavenumber and O-C-O appeared at a lower wavenumber for RI-2 

compared to I-2, indicates the removal of both the initial Ca content in I-2 and the Ca introduced 

during the hydrogel formation process in recycling (See Table 2.5). 

     

Table 2.5 All sample codes FTIR characteristic peak shifts (cm-1) 

 O-C-O Symmetric stretching (cm-1) O-C-O Asymmetric stretching (cm-1) 

I-2 1407 1593 

I-2F 1412 1587 

RI-2 1395 1597 

RI-2F 1416 1587 

I-2G 1403 1595 

I-2GF 1412 1588 

RI-2G 1405 1595 

RI-2GF 1411 1588 

EX 1404 1595 

EXF 1411 1589 

REX1 1404 1594 

REXF-1 1410 1590 

REX2 1404 1593 

REXF-2 1412 1589 

 

For the case of I-2G, O-C-O symmetric and asymmetric stretching peaks showed at 1403 cm-1 and 

1595 cm-1 respectively. By film formation, the symmetric stretching peak shifted to 1412 cm-1, and 

the asymmetric stretching peak was recorded at 1588 cm-1. After recycling O-C-O symmetric and 
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asymmetric stretching peaks were recorded at 1405 cm-1 and 1595 cm-1. While there is evidence 

of high degree Ca2+ removal, O-C-O symmetric stretching peak appearing at a higher wavenumber 

compared with the starting material can be related to higher Ca2+ content compared to I-2G (See 

Table 2.4). 

Kelp-extracted sodium alginate O-C-O stretching peak symmetric, increased from 1404 cm-1 to 

1411 cm-1, while the asymmetric stretching peak shifted from 1595 to 1589 cm-1 as a result of film 

formation. Studied in two replicates, REX-1 and REX-2 presented O-C-O symmetric and 

asymmetric stretching peaks at 1404,1594 cm-1 and 1404,1593 cm-1 respectively. While FTIR data 

support approve a high level of Ca2+ content removal from REX, higher peak numbers for 

asymmetric stretching compared to the same peak for EX, can be related to remaining Ca2+ content.  

In summary and as presented in Table 2.4 and Fig 2.13-16, the Ca2+ removal efficiency of the 

recycling procedure was confirmed for commercial sodium alginates as well as the kelp-extract 

alginate. To test the reproducibility of Ca2+ ion removal for the case of kelp-extract sodium 

alginate, FTIR was performed on 2 replicates of its recycling. 

 

 

Figure 2.14 FTIR Spectra of I-2, I-2 Film, recycled I-2 and Film of the recycled I-2 status, Normalized to max 

transmittance intensity, at 1021 cm-1 
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Figure 2.15 FTIR Spectra of I-2G, I-2G film, recycled I-2G, and recycled I-2G film status, Normalized to max 

transmittance intensity, at 1021 cm-1 

      

 

 

Figure 2.16 FTIR Spectra of KELP-extract alginate, hydrogel, recycled, and recycled hydrogel status, Normalized to 

max transmittance intensity, at 1021 cm-1 
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2.3.2.2 EDX Results 

 

Energy dispersive X-ray was utilized to further study the recycling procedure calcium crosslinker 

removal efficiency71. For each of I-2, I-2G, and EX (kelp-extract alginate), normalized wt.% of O, 

Na, Mg, Cl, K, Ca, and Fe were compared in 4 sodium alginate states:  pure Sodium alginate, 

sodium alginate hydrogel, recycled sodium alginate, and recycled sodium alginate hydrogel. 

As mentioned in section 2.2.3 (Hydrogel Film Formation Procedure), a combination of calcium 

carbonate and gluconic-delta-lactone is used to pre-gel a film of alginate, which is then crosslinked 

using a dilute solution of calcium chloride. Based on the hydrogel formation, an increase in Ca 

and Cl element Wt.% was expected as a result of film formation followed by a decrease of Wt.% 

of these 2 elements after recycling and Ca2+ crosslinker removal. 

As presented for I-2 in Table 2.5, Ca2+ ion, which is vital for crosslinking and formation of egg-

box structure, was 0.31 Wt.% in I-2 starting material and increased to 13.54% in I-2 hydrogel. The 

recycling procedure was effective in reducing Ca Wt.% to 0.06 Wt.%, which is less than the 

starting material. The traceability of calcium ions is essential for understanding their retention 

levels, which directly impacts the hydrogel's reusability, strength, and stability over multiple 

cycles. 

Table 2.5 EDX elemental analysis of commercial I-2, I-2G hydrogel film (I2F),recycled I-2 (RI-2) and hydrogel film 

of recycled I-2 (RI-2F)      

  I-2 I2F RI-2 RI-2F 

  Normalized Normalized Normalized Normalized 

Element Atomic 

number 

[Wt.%] [Wt.%] [Wt.%] [Wt.%] 

O 8.00 72.84 70.77 70.38 54.83 

Na 11.00 26.05 6.28 28.71 16.83 

Mg 12.00 0.34 0.11 0.11 0.22 

Cl 17.00 0.25 9.26 0.73 12.67 

K 19.00 0.10 0.01 0.01 0.02 
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Ca 20.00 0.31 13.54 0.06 15.36 

Fe 26.00 0.06 0.01 0.01 0.12 

 

Table 2.7 presents elemental analysis for I-2G. The same trend is followed in the Ca element 

normalized Wt.% in I-2G. This result confirms the calsium crosslinker removal efficiency of 

recycling procedure for the case of I-2G.      

Table 2.6 EDX elemental analysis of commercial I-2G, I-2 hydrogel film (I-2GF), recycled I-2G (RI-2G) and 

hydrogel film of recycled I-2G (RI-2GF) 

  I-2G I-2GF RI-2G RI-2GF 

  Normalized Normalized Normalized Normalized 

Element Atomic 

number 

[wt.%] [wt.%] [wt.%] [wt.%] 

O 8.00 62.88 26.62 64.65 17.61 

Na 11.00 35.22 34.91 32.95 27.64 

Mg 12.00 0.19 0.15 0.10 0.32 

Cl 17.00 1.13 33.82 0.94 38.98 

K 19.00 0.44 0.14 1.08 0.06 

Ca 20.00 0.13 4.35 0.27 15.34 

Fe 26.00 0.02 0.00 0.01 0.07 

 

Low Ca content in I-2GF (4.25 Wt%) as compared to I-2F and EXF, which contained 13.54 Wt% 

and 10.99 Wt% Ca can be related to the difference in G content and the pre-gelation step in 

hydrogel formation (See section 2.2.3). A potential explanation can be that a high G content 

contributes to the formation of a dense and rigid gel network (Pre-gelation with the use of Ca2CO3). 

While this can enhance the mechanical strength of the gel, it can also make it difficult for 

crosslinkers to penetrate deeply into the gel matrix, resulting in less efficient crosslinking (with 

the use of CaCl2).      

To study the Ca crosslinker removal of recycling procedure for kelp-extract sodium alginate, EDX 

was conducted on kelp-extract sodium alginate, the hydrogel form, recycled and the hydrogel of 

the recycled kelp-extract sodium alginate. As shown in Table 2.8, for the case of REX-1 and REX-

2 there is 1.39 and 1.22 Wt.% remaining calcium which is higher than that of I-2 and I-2G. A 

potential source of this increase in calcium content can be related to the consistency of the recycled 

sodium alginate pellet during the isolation and purification step of the recycling procedure (See 

section 2.2).  Due to the low molecular weight (See section 3.3.1), the sodium alginate pellets of 

REX were not as dense as RI-2 and RI-2G. This made it impossible to fully decant and separate 
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the rinsing solution from the pellets, causing some solution to become trapped within the pellets. 

As a result, the dried REX-1 and REX-2 samples exhibited a higher content of Ca. 

Table 2.7 EDX elemental analysis of kelp-extract sodium alginate (EX), EX hydrogel film (EXF), recycled EX 

(REX-1, REX-2), and hydrogel film of recycled REX-2 (REX-2F) 

  EX EXF REX-1 REX-2 REX-1F REX-2F 

  Normalized Normalized Normalized Normalized Normalized Normalized 

EL AN [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] 

O 8.00 74.70 48.13 74.66 75.70 75.76 65.27 

Na 11.00 24.26 20.67 22.96 22.66 10.89 7.98 

Mg 12.00 0.08 0.04 0.04 0.06 0.24 0.16 

Cl 17.00 0.33 20.09 0.25 0.04 4.69 11.60 

K 19.00 0.46 0.07 0.71 0.29 0.17 0.05 

Ca 20.00 0.15 10.99 1.39 1.22 8.24 14.87 

Fe 26.00 0.02 0.00 0.00 0.03 0.01 0.06 

 

Equation 7 is used to calculate Ca element removal efficiency:  

Calcium Removal%= (│CaR-CaF│/CaF) ×100 (Equation7) 

Where CaR is the normalized Wt.% of Ca recycled sodium alginate and CaF is the normalized 

Wt.% of Ca in sodium alginate film. 

In Table 2.9, the Ca removal efficiency of the recycling procedure for three of the starting materials 

is presented. For commercial I-2 the ca element removal% stayed the highest compared to I-2G 

and kelp-extract alginate. While for all sodium alginate sources, Ca removal% stayed high, it was 

less efficient for the case of kelp-extract sodium alginate, with 87.4% and 88.9%. It is expected to 

see the effect of the remaining Ca element and as a result in remaining crosslinks and polymer 

entanglement in the further characterizations. 

 

Table 2.8 Recycling procedure Ca element removal efficiency 

Sample Ca element removal% 

I-2 99.5% 

I-2G 93.8% 

KELP-extract sodium alginate 87.4%,88.9% 
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The calculated Ca removal% from EDX data is in agreement with FTIR findings (See section 

2.3.2.1) where C-O-C symmetric and asymmetric peak shifts identified minor remaining Ca 

content for the case of RI-2G and REX-1, REX-2. While no peak shift from initial I-2 was observed 

in the case of R-I2, revealing successful Ca removal. 

 

2.3.3 Effects of Recycling on Molecular Weight and Polydispersity of Sodium Alginate       
 

2.3.3.1 GPC Result 

 

The molecular weight distribution of the sodium alginate samples was determined by gel 

permeation chromatography (GPC)72. The weight-average molecular weight (Mw), number 

average molecular weight (Mn), and polydispersity index (PDI) are presented in Figures 2.17, 

2.18, and 2.19 and summarized in Table 2.9. Experimental results demonstrate a difference in the 

weight-average molecular weight before and after recycling for all sodium alginate sources. The 

lower molecular weight of the recycled I-2 and I-2G compared with the starting material can be 

due to depolymerization and reduction in molecular weight through hydrolysis of glycosidic 

linkage73. Furthermore, the precipitation of alginate with acid may have degraded the 

polysaccharide, likely due to acid hydrolysis of the glycosidic bond74. The commercial products 

of I-2 and I-2G demonstrated a decrease in MW and Mn while the lab-prepared materials were 

higher after recycling. The depolymerization effect was not confirmed by kelp-extract sodium 

alginate GPC results. Unlike I-2 and I-2G, Recycled EX resulted in higher molecular weight 

compared with EX which can be related to removal of low molecular weight polymer chains, 

which are less probable to be entangled to longer chains, during the purification and isolation steps 

of the recycling procedure.  The presence of higher calcium content in Recycled EX ( See section 

2.3.2.2 ) might also helped the polymer chains maintain their integrity during the recycling process, 

preventing extensive depolymerization and encouraging the formation of longer, more 

interconnected polymer chains.  
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Figure 2.17 Molecular weight comparison among non-film alginate samples 

 

      

Figure 2.18 Molecular number comparison among non-film alginate samples  

 

 The polydispersity index quantifies the heterogeneity of polymer molecular weight distributions 

by comparing Mw and Mn. A higher PDI indicates a more diverse molecular weight distribution, 

characterized by a larger difference between Mw and Mn75,76. As presented in Table 2.9, recycling 

did not contribute to an increase in PDI and insignificantly decreased PDI for the case of I-2G and 

EX sodium alginate sources. A minor increase in PDI was witnessed for commercial I-2. 

The significance of the PDI value changes between each pair of starting materials and the recycled 

version was studied using T-test. The significance level (𝛼) is considered to be 0.05, which is 5% 
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risk error, commonly used in many scientific fields80. If the p-value is greater than the significance 

level (α), the result is not statistically significant. 

For the case of I-2 and RI-2, the two-tailed P value equals 0.8285 By conventional criteria, this 

difference is considered to be statistically insignificant. With I-2G, RI-2G pair, the two-tailed P 

value equals 0.3435, this difference is considered to be statistically insignificant. EX, REX-1 pair 

showed a non-significant two-tailed P value of 0.1560. While EX, REX-2 pair two-tailed P value 

was calculated to be 0.2169, which is considered statistically insignificant.  

 

Figure 2.19 Polydispersity index comparison among 3 sodium alginate sources 

 

Alginate with higher molecular weight produces materials that are stronger and lower solubility in 

water77. For instance, Costa et al., (2018) reported that alginate films composed of higher Mw (300 

kDa) attained better mechanical properties than films from lower Mw (<200 kDa)77. Therefore, 

the reduced molecular weight of the recycled alginate kelp-extracted alginate will likely produce 

less tough and lower-strength materials compared with recycled I-2 and recycled I-2G. Optimizing 

recycling conditions could help optimize the molecular weight and properties of alginates for 

various applications73,74. 

Table 2.9 Summary of GPC results for non-film sample codes 

Sample Mw 

(kDa) 

Mn 

(kDa) 

PDI 

I-2 237±7 199±8 1.25±0.07 

RI-2 147±12 115±47 1.29±0.31 

I-2G 248±8 174±37 1.44±0.38 

RI-2G 138±33 128±4 1.14±0.07 
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EX 104±15 79±19 1.30±0.16 

REX-1 112±24 106±13 1.11±0.01 

REX-2 158±13 140±8 1.14±0.01 

 

2.3.4 Effects of Recycling on Uronic Acid Composition of Sodium Alginate 

 

2.3.4.1 NMR Result 

 

The uronic acid composition of both the extracted sodium alginate and commercial samples was 

analyzed using 1H NMR spectroscopy, with the results presented in Table 2.10. The relative 

mannuronic and guluronic acid contents (M/G ratio), block length, and block distribution provide 

information on the alginate composition and influence its physicochemical properties and potential 

applications. Specifically, the ratio between mannuronic and guluronic acid blocks (M/G ratio) is 

recognized for providing information on the ionic crosslinking capabilities with divalent cations, 

which influence the mechanical properties of alginate-based materials, including elasticity and 

rigidity23. The experimental results indicate that the M/G ratio varied significantly between the 

commercial and isolated alginates. I-2G, with an average M/G ratio of 0.25, has more G blocks 

than I-2 (1.02) and the mixture of kelp-extracted sodium alginate (1.38). To study the consistency 

of the M/G ratio, 1H NMR spectroscopy at 85º C was conducted for each of the 5 series of 

extraction78. The elevated temperature serves two purposes, firstly the decreased sample viscosity 

results in narrower line-widths and secondly, the water resonance is moved away from the spectral 

region of interest due to waters temperature dependent chemical shift78. As presented in Table 

2.10, the M/G ratio for samples ex-1 to ex-4 varied between 1.36 and 1.46, while ex-5 had an M/G 

ratio of 1.15. Assuming homogeneous mixing, the expected experimental M/G ratio for the EX 

would be the same as the numerical average of the M/G ratio of ex-1 to ex-5. With a 0.106 

difference from the numerical average of 1.35, the experimental M/G ratio of EX was 1.38, 

indicating a homogeneous EX mixture. 

Both RI-2 and RI-2G NMR data showed a 0.11 increase in the M/G ratio from I-2 and I-2G, 

respectively. During the recycling process, guluronic acid units degrade more readily than 

mannuronic acid units due to differences in their chemical stability79. The G blocks are more prone 

to degradation due to their stiffer and more extended chain configuration, which is less flexible 
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than the M blocks. As a result, the G blocks are more susceptible to hydrolysis and other chemical 

degradation processes79. The glycosidic linkages between the sugar monomers of the 

polysaccharide are prone to cleavage in both acidic and alkaline environments. Under acidic 

conditions, with pH values below 5, notable molecular weight reduction occurs due to acid 

hydrolysis of the glycosidic bonds. Conversely, alkaline conditions lead to chain scission at the 

glycosidic bonds80. This selective degradation results in a relative increase in the proportion of 

mannuronic acid units. Moreover, exposure to oxygen during the recycling process could result in 

oxidative degradation of the alginate. Since guluronic acid units are more prone to oxidation than 

mannuronic acid units, this could increase the M/G ratio79. Guluronic acid has a structure with the 

carboxyl group at the C6 position and hydroxyl groups at the C2 and C3 positions81. The hydroxyl 

group at C3 is in the axial position, which makes the molecule more rigid. This rigidity and the 

spatial arrangement of the functional groups make the G units more accessible to oxidative agents, 

thereby increasing their reactivity towards oxidation. Due to the axial hydroxyl group at C3, the 

guluronic acid units have a higher electron density around the oxygen atoms, making them more 

susceptible to oxidation. Oxidative agents can more easily interact with these oxygen-rich regions, 

leading to the cleavage of the glycosidic bonds and degradation of the polysaccharide chain. 

Mannuronic acid also has the carboxylate group at C6 as well as hydroxyl groups at C2 and C3, 

which are both in the equatorial positions. This configuration makes the M units more flexible and 

less rigid compared to G units. The equatorial hydroxyl groups in mannuronic acid units distribute 

the electron density more evenly, making these units less reactive to oxidative agents81 (See Fig 

2.20). The flexibility of M units allows them to avoid some of the oxidative stress that rigid G 

units cannot escape. This could result in increased the M/G ratio following the recycling procedure. 



88 
 

 

Figure 2.20 Chemical structure of alginate. C2 and C3 hydroxyl groups are highlighted81 

 

Mechanical processes involved in recycling steps, such as grinding, and chemical ones such as 

neutralization, can also cause chain scission. Depending on the conditions, this could preferentially 

affect guluronic acid-rich regions79. Although the same effect was expected for recycled EX (REX-

1, REX-2) showed a slightly lower M/G ratio compared with EX (REX: 1.28, EX: 1.37 

respectively). This result can be justified by the support of the EDX result, which indicated a 

notable remaining calcium content in recycled EX (See section 2.3.2.2). Calcium ions have a 

higher affinity for binding to guluronic acid units compared to mannuronic acid units. In the 

presence of calcium, these ions preferentially cross-link the G units, forming a more stable and 

less degradable gel network. This selective stabilization might protect the G units from degradation 

during the recycling process, resulting in a slightly lower M/G ratio. 

The fraction of guluronic acid diads (FGG), average block length (NG, NM), and block distribution 

were calculated using equations in the methodology section 2.2.7.3 (Equations 1-4). The fraction 

of guluronic acid diads (FGG) improves binding with divalent cations. This enhanced binding 

improves the crosslinking effect, leading to the formation of stronger and more stable materials47. 

The FGG content in the I-2, RI-2, EX, and REX-2 was~ 0.22, while REX-2 showed an FGG of 0.56 

which is close to the calculated FGG values for I-2G and RI-2G. 

The average length of G-blocks (NG) impacts the ion-binding and thereby material properties47. 

Recycling caused an increase in NG of commercial materials as well as the extracted sodium 
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alginate. RI-2G showed the highest NG, followed by R-EX (1&2) and RI-2 (3.37,2.06,2.24 and 

1.84 respectively. 

In sodium alginate, "block distribution" refers to the arrangement and sequence of the mannuronic 

acid (M) and guluronic acid (G) units along the polymer chain78 (See equation8). The block 

distribution can be characterized by three main types of sequences: 

Homopolymeric M-blocks: Sequences of consecutive mannuronic acid units (M-M-M-M-...). 

Homopolymeric G-blocks: Sequences of consecutive guluronic acid units (G-G-G-G-...). 

Heteropolymeric MG-blocks: Alternating sequences of mannuronic and guluronic acid units (M-

G-M-G-...).  

Block distribution=FGM, MG/(FM×FG) (Equation878). 

 

In the context of sodium alginate and based on equation 8, "Lower block distribution" corresponds 

to smaller numbers and generally refers to a greater degree of homopolymeric block formation 

within the polymer chain82. This means that the sequences of consecutive mannuronic acid (M) or 

guluronic acid (G) units are longer on average. Lower block distribution can significantly impact 

the physical and chemical properties of the alginate. 

As shown in Table 2.11, the starting materials (before recycling) had the following block 

distribution numbers: EX had the lowest at 0.85, followed by I-2 at 1.19, and I-2G at 1.79. For the 

case of I-2 and I-2G, recycling resulted in a decreased block distribution number which indicates 

an increase in the length of homopolymer blocks. While REX-1 showed the same effect with a 

lower block distribution number of 0.77 compared with EX, a minor increase was recorded for 

REX-2. 

 Understanding block distribution is crucial in tailoring sodium alginate for specific applications, 

such as in food technology, pharmaceuticals, and biomaterials, where properties like gelation 

behavior, viscosity, and biocompatibility are influenced by the arrangement of M and G units. 
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Table 2.10 Processed NMR data using equations: 1-4      

Sample M/G FG FGG FM FMM 

I-2 1.01±0.02 0.51±1.38 0.20±0.00 0.50±0.01 0.20±0.01 

RI-2 1.12±0.04 0.47±0.01 0.22±0.01 0.53±0.01 0.27±0.03 

I-2G 0.25±0.05 0.80±0.01 0.52±0.01 0.20±002 0.09±0.02 

RI-2G 0.36±0.08 0.74±0.01 0.51±0.02 0.26±0.04 0.09±0.04 

ex*-1 1.37±0.21 0.42±0.04 0.20±0.02 0.58±0.04 0.35±0.09 

ex-2 1.41±0.01 0.42±0.01 0.21±0.02 0.58±0.1 0.38±0.03 

ex-3 1.46±0.05 0.41±0.01 0.21±0.01 0.59±0.01 0.40±0.02 

ex-4 1.36±0.06 0.42±0.01 0.21±0.01 0.58±0.01 0.34±0.04 

ex-5 1.15±0.04 0.46±0.01 0.20±0.00 0.54±0.01 0.27±0.01 

EX** 1.38±0.02 0.42±0.00 0.29±0.13 0.52±0.00 0.37±0.01 

REX-1 1.28±0.14 0.44±0.03 0.56±0.03 0.34±0.08 0.36±0.08 

REX-2 1.37±0.5 0.42±0.01 0.23±0.00 0.58±0.01 0.39±0.02 

* ex is the abbreviation used for each single kelp-extract sodium alginate extraction series  

**EX is the abbreviation used for mix of 5 series of kelp-extraction alginate extractions  

 

 

Table 2.11 Processed NMR data using equations: 1-4 

sample FGM, MG Block length, NG Block length, NM Block distribution, n 

I-2 0.30±0.01 1.67±0.02 1.68±0.06 1.19±0.03 

RI-2 0.26±0.02 1.84±0.09 2.06±0.17 1.03±0.06 

I-2G 0.28±0.01 2.83±0.08 1.86±0.07 1.79±0.14 

RI-2G 0.22±0.05 3.37±0.58 1.24±0.49 1.18±0.34 

ex*-1 0.22±0.06 1.96±0.34 2.74±0.90 0.91±0.22 

ex-2 0.20±0.02 2.07±0.19 2.91±0.35 0.83±0.09 

ex-3 0.19±0.02 2.11±0.13 3.09±0.30 0.80±0.06 

ex-4 0.21±0.02 2.02±0.19 2.76±0.38 0.86±0.09 

ex-5 0.26±0.01 1.76±0.03 2.03±0.09 1.06±0.03 

EX** 0.21±0.01 2.04.08 2.81±0.13 0.85±0.04 

REX-1 0.22±0.05 2.06±0.32 2.67±0.67 0.89±0.20 

REX-2 0.19±0.01 2.24±0.10 3.06±0.26 0.77±0.05 

 

 

2.2.3.5 Effect of Recycling on Mechanical Properties of Sodium Alginate Hydrogel Films 

 

To study the impact of the M/G ratio of the starting sodium alginate sources as well as the effect 

of recycling on the macro properties of the sodium alginate hydrogel, tensile testing was conducted 

(See section 2.2.7.5). It was expected for hydrogels made of sodium alginate of lower M/G ratio 
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to show higher mechanical strength due to the increased number of G blocks which contribute to 

crosslinking and making the egg-box structure26. 

2.2.3.5.1 Tensile Test Results 

 

Mechanical characteristics of both recycled and non-recycled sodium alginate hydrogels are 

summarized in Table 2.13. For all sample codes, tensile tests were conducted on 4 sodium alginate 

hydrogel films, using 2 sample strips per disc. 

In the case of I-2, recycling caused Young’s modulus to decrease by 31.2%, which agrees with the 

increase in the M/G ratio and degradation of G blocks. See Fig 2.21 for the stress-strain% diagram 

of I-2 and RI-2.  

Although I-2G did not possess higher mechanical characteristics compared to I-2, recycling 

impacted Young’s modulus by 11.4% which indicates I-2G was less impacted by recycling 

compared to I-2. Although the increase in the M/G ratio was at the same level as in the I-2 case 

(0.11), the effect on macroscopic mechanical properties was not the same. This suggests the 

existence of relevant other variables other than the M/G ratio, like inherent differences in sample 

specifications (See Table 2.4). 

The increased moisture% in I-2GF (16.0%) and RI-2GF (22.5 %) compared with I-2F and RI-2F 

(14.3 and 14.9 respectively), could have contributed to decreased Young’s modulus of the I-2G 

samples. Young’s modulus, which is a measure of the stiffness of the hydrogel, decreases with 

higher water content. This is because the additional water reduces the interactions between 

polymer chains, making the hydrogel less rigid. 

Young’s modulus decreased by 15.6% in REX-2F, compared to that of EXF. It needs to be 

considered that the hydrogel formula of REX-2F was not consistent with other sample codes due 

to processing difficulties (see section 2.2.3), and making comparisons using REX-2F mechanical 

properties data might not be valid; as noted previously, REX-1F did not form films.      

Unlike RI-2F and RI-2GF, tensile strength was increased in REX-2F in comparison to EXF. Since 

M/G ratio numbers are in the same range, the remaining Ca element in REX-2F, which was 

discussed in EDX results (See section 2.3.2.2), can be the justification behind this increasing 

change. The remaining Ca2+ can cause polymer chains to entangle and keep some of the egg-box-
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shaped structures in place even after recycling, which could have contributed to an increase in 

tensile strength. 

Table 2.12 Mechanical characteristics of commercial alginate sources, extracted alginate, and recycled material 

 I-2F RI-2F I-2GF RI-2GF EXF REX-2F 

 Base 

Material 

Recycled Base 

Material 

Recycled Base 

Material 

Recycled 

Young’s 

Modulus 

(MPa) 

4245±608 2893±373 4048±527 3585±203 3587. ±263 3024±331 

Tensile 

Strength 

(MPa) 

109±11 71±4 85±32 78.04±5 42±12 54±8 

M/G ratio 1.01±0.02 

 

1.12±0.04 0.25±0.05 

 

0.36±0.08 1.38±0.02 1.37±0.5 
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Figure 2.6 a) Stress-strain diagram of commercial I-2 b) Stress-strain diagram of RI-2  , 8 film strips from 4 

hydrogel film discs were tested for each condition    

 

a 

b 
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Figure 2.7 a) Stress-strain diagram of commercial I-2G b) Stress-strain diagram of RI2-G, 8 film strips from 4 

hydrogel film discs were tested for each condition     

 

      

 

      

 

a 

b 
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Figure 2.8 a) Stress-strain diagram of kelp-extracted alginate EX b) ress-strain diagram of REX-1, 8 film strips from 

4 hydrogel film discs were tested for each condition    

 

 

2.3.6 Summary of Spectroscopic Results: Investigating Structural Alterations in Sodium Alginate 

 

 The main goals of this study are to establish and evaluate the recycling protocol’s effectiveness 

in terms of yield and purity, analyze the removal of Ca2+ crosslinkers, and investigate the structural 

changes in sodium alginate caused by the recycling process. 

To find out how the M/G ratio, molecular weight, Ca content, and chemical structure of the starting 

material impact the recycling yield and the structural alteration that the chosen recycling procedure 

 

a 

b 
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causes to the selected alginate materials, NMR, GPC, EDX, FTIR result as well as recycling yield 

and Ca removal data are summarized in Table 2.14.  

Table 2.13 Summary of spectroscopic results, and recycling efficiency data 

 

 

Sample 

 

MGS/MGR 

(1HNMR) 

 

MwS/MwR 

(GPC) 

[KDa] 

 

Confirmatio

n of sodium 

alginate 

structure  

(FTIR) 

 

Confirmatio

n of Ca 

removal 

efficiency 

(FTIR) 

 

Ca content 

(EDX) 

[wt.%] 

 

Ca 

element 

removal

% 

(EDX) 

 

Recycling 

yield% 

I2/RI2 1.01/1.12 237/147 ✔  ✔  0.31/0.06 99.5% 52.5% 

I2G/RI2G 0.25/0.36 248/138 ✔  minimal 

remaining 

Ca effect 

0.13/0.27 93.8% 62% 

EX/ 

REX (1&2) 

1.38/1.28,1.37 104/112/158 ✔  minimal 

remaining 

Ca effect 

0.15/1.39,1.22 88.2% 56.5%,55.7% 

 

To analyze the relationships between key variables and simplify data interpretation, the M/G ratio 

of the recycled material (MGR) was considered as the dependent variable relative to the M/G ratio 

of the starting material (MGS). As shown in Table 2.13, a higher M/G ratio in the starting material 

results in a higher M/G ratio in the recycled material. 

 

In addition, the recycling yield percentage was analyzed as a dependent variable in relation to both 

MGS and MGR. Table 2.14 indicates that the highest G content in the starting material (associated 

with the lowest MGS and MGR) resulted in the highest recycling yield percentage. However, for 

samples I2 and EX, where I2/RI2 had a higher G content, the recycling yield was lower than that 

of EX. It is important to note that factors beyond the M/G ratio, such as operational conditions like 

mixing intensity during the neutralization step (which can impact pellet integrity and lead to losses 

due to human error, as discussed in Section 2.2.4), also influence recycling yield. 

 

The molecular weight of the recycled material (MwR) was considered dependent on the molecular 

weight of the starting material (MwS). Since hydrogel film formation of sodium alginate does not 

involve covalent bonding, no increase in molecular weight was expected. The observed decrease 
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in MwR is likely due to the breakage of polymer chains caused by shear forces during the recycling 

process. 

 

Lastly, the percentage of calcium removal was examined as a dependent variable in relation to 

MwS. Due to the lower molecular weight (see Section 2.3.3.1), the sodium alginate pellets from 

the REX samples were less dense than those from RI-2 and RI-2G. This made it difficult to fully 

decant and separate the rinsing solution from the pellets, causing some solution to become trapped 

within the pellets. Consequently, the dried REX-1 and REX-2 samples exhibited higher calcium 

content 
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2.4 Conclusion 
 

The recycling of sodium alginate hydrogels presents a promising avenue for sustainable material 

utilization. In this research recycling from raw materials produced recoveries ranging from 52.5% 

to 62%. Commercial I-2G exhibited the highest average yield at 62.0%, followed by kelp-extract 

sodium alginate with an average 56.1% recycling yield. 

The M/G ratio analysis revealed that the recycling procedure caused I-2 and I-2G a considerable 

increase in the M/G ratio, indicating lower guluronic acid content, contributing to weaker gel 

formation and stability properties of the recycled material. In the case of EX, the M/G ratio 

remained largely unchanged, which helps maintain the hydrogel structure and thereby maintains 

the mechanical properties of the hydrogel film. Studied by tensile test, tensile strength decreased 

for recycled I-2 and I-2G compared with their base material as a result of increased M/G ratio, 

while tensile strength was improved for the case of EX which showed no change in M/G ratio in 

terms of recycling. This increasing effect was attributed to high Ca2+ content in REX. The 

remaining Ca2+ can cause some of the egg-box-shaped structures in place even after recycling, 

which could have contributed to an increase in tensile strength.         

Efforts to characterize   Ca2+ crosslinker removal through FTIR and EDX analyses confirmed the 

effectiveness of the recycling process in minimizing residual calcium ions. This is crucial for 

maintaining hydrogel integrity. Furthermore, GPC analysis highlighted changes in molecular 

weight post-recycling, influenced by depolymerization mechanisms and chemical treatments 

during the recycling process. Notably, while recycled I-2 and I-2G exhibited reduced molecular 

weights, kelp-extracted alginate showed a slight increase due to the removal of low molecular 

weight polymer chains during the purification and isolation steps of the recycling procedure. 

NMR analysis of the alginate composition demonstrated alterations in the M/G ratio post-

recycling, indicating selective degradation of guluronic acid units under recycling conditions. This 

finding underscores the importance of recycling conditions in preserving the polymer's structural 

integrity and functional properties. 
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Overall, the molecular structure specifications of kelp-extract sodium alginate, such as the M/G 

ratio and molecular weight (Mw), showed improvement after recycling. Additionally, the recycled 

kelp-extract sodium alginate hydrogel maintained mechanical properties comparable to those of 

the material prior to recycling. These findings suggest that kelp-extract sodium alginate 

demonstrated the most efficient recycling performance in terms of preserving material properties. 

However, it is important to note that the higher calcium content in the recycled kelp-extract sodium 

alginate likely contributed to this result. While beneficial in the short term, the elevated calcium 

levels could negatively impact reusability and processing over multiple recycling rounds. 

 Overall, the study underscores the feasibility of recycling sodium alginate hydrogels as a 

sustainable strategy. This approach paves the way for their continued application in diverse fields, 

ranging from biomedical to industrial sectors. 

Moving forward, future studies could focus on optimization of Recycling Conditions to investigate 

further the influence of impacting parameters (e.g., pH, temperature, duration) on the yield and 

quality of recycled sodium alginate hydrogels. This could include exploring alternative methods 

or additives to enhance recycling efficiency and minimize degradation 

Moreover, exploring different Ca2+ crosslinker removal techniques (e.g., filtration, ion exchange) 

and their impact on the structural and chemical properties of recycled hydrogels could help 

optimize purification processes. This would further enhance the material's quality and 

recyclability. 

To determine the level of material recovery in recycling processes that ensures sustainability, 

future research should incorporate comprehensive assessments using methodologies like Material 

Flow Analysis (MFA) and Life Cycle Assessment (LCA). MFA can quantify material flows 

throughout the recycling system, pinpointing inefficiencies and identifying potential areas for 

improvement. Meanwhile, LCA offers a holistic perspective on the environmental impacts across 

the entire lifecycle of recycled materials, from collection and processing to their final use. 

The lack of statistical analysis in this study arises from the limited number of data points, which 

was due to constraints in the production capacity of kelp-extract sodium alginate and its recycling 

process. Additionally, while the study included two commercial alginates for comparison, the 

dataset remained insufficient for robust statistical calculations. This limitation should be explicitly 
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acknowledged in the thesis to provide transparency about the scope of the findings and the 

challenges faced during the research. 

For future work, it is recommended to expand the production capacity of kelp-extracted sodium 

alginate as well as the recycling capacity while increasing number of commercial alginate types to 

generate a larger dataset. This would enable comprehensive statistical analyses, providing greater 

confidence in the observed trends and allowing for more precise conclusions regarding the 

molecular weight changes and recycling outcomes. Incorporating statistical validation in future 

studies will strengthen the scientific rigor and reliability of the results. 

The other research gap to focus on could be conducting application-specific studies to evaluate the 

performance of recycled sodium alginate hydrogels in various fields, such as biomedical 

applications (e.g., drug delivery, wound healing) or environmental applications (e.g., water 

treatment, soil stabilization). This would validate their suitability and effectiveness compared to 

virgin materials. These suggestions aim to advance the understanding and application of recycled 

sodium alginate hydrogels, addressing key research gaps identified in these studies. 
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Chapter 3: Thesis Overall Conclusion 
 

This thesis addresses key challenges in water purification and material sustainability through two 

focused projects: enhancing reverse osmosis (RO) membrane technology and advancing the 

recycling of alginate-based bioplastics. These projects, while distinct in their materials and 

methodologies, collectively contribute to more sustainable and efficient practices. 

In Chapter 1, the research introduced a novel approach to improving RO membrane performance 

by modifying polyamide membranes with diazirine-containing molecules. Although the study did 

not definitively prove the covalent attachment of diazirine, it provided valuable insights into the 

surface modification process. Indirect evidence from dye tests, contact angle measurements, and 

differential scanning calorimetry (DSC) suggested potential improvements in membrane 

durability. Future research using advanced techniques such as X-ray photoelectron spectroscopy 

(XPS) and nuclear magnetic resonance (NMR) is recommended to validate these modifications 

and further enhance membrane performance. The goal of this work is to reduce maintenance needs 

and environmental impact, ultimately contributing to more sustainable water treatment 

technologies. 

Chapter 2 explored the recycling potential of sodium alginate hydrogels, focusing on materials 

derived from kelp. The study demonstrated significant yields and highlighted differences in 

recycling efficiency among various alginate sources. Key findings included changes in the M/G 

ratio and molecular weight of recycled alginate, which affect the material's stability and 

functionality. Effective removal of calcium crosslinkers was confirmed, and the study proposed 

further optimization of recycling conditions, exploration of alternative removal techniques, and 

evaluation of the recycled hydrogels' performance in various applications. This research supports 

sustainable practices by promoting the reuse of materials and advancing the principles of a circular 

economy. 

Overall, this thesis integrates advancements in material science to address pressing issues in water 

purification and bioplastic recycling. By enhancing RO membrane technology and optimizing 

alginate recycling processes, the research contributes practical solutions to reduce environmental 

impact and improve resource efficiency. The findings highlight the potential for material science 

innovations to drive progress toward a more sustainable future, demonstrating that targeted 
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research can lead to significant improvements in both industrial applications and environmental 

stewardship. 

In conclusion, this thesis bridges the gap between technological innovation and sustainability, 

offering insights and solutions that advance resource conservation and reduce ecological 

footprints. The research underscores the importance of continuous development in material science 

to address global challenges and support a more sustainable approach to resource use. 
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Appendix A: List of Tables and Figures with Raw Data Links 

These files are all found in the folder titled “Negar” on the Green Safe Water Lab One Drive, 

and that links are current as of 28 November 2024. Raw Data will be available upon request. 

Figures 

1. Figure 1.11: Comparison of DSC peaks for 10 and 30Wt% PEI-diazirine, Analyzed in 

TRIOS 5.1.1 

Page: 25 

Raw Data Link 

2. Figure 1.16: DSC spectra for RO samples treated with 30Wt% PEI-diazirine, one-side 

coat, and UV cured for 30 min, Analyzed in TRIOS 5.1.1 

Page: 25 

Raw Data Link 

3. Figure 1.17: DSC spectra for RO samples treated with 30Wt% PEI-diazirine, soaked and 

UV cured for 30 min, Analyzed in TRIOS 5.1.1 

Page: 26 

Raw Data Link 

4. Figure 1.19: 30 Wt% treated, one-side-coat PET coupons, already cured samples were 

UV activated for 30 min, Analyzed in TRIOS 5.1.1 

Page: 29 

Raw Data Link 

5. Figure 1.22: Contact angle measurements for PET and RO samples 

Page: 32 

Raw Data Link 

6. Figure 1.23: FTIR-ATR result for 30Wt% PEI-diazirine-treated RO samples, normalized 

to max transmittance intensity at 558 cm⁻¹ 

Page: 34 

Raw Data Link 

7. Figure 1.24: FTIR spectra of Molecule1 

Page: 35 

Raw Data Link 

8. Figure 1.25: FTIR-ATR results for Molecule1-treated PET surface (M1: Molecule1), 

normalized to max transmittance intensity at 1716 cm⁻¹ 

Page: 36 

Raw Data Link  

9. Figure 1.26: FTIR-ATR result for Molecule1-treated RO membrane surface (M1: 

Molecule1), normalized to max transmittance intensity at 1237 cm⁻¹ 

https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter1/Figures/Figure%201.11%20Data?csf=1&web=1&e=V98TuQ
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter1/Figures/Figure%201.17%20Data?csf=1&web=1&e=hJlaaq
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter1/Figures/Figure%201.19%20Data?csf=1&web=1&e=ggTScQ
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter1/Figures/Figure%201.22%20Data?csf=1&web=1&e=5rzd8E
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter1/Figures/Figure%201.23%20Data?csf=1&web=1&e=50fSO2
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter1/Figures/Figure%201.24%20Data?csf=1&web=1&e=MmDyqR
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter1/Figures/Figure%201.24%20Data?csf=1&web=1&e=MmDyqR
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Page: 36 

Raw Data Link  

 

Chapter 2 

Figures 

11. Figure 2.13: FTIR spectra of I-2, I-2G, and EX (kelp-extract sodium alginate), 

normalized to max transmittance 

Page: 75 

Raw Data Link  

12. Figure 2.14: FTIR Spectra of I-2, I-2 film, recycled I-2, and recycled I-2 film status, 

normalized to max transmittance 

Page: 77 

Raw Data Link  

13. Figure 2.15: FTIR Spectra of I-2G, I-2G film, recycled I-2G, and recycled I-2G film 

status, normalized to max intensity 

Page: 78 

Raw Data Link  

14. Figure 2.16: FTIR Spectra of kelp-extract alginate, hydrogel, recycled, and recycled 

hydrogel status, normalized to max intensity 

Page: 78 

Raw Data Link  

15. Figure 2.17: Molecular weight comparison among non-film alginate samples 

Page: 83 

Raw Data Link  

16. Figure 2.18: Molecular number comparison among non-film alginate samples 

Page: 83 

Raw Data Link  

17. Figure 2.19: Polydispersity index comparison among three sodium alginate sources 

Page: 84 

Raw Data Link  

18. Figure 2.25: 

a) Stress-strain diagram of commercial I-2 

b) Stress-strain diagram of RI-2 

Page: 91 

Raw Data Link  

19. Figure 2.26: 

a) Stress-strain diagram of commercial I-2G 

https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter1/Figures/Figure%201.26%20%20Data?csf=1&web=1&e=dO9FnD
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter2/Figures/Figure%202.13%20Data?csf=1&web=1&e=KHyKl7
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter2/Figures/Figure%202.13%20Data?csf=1&web=1&e=KHyKl7
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter2/Figures/Figure%202.15%20Data?csf=1&web=1&e=0Tduev
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter2/Figures/Figure%202.16%20%20Data?csf=1&web=1&e=ElSnGd
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter2/Figures/Figure%2017,18,19%20Data?csf=1&web=1&e=tPBt7K
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter2/Figures/Figure%2017,18,19%20Data?csf=1&web=1&e=tPBt7K
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter2/Figures/Figure%2017,18,19%20Data?csf=1&web=1&e=tPBt7K
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter2/Figures/Figure%202.25%20Data?csf=1&web=1&e=p86ZgH
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b) Stress-strain diagram of RI-2G 

Page: 92 

Raw Data Link  

20. Figure 2.27: 

a) Stress-strain diagram of kelp-extracted alginate EX 

b) Stress-strain diagram of REX-1 

Page: 93 

Raw Data Link  

 

Chapter 1 

Tables 

1. Table 1.4: Data and standard deviation (STE.DEV) of contact angle measurements for 

both PET and RO surfaces 

Page: 31 

Raw Data Link  

 

Chapter 2 

Tables 

1. Table 2.5: All sample codes FTIR characteristic peak shifts (cm-1) 

     Page: 78 

     Raw Data Link  

2. Table 2.6: EDX elemental analysis of commercial I-2, I-2G hydrogel film (I2F),recycled 

I-2 (RI-2) and hydrogel film of recycled I-2 (RI-2F)      

Page: 81 

Raw Data Link  

3.  Table 2.7: EDX elemental analysis of commercial I-2G, I-2 hydrogel film (I-2GF), 

recycled I-2G (RI-2G) and hydrogel film of recycled I-2G (RI-2GF) 

            Page: 82 

           Raw Data Link  

4. Table 2.8: EDX elemental analysis of kelp-extract sodium alginate (EX), EX hydrogel 

film (EXF), recycled EX (REX-1, REX-2), and hydrogel film of recycled REX-2 (REX-

2F) 

            Page: 83 

           Raw Data Link  

https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter2/Figures/Figure%202.26%20Data?csf=1&web=1&e=U04Wzj
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter2/Figures/Figure%202.27%20Data?csf=1&web=1&e=G7dhCN
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter1/Tables/Table%201.4?csf=1&web=1&e=hbYM5O
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter2/Tables/Table%202.5?csf=1&web=1&e=OaCcYo
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter2/Tables/Table%202.6?csf=1&web=1&e=iERzke
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter2/Tables/Table%202.7?csf=1&web=1&e=TFArk9
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter2/Tables/Table%202.8?csf=1&web=1&e=SU8PMr
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5. Table 2.9: Summary of GPC results for non-film sample codes 

            Page: 86 

           Raw Data Link  

6. Table 2.11,2.12: Processed NMR data using equations: 1-4      

            Page: 91 

           Raw Data Link  

7. Table 2.13:   Mechanical characteristics of commercial alginate sources, extracted 

alginate, and recycled material          

   Page: 93 

  Raw Data Link  

 

 

https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter2/Tables/Table%202.9?csf=1&web=1&e=6VW9AP
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter2/Tables/Table%202.11,2.12?csf=1&web=1&e=XSAmBM
https://uvic.sharepoint.com/:f:/r/sites/CIVEGreenSafeWaterLabO/Shared%20Documents/Negar/Msc%20Thesis%20Raw%20Data/Chapter2/Tables/Table%202.13?csf=1&web=1&e=zHbjOS

