
 i 

 

 

Activated Release of Salicylaldehyde and Hexanal from Branched 
Polyethylenimine Polymeric Precursor System Encapsulated in Ethyl 

Cellulose-Poly(ethylene oxide) Nonwovens  

by 

Mohamed Tabrez Dulvi 

 

 
 

A Thesis 
presented to 

The University of Guelph 
 

 
 
 

In partial fulfilment of requirements 
for the degree of 

Master of Science 
in 

Food Science 

 

 

 
 

 
Guelph, Ontario, Canada 

 
© Mohamed Tabrez Dulvi, September, 2019 

 

 



 ii 

Abstract 
 
 
 

Activated Release of Salicylaldehyde and Hexanal from Branched Polyethylenimine 
Polymeric Precursor System Encapsulated in Ethyl Cellulose-Poly(ethylene oxide) 

Nonwovens 
 
 
  

Mohamed Tabrez Dulvi                   Advisor:                                                                                             
University of Guelph, 2019                                                            Professor Loong-Tak Lim   
 
 
 
           To extend the shelf-life of fresh produce, the control of microbial growth and the delay 

of ripening are important. In this study, naturally occurring volatiles were investigated. 

Hexanal and salicylaldehyde are potent antimicrobials with hexanal also capable of delaying 

senescence in plants due to its phospholipase D (PLD) inhibition properties. The current 

research synthesized branched polyethylenimine (BrPEI)-aldehyde precursors which were 

substantially more stable than the free aldehydes. The nucleophilic addition of the carbonyl 

group of the aldehydes to the secondary amines of the BrPEI produced imidazolidine moieties 

on the polymer chains, which were hydrolysable under mild acidic conditions to release the 

original aldehydes. The resulting precursors were further dissolved in a spin dope solution 

comprising of ethyl cellulose/poly(ethylene oxide) (EC/PEO) blend at 100:1 ratio (w/w) in 

butanol. The polymer solution was electrospun into ultrafine nonwoven membranes using a 

free surface electrospinning technique. To trigger the release of aldehydes, two different 

approaches were investigated: (1) direct triggering by adding citric acid solutions (0.1, 0.5 & 

1.0 N) to the BrPEI aldehyde precursors encapsulated in EC/PEO electrospun nonwovens; and 

(2) indirect triggering by humidity/moisture in the air on BrPEI aldehyde precursors 

encapsulated in EC/PEO electrospun nonwovens containing citric acid monohydrate. To attain 

a preservation system with salicylaldehyde’s antimicrobial and hexanal’s PLD inhibition 

properties, a blend precursor was developed that concurrently released both the aldehydes. The 
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polymeric aldehyde precursor systems developed here could be potentially useful in active 

packaging applications applied to food systems for preservation and shelf life extensions. 
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Chapter 1: Introduction 

 

Consumers nowadays are well aware on the importance of fresh produce as part of their healthy 

diet to promote overall wellbeing. Food packaging is one of the post-harvest preservation 

components that plays an important role in extending the shelf life and ensuring the safety of 

fresh produce (Allegra et al., 2017, Cosme Silva et al., 2017; Del-Valle, Hernández-Muñoz, 

Guarda, & Galotto., 2005; Fagundes et al., 2015;  Gol, Patel, & Rao., 2013). Every year, huge 

quantities of produce are wasted due to suboptimal packaging, mechanical damages due to 

improper handling, inadequate post-harvest preservation strategies, and so on. The generation 

of waste also inflict huge financial losses and other environmental impacts, especially in under-

developed and developing countries. To address these issues, various innovative and effective 

strategies have been explored by researchers (Salunkhe et al., 1991; Kaur and Kapoor., 2001; 

Kader, 2002 a, b; Mishra and Gamage., 2007 a; Liu, 2013). For example, active packaging 

technologies have been developed to delay the spoilage of fruits and vegetables. Active 

packaging is referring to package systems having active functions beyond just the inert 

containment and protection of food products. For example, in antimicrobial active packaging 

system, antimicrobial species are delivered to the product or released to the package headspace 

through the deployment of add-on components to the package, such as films, coatings, sachet, 

and so on, with the goal of inhibiting the growth of microorganisms  and preserving the safety 

of the food product (Labuza and Breene, 1989; Kerry et al., 2006; Lim 2011 a and b; Robertson, 

2016).  

 

Over the past decade, various essential oils (EOs) and their constituents have been investigated 

as potential active packaging agents. These essential oils have been garnering interest in this 

food packaging field due to their analgesic, anti-diabetic, anti-tumor and anti-inflammatory 
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activities. Moreover, many of aldehydes have antimicrobial, insecticidal and anti-oxidant 

properties (Liolios et al., 2009; Si et al., 2006; Jash & Lim., 2018). For instance, hexanal and 

salicylaldehyde are naturally-occurring antimicrobial volatiles, which are generally regarded 

as safe (GRAS) food additive by the United States Food and Drug Administration (FDA) and 

Health Canada, effective against spoilage and pathogenic microorganisms in fruits and 

vegetables. Hexanal is effective against microbes such as, Salmonella spp, Escherichia coli, 

Pseudomonas aeruginosa among others (Kubo & Fujita., 2001). Salicylaldehyde is an effective 

control agent against penicillium infections including Klebsiella pneumoniae, Candida 

albicans etc. (Smid et al., 1995 , Radulovic et al., 2007; Liu, Tseng & Yang., 2016 ). Hexanal 

is also a phospholipase-D (PLD) inhibitor effective for the preservation of cell membrane in 

plant tissues (Ramos- Nino, 1998; Lanciotti et al., 1999; Paliyath et al., 2003). Although these 

aldehydes are potent food preservation agents for shelf-life extension of food, they have high 

vapour pressure (hexanal-11.3 and salicylaldehyde- 0.593 mm Hg @ 250 C (Daubert & 

Danner., 1989) and are susceptible to oxidative degradation. These properties complicate 

encapsulation process, as well as end-use handling and delivery in active packaging systems. 

 

The objectives of this research are: (1) to develop polymeric imidazolidine hexanal and 

salicylaldehyde precursors to stabilize the aldehydes; (2) to encapsulate the precursor 

compounds into electrospun ultrafine fibres produced via free surface electrospinning; and (3) 

to characterize the polymeric precursors and to study their release behaviour triggered by acid-

catalysed hydrolysis.  
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Chapter 2: Literature Review 

2.1 Postharvest preservation of fresh produce 

Today, fruits and vegetables account for nearly a billion ton of waste annually estimated by the 

World and Agriculture Organization (FAO, 2011). This wastage can occur due to various 

reasons. Fresh fruits and vegetables generally contains 80-90 % water by weight, and thus they 

tend to be highly perishable. Also, these fresh produces can be damaged due to improper 

handling and aggressive storage conditions. Some fruits and vegetables are naturally fragile 

and they need to be efficiently stored and transported without causing any physical damage to 

the fresh produce. In addition to this, fruits and vegetables are also prone to microbial 

proliferation which could cause food-borne diseases to all consumers. Wastage of the fruits 

and vegetables can lead to huge financial losses and cause severe environmental impacts.  

An optimized food packaging ensures safe and quality food products to the consumers. The 

quality of the fruits and vegetables can be determined by their physical (size, firmness, weight), 

nutritional (vitamins, phytochemicals, sugars), and sensory properties (colour, flavour, odor). 

Food packaging plays a key role in protecting the fruits and vegetables from mechanical 

damage and also limiting their interactions with harmful environmental factors (moisture, 

oxygen, sunlight, etc) (Soliva-Fortuny and Martın-Belloso, 2003; Suppakul et al., 2003 ).  

There is abundance of demand for extension of shelf-life of fruits by the distributors to meet 

the standard for distribution chains across the globe. There are various technologies, concepts, 

prototypes applied for optimizing packaging  of the fresh produce. The handling, transportation 

and marketing of it are constrained due to the short shelf life of  fresh produces. Many post-

harvesting strategies have become an important criteria to extend the shelf life of fruits and 

vegetables. One such effective strategy used is the modified atmospheric packaging (MAP), 

which is a process of modifying the internal gaseous composition of a package in order to 
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improve the shelf life of the food products. Technologies for MAP of fruits have been evolving 

at a fast rate to meet the escalating demand for improved quality, extended shelf-life, etc. 

(Sellamuthu, Mafune, & Sivakumar, 2013).  

 

Another way for food preservation used can be edible coating. Edible coating is a traditional 

method employed to enhance the food appearance and to conserve them. These edible coatings 

are obtained from the agricultural products of animals and vegetables (Petersen et al. 1999). 

Edible coating is used as an alternative to MAP where the internal gas compositions of fruits 

are adjusted (Park, 1999). Park stated that the edible coating can  reduce the tissue softening in 

fresh produce by slowing down metabolic processes and lowering the migration of moisture 

leading to minimized weight loss, consistent with other literature (Yaman & Bayindirli, 2002).  

 

Another strategy to preserve food products include low-temperature storages. Low-

temperature storage is applied to prolong the post-harvest shelf-life of fresh produces 

maintaining quality of the fruits. The senescence of the fresh produce is delayed on storage in 

low-temperature environments, thus delaying the ripening in fruits as well. Though, this 

technique is not very effective against tropical and subtropical fruits as those fruits are 

susceptible to chilling injury during the low temperature storage. Chilling injury can cause 

undesirable effects on the fresh produce such as browning, pre-matured ripening etc. (Aghdam 

et al., 2013).   

 

 Another commonly used effective food packaging technology is antimicrobial active 

packaging. Most of the antimicrobial active packaging reported in the literature involves the 

dispersion of antimicrobial agents in electrospun nonwoven membranes (see Section 2.4).  

These carriers are mostly nano to micro scale in diameter thus having a very large surface area. 
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By virtue of its large surface area, these nonwovens are more responsive to surrounding 

atmospheric changes such as change in temperature or relative humidity than the conventional 

film or sheet carriers. Researchers have incorporated bioactive compounds into these  

electrospun nonwovens. Since electrospinning is a non-thermal process, it provides a huge 

advantage to protect and preserve the efficacy of heat-sensitive bioactive compounds (Qi et al., 

2006; Sivadas et al., 2008).  

 

2.2 Antimicrobial Aldehydes 

Fresh and minimally processed fruits and vegetables are available to the consumers in a ready-

to-eat form. Because these products are lacking the hurdles for microbial growth, spoilage and 

pathogenic bacteria can proliferate, including E. coli  strains, Aeromonas hydrophila, 

Staphylococcus aureus and so on (Breidt & Fleming., 1997; Beuchat., 2002). Although 

synthetic preservatives are effective in controlling the growth of microorganisms, their 

potential health impacts and negative consumer perception have prompted the industry to 

explore other alternatives (Salih, 2006; Marino et al., 2001). Among the antimicrobial 

compounds being investigated, naturally-occurring aldehydes, many of which are major 

components in essential oils (EOs) extracted from edible plants, have been exploited by 

researchers for the preservation of fresh fruits and vegetables to improve their quality and to 

increase their shelf life. Some of the aldehydes used by the researchers and food industries 

today are hexanal, salicylaldehyde, carvacrol, benzaldehyde, thymol, cinnamaldehyde among 

others (Liolios et al., 2009; Si et al., 2006; Jash & Lim., 2018). This section will focus on 

reviewing the physicochemical properties of hexanal and salicylaldehyde, for which their 

BrPEI imidazolidine precursors were synthetized in the present study. 
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2.2.1 Hexanal 

Hexanal is a naturally-occurring aliphatic aldehyde. Hexanal has a GRAS status, which is being 

used as food additive and flavour agent (Adams et al, 1996). Hexanal contributes to the 

characteristic green flavour in fruits and vegetables such as olives, cucumbers, tomatoes etc.  

 

Fig 2.1 Chemical structure of hexanal 

Hexanal and its isomers have been studied by researchers for food preservation purposes. For 

example, the antimicrobial properties of hexanal and (E)-2-hexenal  have been elucidated in 

fresh-sliced apples in increasing product shelf-life (Lanciotti et al., 1999; Corbo et al., 2000). 

(E)-2-hexenal and hexanal have been reported to effectively inhibit the growth of 

microorganisms such as Pseudomonas aeruginosa, Salmonella spp, and E. coli (Kubo & 

Fujita., 2001; Kubo et al., 1996).  

Recent studies have shown that hexanal delays ripening, discoloration, softening and 

generation of off flavours in fruits (Paliyath & Murr., 2007; Paliyath et al., 2003; Paliyath et 

al., 2008), attributable to its inhibitory effect against phospholipase D (PLD) in the cell 

membrane. During the ripening of fruits, their loss of firmness is in part due to the disruption 

of cell membranes caused by the hydrolysis of phospholipids catalysed by the PLD (Paliyath 

& Subramaniam., 2008), producing phosphatidic acids and their corresponding head-groups 

(Galliard., 1980). The hydroxyl group of hexanal is important as it takes part in the 

transphosphatidylation reaction which can obstruct the hydrolytic disruption of the 
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intermediate enzyme-substrate complex (Paliyath et al., 1999). Researchers have investigated 

the effect of hexanal on PLD activity in plum fruit when it was exposed to 0.01 %  

concentration of fruit resulting in a decrease of genetic expression of PLD in the cell membrane 

(Kereamy et al., 2009). 

 

2.2.2 Salicylaldehyde 

Salicylaldehyde, also known as 2-hydroxybenzaldehyde, is a naturally-occurring aldehyde 

with a pungent almond odour at high concentrations, but has the characteristic aroma of 

buckwheat at lower concentration. It is also found in natural sources such as castoreum, leaf 

beetle among others.  

 

Fig 2.2 Chemical structure of salicylaldehyde 

Compared to hexanal, relatively fewer studies of salicylaldehyde as an antimicrobial agent 

were found in the literature. Smid, Gorris & de Witte (1995) reported that salicylaldehyde, as 

well as other volatiles (cuminaldehyde, carvone and perillaldehyde) was effective in 

controlling penicillium infections on tulip bulbs, significantly decreased penicillium infection 

from 90% to 47%. Moreover, a combination of salicylaldehyde-linalool and salicylaldehyde-
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methyl salicylate displayed anti-microbial effects against bacteria and fungi such as Klebsiella 

pneumoniae, Candida albicans, Staphylococcus aureus, among others (Radulovic et al., 2007).  

 

2.3 Biopolymers 

2.3.1 Branched Polyethylenimine (BrPEI) 

Polyethylenimine (PEI) is a polymer with repeating units consisting of amino groups and 

aliphatic carbon  (  CH2CH2  ) n  spacers. PEIs can be linear or branched. The linear PEI consists 

of only the primary and secondary amino groups, whereas the branched PEI (BrPEI) consists 

of primary, secondary, and tertiary amino groups. BrPEI is being used in paper making, tissue 

culture, adhesives, waste water treatment, perfumes, absorbents, cosmetics, and so on (Godbey 

et al., 2000; Boussif et al., 1995; Godbey et al., 1999; Maketon & Ogden., 2009). 

Morinaga et al. (2010) reported the use of BrPEI for forming the precursor for octanal. They 

modified the primary amino groups of the BrPEI by Michael addition reaction with an acrylate 

via a poly(ethylene glycol) (PEG) chain. The resulting compound was then reacted with octanal 

to form polymeric imidazolidine which acted as a precursor for the aliphatic aldehyde. These 

imidazolidine moieties undergo hydrolysis under homogenous conditions in aqueous media 

leading to the release of octanal.   
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Fig 2.3 Chemical structure of branched polyethylenimine  

 

2.3.2 Ethylcellulose (EC)   

Ethylcellulose (EC) is an derivative of cellulose where some of its hydroxyl groups are 

converted into ethyl ether groups. EC is used in many applications such as thickeners, thin film 

coating material, emulsifier, and others. In electrospinning research, EC has been used for 

producing nonwoven membranes. Zahra et al. (2014) prepared 10 % EC and cellulose acetate 

(CA) at four different blend ratios (EC:CA 5:5, 6:4, 8:2, 1:0) dissolved into a binary solvent 

system of acetic acid and distilled water (8:2, v/v) to produce nonwovens for drug delivery 

system. Scanning electron microscopy (SEM) micrographs of the polymer nanofibers reported 

smooth, long and cylindrical morphology with EC responsible for the beaded morphology. Wu 

et al. (2004) made polymer solutions for electrospinning with EC dissolved in different ratios 

of tetrahydrofuran and dimethylacetamide. Ahmad et al. (2013) used 20 % EC (100,000 Da) to 

electrospin fibres. They reported that spin dopes with EC concentration of less than 20 wt% 
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dissolved in a binary solvent system of ethanol and de-ionized water (80:20) could not be spun 

into fibres due to reduced viscosity. They also reported an increase in electrical conductivity 

with increase in concentration of EC used.  

 

2.3.3 Poly(ethylene oxide) [PEO] 

PEO  (  CH2CH2O  ) n  is one of the most commonly used polymers for electrospinning due to 

its unique properties. When the polymer has a molecular weight of lower than 20 kDa, it is 

referred as poly(ethylene glycol) (PEG). PEO is amphiphilic as the ether oxygen on the 

backbone of the polymer interacts with hydrophilic compounds whereas the ethylene segments 

take part in hydrophobic interactions (Bekiranov et al., 1997; Maxfield & Sheperd., 1975). The 

ether oxygen also forms hydrogen bonding with the hydrogen of the water molecule. Literature 

has reported that the high solubility of PEO in water is due to its resembling oxygen-oxygen 

inter-distance of the PEO backbone with that of the water molecules (2.8 Å) (Lusse., 1996, 

Hammouda et al., 2004). On the other hand, other similar polymers to PEO, such as poly(propyl 

ethylene) and poly(methyl ethylene), are not soluble in water because of their mismatched 

oxygen-oxygen inter-distance with that of the water molecule.  

Due to its favourable fiber-forming properties, PEO has been widely employed by various 

researchers for electrospinning. For example, Vega-Lugo & Lim (2012) prepared electrospun 

soy protein isolate/PEO blend fibers to encapsulate allyl isothiocyanate for food packaging 

applications. SEM images reported that the resulting electrospun SPI/PEO and PLA fibers 

possessed smooth morphology with diameters ranging from 200 nm to 2 μm. Alborzi & Lim 

(2010) electrospun alginate/pectin/PEO blend fibers to encapsulate folic acid. The electrical 
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conductivity and surface tension lowering effects of PEO on the polymer solution were likely 

the contributing factors for the production of fibers. 

 

2.4 Electrospinning 
 
2.4.1 Principle 

Electrospinning process uses electrostatic force to draw charged polymer solutions into 

submicron fibers which are laid down as nonwovens.  Due to the straightforward experimental 

setup and nonthermal processing method, electrospinning techniques have been widely studied 

by researchers for the encapsulation of heat-sensitive bioactives. Various components involved 

in a single spinneret electrospinning process involved are illustrated in the Fig 2.4. The setup 

consists of a high voltage direct current power supply for charging the polymer solution. The 

positive electrode of the power supply is attached to a stainless-steel needle which acts as the 

spinneret. The polymer solution, which is contained within a syringe, is delivered to the 

spinneret at a controlled flow rate, with the aid of an infusion pump. A ground collector is 

placed at a distance (typically at 10-30 cm) away from the tip of the spinneret to collect the 

nonwovens.  

To initiate the electrospinning process, a polymer solution dissolved in a compatible solvent is 

loaded into a syringe connected to the spinneret at a specific flow rate. Under the influence of 

electric field, the polymer solution droplet at the tip of the spinneret is stretched to form a 

conical shape, which is commonly referred to as Taylor cone (Taylor, 1969). As the applied 

voltage rises, the surface tension of the polymer solution is overcome by the Columbic force 

due to the excess charge build up. Thus, a polymer jet is formed streaming towards the collector 

plate. This polymer jet undergoes bending instability under the influence of electrostatic 

repulsion thus causing whipping movements which leads to the stretching of the polymer jet 
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into ultrafine fibres deposited on the collector plate (Ramakrishna et al., 2005; Li & Y. Xia., 

2004). There are various parameters affecting the electrospinning phenomena, including the 

molecular weight of the polymers, as well as the viscosity, conductivity and surface tension of 

the polymer solution. Other processing parameters that are important include the flow rate of 

the spin dope, electric potential, distance between the collector and the spinneret,  needle gauge, 

temperature, and humidity. Selected variables are discussed in Section 2.5.  

 

 

Fig 2.4 Schematic representation of a single spinneret electrospinning setup. 
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Single spinneret setup is the most commonly used technique for electrospinning (Taylor, 1969; 

Fong et al, 1999; Alborzi et al., 2010; Vega-Lugo et al., 2012; Jash & Lim, 2018). Though, this 

approach offers low production throughput (~0.5 to 1.0 mL/h). To address this issue, free 

surface electrospinning techniques have been developed (Zhou et al., 2009; Cengis et al., 

2009). Qian and Lim (2018) used free-surface electrospinning technology to spin pullulan-

alginate ultrafine fibres. They reported that these water-based polymer solutions (10% w/w 

pullulan, 0.8 to 1.6% w/w alginate, 0.045%, w/w CaCl2) could be used for the nanofiber 

preparations in food, pharmaceutical and nutraceutical applications. Researchers have also 

compared the fibre production using two separate electrospinning techniques namely single 

spinneret and free surface technology. The results reported by Ng & Supaphol (2010) showed 

that the fibre production rate was much faster through free surface technology compared to the 

single spinneret setup. With a rotating disk approach, they reported production rate of 10.611, 

4.254 and 1.721 g/h for polycaprolactone (12 % w/v of PCL in 1:1 v/v DMF/DCM), poly(lactic 

acid) [10 % w/v of PLA in 3:7 v/v DMF/DCM] and poly(vinyl alcohol) [12 % w/v of PVA in 

distilled water] solutions, respectively. By contrast, the single spinneret technique resulted in 

lower production rates, at 0.128, 0.312 and 0.027 g/h, respectively.  
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Fig 2.5 Schematic diagram of a free surface electrospinning setup for high throughput 
production of electrospun nonwovens. Polymer solution is deposited onto positively 

charged wire (spinning electrode) through a carriage sweeping back and forth along the 
wire. The ground electrode positioned directly above the collector substrate maintains a 
constant electric field. As the polymer solution is electrically charged, it ejects as multiple 

jets towards the collector substrate forming an electrospun nonwoven membrane. 
Reproduced from Lim (2019). 

 
2.5 Parameters affecting electrospinning 

 
2.5.1 Viscosity 

Viscosity measures the resistance of flow of a solution under shear stress. To enable 

electrospinning, the polymer solution must have an optimal apparent viscosity. In general, spin 

dope solutions of low viscosity may break down into droplets during electrospinning, forming 

beads instead of fibers. Fong et al. (1999) reported that PEO polymer solution with an apparent 

viscosity 13 cP produced beaded fibres whereas when the viscosity of the PEO solution was 

increased to 1835 cP, bead-free fibres were produced. Fong et al. (1999) postulated that 
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molecular chain entanglement in viscous solutions is favourable for stabilizing polymer jet, 

thereby producing bead-less fibres. Other researchers also reported similar results where the 

PEO polymer solution with a viscosity less than 80 cP could not be electrospun into fibres 

(Doshi & Reneker., 1990). Viscosity also plays a major role in the fibre morphology and 

diameter. A polymer solution with high viscosity tends to produce fibres with large diameters, 

whereas a solution with low viscosity yields low diameter fibres embedded with beads (Fong 

et al., 1999)  

 

2.5.2 Surface Tension 

Surface tension is a property of a liquid related to cohesive force between molecules that resist 

to the external forces. Or, in other words, surface tension is the tendency of a fluid surface to 

shrink into minimum surface area as possible (Hauner et al., 2017). During the electrospinning 

process, as the polymer solution is loaded onto the carriage, the solution is spread across the 

electrode wire as the carriage moves. When the electrode wire is subjected to high voltage, the 

surface of the polymer solution is electrically charged either positively or negatively based on 

the polarity of the electrode. Excess number of molecules with similar charge results  repulsive 

charges between them and this repulsive force counteracts the surface tension of the polymer 

giving rise to a stream of polymer jet. Polymer solutions having high surface tension are more 

likely to form beads or beaded fibres (Ramakrishna et al., 2005). 

 

2.5.3 Conductivity 

Electrical conductivity could be defined as the measure of a material’s ability to transmit 

electric charge. The polymer solution needs to be conductive enough to trigger the movement 
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of charge to the surface of the polymer solution to gain repulsion force necessary to counteract 

the surface tension to initiate the jetting process. Thus, polymer solutions with increased 

electrical conductivity tend to promote electrospinning by reducing the voltage required to 

overcome the surface tension of the solution.  Zong et al. (2002) reported that the addition of 

NaCl (1 % w/w) to poly(D-L lactic acid) solution using dimethylformamide (DMF) as an 

solvent yielded ultrafine fibers with 210 nm diameter when compared to larger fibres (1000 

nm) formed when 1 % w/w KH2PO4 was added to the same polymer solution. Other researchers 

have also reported similar observations when calcium chloride (0.8 % w/w) was added to 

PEO/chitosan polymer solution with acetic acid as a solvent (Su et al., 2011). They reported 

re-crystallization of inorganic salts in the produced nanofibers without the addition of calcium 

chloride, analysed through SEM micrographs; whereas, an addition of calcium chloride 

resulted in defect-free nanofibers. 

 
2.6 Characterization, stabilization, controlled release of aldehyde/ precursors 
 
2.6.1 Stability of aldehydes 

In order to exploit volatile aldehydes for antimicrobial active packaging application, it is 

essential to control their evaporation to achieve optimal efficacy. The vapor pressures of 

hexanal and salicylaldehyde are 11.3 and 0.593 mm Hg at 25o C, respectively (Daubert & 

Danner., 1989).  During storage, these aldehydes tend to vaporize from their carrier matrix, 

causing substantial losses. Similar issue is prevalent during the encapsulation process, resulting 

in poor encapsulation efficiency. Moreover, aldehydes are susceptible to oxidation when 

exposed to oxygen in the air, forming carboxylic acids (Bawn and Williamson., 1951). Thus, 

there is a need to stabilize the aldehydes to address these challenges. 
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2.6.2 Stabilization of aldehydes via precursor formation 

Various precursors are being deployed in perfumery, medical, and pharmaceutical applications 

to sustain the release of bioactive compounds (Berger, 2007; Khandare and Minko, 2006; 

Seiffert et al., 2010). For aldehydes, to overcome their volatility and oxidation issues, 

researchers have synthetized various precursors to enhance their encapsulation efficiency and 

release profiles (Gautschi et al., 20001; Starkenmann et al., 2008). Shemesh et al. (2016) 

studied the antimicrobial efficacy of bioactive films prepared by encapsulating the volatile 

carvacrol molecules with halloysite nanotubes. These films were tested on packaged cherry 

tomatoes. The deterioration of the cherry tomatoes was compared between carvacrol-loaded 

nanotubes and pristine polyamide films packaged fruits. They reported that the films with 

carvacrol loaded nanotubes showed inhibitory activity against a wide variety of fungal molds 

including Alternaria alternata, Botrytis cinerea, Penicillium digitatum, Penicillium expansum 

and Aspergillus niger during 51-day storage at 90 % RH and 10o C.  

Besides direct encapsulation of the aldehydes, researchers have employed various techniques 

to further stabilize these volatiles for various applications. Robles and Bochet (2005) developed 

a photo-labile a-acetoxy ether precursors for aldehydes.  This precursor was produced by 

reducing the aldehyde’s ester group by di-isobutylaluminium, followed by quenching 

intermediate aluminium hemiacetals using acetic anhydride. Upon exposure of the precursor 

to UV radiation resulted in release of aldehydes. They reported controlled release of various 

volatiles such as phenylacetaldehyde, methional, and (R)-citronellal. Yang et al. (2013) applied 

a different strategy by reacting fragrant aldehydes and ketones with trimethylsilyl cyanide to 

develop  b-amino alcohol derivatives of ketones and aldehydes. The reaction products were 

further reduced with lithium aluminium hydride to form the final precursors. The releases of 

the bioactive volatiles were triggered by oxidizing the precursors with sodium 

bismuthate/sodium periodate. This approach could be potentially useful for the production of 
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stable and non-volatile precursor for the investigated and other carbonyl compounds. Womack 

et al. (2004) developed aldoxane-type precursors for various aldehydes such as hexanal, 

octanal, citronellal. The similar aldehydes underwent self-condensation reaction to produce the 

respective precursors below 50 C and 10 % potassium hydroxide solution was used as the 

catalyst. Upon purification, the heterocyclic alodoxane compounds were formed. Though, 

these precursors can be heat-activated. As the temperature increases (~ 800 C), the aldoxane 

compounds undergo selective bond cleavage, thereby releasing the bioactive volatiles  

(Womack et al., 2004).  

 

2.6.3 Carriers for aldehyde precursors  

To facilitate the end-use handling, aldehydes and their precursors are often encapsulated in 

polymeric carriers beneficial for controlling their release profiles. Encapsulation also ensures 

optimal release the stability of these bioactive during long-term storage. Technologies for the 

preparation of such carriers are many, including spray-drying, freeze-drying, casting, 

extrusion, spinning, and so on. Another way of encapsulation is the controlled release of 

volatiles from precursor compounds under optimum conditions (Lim, 2011 a and b; Lim, 

2015). Over the past decade, electrospinning and electrospraying have been explored 

considerably by researchers for the encapsulation of various bioactives (Luo et al., 2012; 

Gouin, 2004; Lim, 2015). By virtue of their small submicron dimensions, electrospun fibers 

and electrosprayed particles have larger surface area to volume ratio as compared to carriers 

derived from other processes (Lim et al., 2015; Vega-Lugo & Lim 2009; Dai and Lim, 2015). 

Moreover, these electrohydrodynamic fiber-forming techniques are non-thermal, making them 

ideal encapsulation techniques for heat-sensitive food components.  
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Chapter 3: Hypotheses and Objectives 

 

The literature review presented in Chapter 2 demonstrated the efficacy of salicylaldehyde and 

hexanal for food preservations due to their strong antimicrobial properties. In the case of 

hexanal, it is also a potent PLD inhibitor useful for preserving cell membranes in plant tissues. 

These volatile aldehydes are potentially useful in active antimicrobial food packaging of 

perishable products, such as fresh fruits and vegetables, to extend their shelf life. However, 

since these aldehydes are volatile and susceptible to oxidative degradation when exposed to 

air, they must be strategically stabilized to ensure storage stability while ensuring their end-use 

availability to exert their mode of preservation. 

 

To address these concerns, the current research developed polymeric precursors for hexanal 

and salicylaldehyde using a BrPEI polymer as a substrate to form imidazolidines that are more 

stable than the free aldehydes. The formation of BrPEI-based aldehyde precursors were based 

on the reaction between the secondary amino groups of the BrPEI chains and the carbonyl 

group of the aldehydes to form polymeric imidazolidine products. While stable under dry 

condition, these polymeric aldehyde precursors can be hydrolyzed in the presence of a mild 

acid, to trigger the release of the aldehydes.  

 

For optimal end use applications, these precursors need to be incorporated into a polymer 

carrier. In this research, electrospun nonwoven membranes were investigated as carriers to 

these precursor compounds. Since these nonwoven membranes have a large surface area to 

volume ratio, they are potentially useful for triggered release of aldehydes from their 

precursors. Also, when citric acid monohydrate is dispersed into the polymeric carrier, the 
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aldehyde can potentially be hydrolysed and released from the precursor by exposing the 

nonwoven to atmospheric moisture.  

The main objectives of the present research study are: (1) to synthesize BrPEI polymer-

aldehyde precursors to stabilize hexanal and salicylaldehyde; (2) to encapsulate the precursor 

compounds into nonwoven membranes via the free surface electrospinning technique; (3) to 

characterize and compare the characteristics between pristine compounds and  precursor loaded 

compounds; (4) to study the release behaviours of salicylaldehyde and hexanal directly 

triggered by a citric acid solution; and (5) to study the release behaviour of hexanal indirectly 

triggered by humidity/moisture. 

 

 

 

 

 

 

 

 

 



 36 

Chapter 4: Activated Release of Hexanal from Polymeric Precursor Loaded in 

Electrospun Ethyl cellulose/Poly(ethylene oxide) Nonwovens  

 

 4.1 Introduction 

Packaging is an integral component of food preservation systems to contain and protect the 

food products, as well as to provide relevant communication and convenience to the end-users 

(Robertson., 2006). Consumers today demand for high quality and safe food products with high 

shelf life. Foods are generally transported from one place to another and without a proper 

packaging system it might result in loss of quality or in extreme cases food spoilage causing 

huge financial losses. Apart from quality and safety, shelf life acts an important aspect 

especially in fruits and vegetables. Fresh fruits and vegetables are highly perishable. Their 

distribution from farm to consumer requires proper packaging to ensure quality (e.g., 

appearance, colour, texture, flavour, nutrient contents, etc.) and safety (e.g., microbial, pests, 

contaminants, etc.) requirements are met, as well as to achieve the desired shelf life at retailer 

and consumer levels (Ismail & Cheah., 2003).  

Fruits and vegetables are excellent sources of vitamins, antioxidants, minerals, flavonoids, and 

phyto-chemicals (Giovannoni., 2001). However, senescence can result in rapid nutrient loss 

and deterioration of appearance, flavour, texture, and aroma. Postharvest loss due to improper 

handlings of fresh produce is a major contributor to significant economic losses for fruit 

production chain. The issue is especially prevalent in developing countries where temperature-

controlled transportation/storage infrastructures and optimal packaging systems are lacking 

(Prusky., 2011). Optimal packaging systems can delay the changes in weight loss, pH, tissue 

softening to extend the product shelf-life.   
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Many edible plants produce volatiles and essential oils used for defence with high 

pharmaceutical properties (Figuueiredo et al., 2008).  These volatiles, in the forms of essential 

oil extracts or synthetic compounds are often being used as flavouring agents in food products 

and are generally regarded as safe (GRAS) (Adams et al., 1996). For example, hexanal is 

widely acknowledged as one of the safest and effective aldehyde used to enhance the shelf life 

of fruits and vegetables. Hexanal is a naturally occurring aldehyde with phospholipase D 

inhibition properties and are anti-microbial in nature. As per literature hexanal inhibits spore 

germination of Penicillium expansum, controls lesion expansion enhancing aroma biosynthesis 

in apple fruit; (E)-2-hexenal and hexanal were also proved effective against microbes such as 

Pseudeomonas aeruginosa, Salmonella spp, and E. coli (Song et al., 1996; Corbo et al., 2000; 

Fan et al., 2006).  

 

Electrospinning is a simple technique to produce nonwoven membranes comprising of ultrafine 

fibers. The electrohydrodynamic process involves applying high voltage (10-20 kV) to a 

polymer solution exiting from a spinneret. By applying a voltage beyond a critical level, the 

buildup of electrostatic repulsion force overcomes the surface tension of the solution, causing 

it to eject towards a grounded collector placed at several to tens of centimeters away from the 

spinneret. As the polymer jet takes flight in the air, the evaporation of the solvent and 

Coulombic repulsion of charges along the polymer solution jet results in the formation of 

continuous ultrafine fibers laid down as a nonwoven membrane on the collector.  By changing 

the applied voltage, polymer solution flow rate, spinneret-collector distance, formulation of 

solution, etc., electrospun fibers of different morphologies can be obtained. By virtue of the 

ultrafine diameter of the fibers, electrospun nonwovens have very large surface-to-volume 

ratio, rendering them more surface active than the continuous film/coating counterparts and 

opening up many possibilities for various novel applications. These nonwovens have been 
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exploited in various areas, such as food packaging (Jash & Lim., 2018), filtration (Gopal et al., 

2006; Barhate & Ramakrishna., 2007), tissue scaffolds (Edwards at al., 2006), drug delivery 

(Kenawy et al., 2002), in the field of sensors (Kameoka et al., 2004) , and so on.  

 

Polyethylenimine (PEI) is a polymer with repeating unit consisting of amino group and 

aliphatic carbon  (  CH2CH2  ) n  spacer. PEI polymer can be either linear or branched. The linear 

PEI consists of only the primary and secondary amino sites, whereas the Branched PEI (BrPEI) 

consists of primary, secondary and tertiary amino sites. Molecular weight of BrPEIs typically 

ranges from 1 to 1000 kDa. PEI polymers are being used as carriers, adhesives, adsorbents, in 

waste water treatment, pharmaceutical, perfumes, and cosmetic industries (Godbey et al., 2000; 

Boussif et al., 1995; Godbey et al., 1999).   

 

The objectives of this research are: (1) to stabilize the aldehyde by developing a precursor 

compound using an BrPEI polymer with increased stability; (2) to encapsulate the precursor 

compound into electrospun ultrafine fibres using free surface electrospinning; (3) to 

characterize the BrPEI and study its branching among primary, secondary and tertiary amines 

using NMR spectroscopy; and (4) to study the activated release behavior of the aldehyde from 

the hexanal-BrPEI precursor (HBrPEI).  
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4.2 Experimental  
 

4.2.1 Materials 

Hexanal,  EC (22 cP, 48% ethoxyl), PEO (average molecular weight ca. 900,000 Da), and citric 

acid monohydrate were purchased from Sigma-Aldrich (Oakville, ON, Canada). Chloroform-

d (99.8 atom % D) was purchased from Sigma-Aldrich (Switzerland). Anhydrous ethanol and 

1-Butanol were bought from Commercial Alcohol (Brampton, ON, Canada) and Fisher 

Scientific (Belgium), respectively. BrPEI (Lupasol WF, 25,000 molar mass) was purchased 

from BASF Corporation (Florham Park, US.).  

 

4.2.2 Preparation of precursor products 
 
Liquid BrPEI (500 mg) was dissolved in butanol (1 mL) to reduce the viscosity of the polymer. 

Hexanal (250 mg) was then added to the BrPEI solution and allowed to stir for 30 min at 22 ± 

2 0C to form the hexanal imidazolidine precursor. The resulting modified HBrPEI in liquid 

state, was used for the preparation of the spin dope solution through electrospinning.  

 

4.2.3 Preparation of spin dope solutions for electrospinning 
 
EC polymer solution was prepared by slowly dispersing 10% EC (w/w) and 0.1% PEO (w/w) 

in two different solvents (ethanol and butanol) and stirred for 1 h at 60oC to form a homogenous 

solution. After cooling to room temperature, HBrPEI was added to the polymer solution and 

was stirred using a magnetic stirrer for an additional 30 min to form a homogenous spin dope 

solution for electrospinning.  
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4.2.4 Electrospinning of nonwoven membranes 

The formation of aldehyde precursor-loaded EC nonwoven was achieved by a free surface 

electrospinning technique using a commercial system (Nanospider Lab, Elmarco, Czech 

Republic). Briefly, the polymer solution was loaded into the carriage which moves along a 

stainless steel wire acting as the spin electrode with a sweeping speed of 200 mm/min. The 

ground electrode wire was positioned at 15 cm above the spin electrode. A polypropylene 

nonwoven substrate was positioned in between the two electrodes to collect the fibres. The 

voltage applied to spin electrode was 40 kV with a current of 0.15 A. With the free surface 

setup, approximately 5 mL of the polymer solution was electrospun into nonwoven membranes 

in about 15 min. The electrospun nonwovens were vacuum dried for a day to evaporate the 

residual solvents and then stored at 150C. 

 

4.2.5 Scanning electron microscopy (SEM)  
 
The morphology of the electrospun nonwoven was analysed using a scanning electron 

microscope (SEM; Model S-570, Hitachi High-Technologies Corporation, Tokyo, Japan). 

Small pieces of the nonwoven membranes were cut and mounted on metal stubs using a double 

adhesive carbon tape. Samples were coated with a 20 nm conductive layer of gold using a 

sputter coater (Model K550, Emitech, Kent, UK).  

 

4.2.6 Fourier-transform infrared spectroscopy (FTIR) 
 
Infrared spectra were obtained using a FTIR spectrometer (Model IRPrestige21, Shimadzu 

Corporation, Kyoto, Japan) equipped with an attenuated total reflectance (ATR) cell (Pike 

Technologies, Madison, Wisconsin, USA). The ATR crystal used was diamond. The range 

used for the spectral analysis was from 4000-500 cm-1. An average of 40 scans were taken for 
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each sample and were processed and analysed using an IR solution software (Shimadzu 

Corporation, Kyoto, Japan).  

 

4.2.7 Gas chromatography (GC) 
 
The release profiles of the aldehydes were analysed using a gas chromatograph (GC; Model 

6890, Agilent Technologies Inc., Santa Clara, CA, USA) equipped with a flame ionization 

detector (FID) and a capillary column (Agilent J&W DB-624, 30 m x 0.53 mm x 3 µm, Agilent 

Technologies Inc., Santa Clara, CA, USA). Isothermal GC oven temperature of 95o C for 

hexanal was used. Settings for other GC parameters were back-inlet pressure: 13.4 Pa; FID 

temperature: 200 0C; makeup N2 flow rate: 30 mL/min; H2 flow rate: 50 mL/min; air flow rate: 

200 mL/min. The chromatographs were processed and analysed using an Peak Simple software 

(model 454–64bitWin10, SRI Instruments, CA, USA). 

A sealed glass container (960 mL) with the lid attached to a septum for the sampling port needle 

to extract the headspace gas at specific time intervals was used. The precursor loaded 

nonwoven membrane was placed inside the container. To initiate the release of the aldehyde 

from the precursor to the headspace, 0.5 ml of citric acid with different citric acid 

concentrations (0.1, 0.5 and 1 N) were distributed evenly on top of the membrane. The release 

profile of the aldehyde was plotted and analysed to determine the release kinetics and 

concentration of volatile released. 

 
4.2.8 Nuclear magnetic resonance spectroscopy (NMR)  
 
13C JMOD NMR spectroscopy was done to confirm the formation of the imidazolidine 

structure. 1H NMR was performed to study the structure and purity of pristine compounds. 13C  

NMR of BrPEI was done to identify the branching of the polymer. For both 13C and 1H NMR, 
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samples were prepared by mixing 80 µL of imidazolidine precursor and pristine compounds 

with 400 µL chloroform-d in a 5-mm NMR tube. 13C NMR was done to determine the 

branching ratio of BrPEI between primary, secondary and tertiary amines. Different methylene 

groups from the BrPEI polymer were assigned and each of those methylene group’s peaks were 

taken integrals to determine the final branching ratio of BrPEI. NMR spectra were acquired on 

a Bruker AVANCE 600 MHz (14.1 T) NMR spectrometer (Bruker Corporation, Billerica, MA, 

USA) at 25 °C.  

 

4.3 Results and Discussions 
 
4.3.1 Characterization of the Branched PEI Precursor System 
 
The HBrPEI precursor was synthesized through an reaction between the secondary amine 

groups of the BrPEI and the carbonyl group of the aliphatic aldehyde to form imidazolidine 

structures (Moringa et al., 2010). On the addition of acidic aqueous solutions, these 

imidazolidine moieties are hydrolyzed, triggering the release of the aldehyde. Different 

concentrations (0.1, 0.5, 1 N) of citric acid were used to compare the release behaviors of the 

aldehyde. The resulting imidazolidine is meta-stable under dry conditions but can be 

hydrolyzed to release the aldehyde in the presence of citric acid. Hexanal also reacts with 

terminal primary amine to form imines (-N=R’) that are more stable than the imidazolidines.      

 

 

     

  

 

 

 



 43 

 

  

             

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.1 Formation of hexanal (HBrPEI) precursor through the reaction with secondary 
diamines (i.e., 1,2-diamine moieties) of branched PEI (BrPEI). The resulting 

imidazolidine is meta-stable under dry conditions but can be hydrolyzed to release the 
aldehyde in the presence of citric acid. Hexanal also reacts with terminal primary amine 

to form imines (-N=R’) that are more stable than the imidazolidines. 
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4.3.2 FTIR analysis 
 
Fig 4.2 represents the FTIR spectra of pristine hexanal and BrPEI. Hexanal exhibited a strong 

band at 1750 cm-1 due to the characteristic C=O stretching of the aldehyde group. The 

absorbance band at 1450 cm-1 was caused by the aromatic C=C stretching of aldehyde.  The 

absorbance band at 2900 cm-1 was due to the bending and stretching of the C-H groups of the 

hexanal. BrPEI exhibited several peaks including the N-H stretching at 3272 cm-1. The 

absorbance band at 2900 cm-1 was due to the C-H groups stretching in the BrPEI. Bending of 

N-H groups was observed at 1585 cm-1. The band at 1457 cm-1 was caused by the bending of 

C-H groups in the polymer. Finally, the C-N stretching was observed at 1000 cm-1. 

 

 

 

 

Fig 4.2 FTIR spectra of hexanal and branched polyethylenimine. 

 

Fig 4.3 represents the FTIR spectra of HBrPEI and  HBrPEI + EC + PEO precursor polymer 

nonwovens. The higher intensity absorbance peaks were observed at 2775 cm-1 due to the C-
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H stretching from the precursor compound (HBrPEI). The precursor ring vibration resulted in 

an absorbance band at 775 cm-1. The absorbance band at 1400 cm-1 can be attributed to the C-

H groups bending. The O-H stretching from butanol was observed at 3375 cm-1. For the 

HBrPEI + EC + PEO, the precursor C-H stretching from HBrPEI was seen at 2775 cm-1. The 

C-H groups bending of the EC was seen at 1400 cm-1. The C-O-C stretching of the PEO 

polymer was observed at 1125 cm-1, whereas the C-O-C stretching of the EC polymer was seen 

at 1000 cm-1. The O-H groups stretching from EC was observed at 3375 cm-1. These results are 

in accordance with those reported in the literature (Jash & Lim., 2018). 

 

 
 

 
Fig 4.3 FTIR spectra of hexanal-branched polyethylenimine precursor and hexanal-

branched polyethylenimine + ethylcellulose + poly(ethylene) oxide precursor polymer 
nonwovens. 

 
4.3.3 NMR analysis 
 
NMR spectroscopy was done to characterize the branching of the BrPEI polymer. Results from 

13C NMR analysis indicated that the BrPEI had a branching ratio of 0.48:0.9:1 for the primary, 

secondary and tertiary amines, respectively. Considering that only the secondary amine are 



 46 

capable of forming the imidazolidine precursor, the branching ratio  allows one to estimate the 

amount of conjugated aldehyde that could be released from the precursor polymer. Fig 4.4 

represents the 1H NMR of branched BrPEI (25 K MW). The assignment of peaks of different 

methylene groups in BrPEI from the Fig 4.4 are based on this literature (Holycross & Chai., 

2013). There are 8 NMR peaks reflective of different methylene groups present in BrPEI 

structure marked from 1-8. The assignments ‘1’ and ‘2’ are the methylene groups present 

between secondary and tertiary amino units, with ‘1’ closer to secondary and ‘2’ closer to 

tertiary amine. Methylene group ‘3’ corresponds to the two equivalent methylene groups 

present in between two tertiary amino units. The assignment ‘4’ represents two equivalent 

methylene groups flanked by the secondary amino units. On the other hand, assignments ‘5’ 

and ‘6’ are due to methylene groups present in between the tertiary and primary amino groups. 

Finally, assignments ‘7’ and ‘8’ are due to the methylene groups in between the secondary and 

primary amino groups.. From the 1H NMR spectra, several peaks were observed in between 

2.4 and 2.8 ppm. Each of these peaks corresponds to the methylene groups present in the 

polymer structure. Methylene segments of ‘3’ and ‘5’ were observed at 2.48 ppm. Methylene 

group ‘2’ corresponds to the peaks observed at 2.53 ppm. Whereas, ‘1’ and ‘7’ methylene 

group peaks were seen at 2.60 ppm. Methylene groups ‘6’ and ‘4’ were observed in the spectra 

at 2.66 ppm. Finally, the ‘8’ methylene group was seen at 2.72 ppm. The peak due to CDCl3 

was observed at 7.28 ppm.  

 

At 1.7 ppm, protons from the amino groups (NH and NH2) were seen. A single unit of BrPEI 

consist of 3 protons from the amino groups and 12 protons from the methylene group. Integrals 

were taken for both the proton peaks and the ratio obtained as seen from the figure were 1:4 

for amino protons and methylene groups respectively, thus confirming the 1H NMR spectra for 
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a single unit of BrPEI polymer. These results obtained are consistent with those reported in the 

literature (Moringa et al., 2010; Holycross & Chai., 2013).  

 

 

Fig 4.4 1H NMR of pristine branched polyethylenimine.  

 

Fig 4.5 represents the 1H NMR spectra of the pristine hexanal. The methyl group of hexanal 

peak was observed at 0.9 ppm as a triplet. The first and second proton peaks from the methylene 

groups were seen overlapping at 1.3 ppm split into 5 peaks. The third methylene group was 

observed clearly at 1.61 ppm split into 5 peaks consistent with the spin-spin splitting (n+1) 

rule. The methylene group closest to the O-H group was seen at 2.4 ppm as triplets. Finally, 

the carbonyl proton was seen at a much higher frequency at 9.75 ppm as a triplet, thus 

confirming the structure of a pristine pure hexanal compound. 
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Fig 4.5 1H NMR spectrum of pristine hexanal. 

 

Fig 4.6 represents the 13C j- modulated spin echo (JMOD) spectra of imidazolidine precursor 

(HBrPEI). The 13C JMOD provides spectra in which the quaternary and methylene signals 

(pointing upwards) have opposite phase to those of methane and methyl resonances (pointing 

downwards). The imidazolidine precursor polymer show several methylene peaks in the range 

of 25 to 60 ppm. There were six methylene groups from the precursor compound along with 

the unreacted BrPEI methylene groups contributing the peaks in the region from 25 to 60 ppm. 

The CH3 group from the HBrPEI can be identified at 13 ppm obtained through 13C JMOD 

pointing downwards in the spectra (Fig 4.6). The C-H peak was identified at 81 ppm, pointing 

downwards in the 13C  JMOD spectra. The C-H corresponds to the group formed after the 

reaction between the polymer and the aldehyde. Both the reactants, BrPEI and hexanal did not 
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contain methane group in their pristine structures. This CH peak from the spectra can be 

considered to confirm the formation of the heterocyclic imidazolidine ring structure.  

 

 
Fig 4.6 13C JMOD NMR of hexanal-imidazolidine precursor (HBrPEI).  

 

 
4.3.4 SEM  
 
Fig 4.7 represents the SEM micrographs of electrospun fibres prepared using two different 

solvents (ethanol & butanol). All the fibres were uniform in morphology, no visible beads were 

seen. All the nonwowen membranes had smooth and dry surfaces, indicating the evaporation 

of the solvent from the fibres. All the fibres produced were in the range of micrometers. For 

this study, EC polymer spin dope could not be electrospun into fibres, even at high EC 

concentrations. This could be attributed to the lower charge density of the polymer spin dope 

deposited on the electrode wire. To counteract this issue, a light amount of PEO (0.5% w/w) 

was added to produce beadless conitnious ultrafine fibres. Addition of PEO reduced the surface 

tension and conductivity of the polymer spin dope, thus formation of nonwovens. There wasn’t 
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any significant difference in polymeric and polymer-precursor nowovens in terms of its 

diameter and appearance, consistent with the literature (Honarbaksh & Pourdeyhimi., 2011; 

Vega-Lugo & Lim., 2009).  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 4.7 SEM micrographs of: a) ethylcellulose + poly(ethylene) oxide using ethanol as a 
solvent; b) ethylcellulose + poly(ethylene) oxide with butanol as a solvent.  
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Fig 4.8 SEM micrographs of: c) ethylcellulose + poly(ethylene) oxide + branched 

polyethylenimine; d) ethylcelluose + poly(ethylene) oxide + hexanal-branched 
polyethylenimine precursor.  

 
 
 

4.3.5 GC  
 
Fig 4.9 represents the release behavior of HBrPEI precursor fibre at different concentrations of 

citric acid (0.1, 0.5 and 1.0 N). As shown, the 1 N triggered the highest hexanal release from 

the HBrPEI precursor compared to lower citric acid concentrations. Rapid release of hexanal 

was observed within the initial 15 min releasing about 30-35 % (calculated based on the amount 
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of precursor loaded into the polymer solution) of aldehyde from the precursor fibre. The release 

of hexanal was instantaneous releasing almost 100 % (of the total release of the aldehyde) of 

hexanal from the precursor within the initial 15 min. The aldehyde was released from the 

precursor fibre without causing any distortion to the carrier nonwoven matrix membrane. For 

the 0.5 N citric acid treatment, the release was relatively slower than 1 N citric acid treatment 

and about 25% of aldehyde was released in the first 15 min. The 0.1 N citric acid resulted in 

the slowest release of hexanal vapor; only about 15% of hexanal was released at the end of the 

experiment. From these observations, it can be concluded that the release of hexanal from 

HBrPEI was positively correlated with the acid concentration. This could be attributed to the 

fact that at higher concentrations of acid, an increased amount of acid diffuses through the fiber 

matrix thus in turn hydrolyzing the HBrPEI precursor at a faster rate.  

 

 

 
Fig 4.9 Release profile of hexanal from the HBrPEI precursor triggered by the addition 

of citric acid at different concentrations (0.1, 0.5, 1.0 N). 
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4.4 Conclusions 
 
A polymeric precursor of hexanal was developed to stabilize the aldehyde and to study their  

controlled release behavior. The structure of the hexanal BrPEI imidazolidine precursor was 

confirmed through 13C JMOD NMR spectroscopy. FTIR analyses showed the disappearance 

of the C=O hexanal group stretching from the precursor system, indicating successful reaction 

of hexanal with the PEI polymer. The branching of the polymer was evaluated through 1H and 

13C NMR spectroscopies. 13C NMR spectroscopy indicated that the BrPEI had a branching 

ratio of 0.48:0.9:1 for the primary, secondary and tertiary amines, respectively. The polymeric 

hexanal precursor was blended with EC and PEO, and electrospun into nonwoven membranes. 

Both polymers acts as carriers for the precursor system and facilitates the release of the 

aldehyde which was evaluated using GC. Moreover, the morphologies of the precursor-loaded 

nonwovens were evaluated using scanning electron microscopy. Rapid release of hexanal 

(35%) was observed within the initial 30 min upon the addition of 0.5 mL of 1 N citric acid. 

On average, 0.6 – 0.7 µL of hexanal release was observed initiated by 1 N citric acid which 

proved to be the most effective source of release. At lower citric acid concentration (0.1 and 

0.5 N), the release was relatively slower with an average of 15, 25 % release respectively. In 

conclusion, the precursor nonwoven system can be potentially useful for the delivery of 

hexanal in active packaging systems for increasing the stability of fruits and vegetables during 

distribution and storage. 
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Chapter 5: Activated Concurrent Release of Salicylaldehyde & Hexanal from the 

Branched Polyethylenimine Polymeric Precursor System  

 

5.1 Introduction 
 

Fruits and vegetables are important parts of human diet to promote health (Lobstein et al., 2004; 

Liu., 2013). Unfortunately, one third of food produced at a global level is wasted; the World 

and Agriculture Organization reported that, nearly 1.3 billion ton of food is wasted annually, 

among which fruits and vegetables contributed to about 45-50 % of food wastage (FAO, 2011). 

Fruit and vegetable wastages are due to suboptimal postharvest preservation and improper 

handling during transportation, which cause physical injury and microbial growth (Plazzotta et 

al., 2017; Ramos et al., 2013). Apart from these issues, prolonged storage can result in a decline 

in nutritional and sensorial qualities. As a solution to these problems, various antimicrobial 

active packaging systems have been explored by researchers to inhibit the growth of 

microorganisms and extend the shelf life of the fresh produce (Ozdemir & Floros., 2004; Siro., 

2012; Ahvenainen., 2003). 

 

Active packaging can be defined as “packaging in which subsidiary constituents have been 

deliberately included in or on either the packaging material or the package headspace to 

enhance the performance of the package system” (Robertson, 2016). Active packaging systems 

are capable of interacting with food and internal/external environments to exert desirable 

functions in extending shelf life, improving quality, and/or enhancing safety of the product 

(Lim, 2011).  For example, antimicrobial agents can be incorporated into the packaging 

structures which can be delivered to food via direct diffusion or indirectly through releasing 

the volatile antimicrobial to the package headspace, followed by solubilizing onto the surface 

of the product. Through optimal packaging design and encapsulation methodologies, the 
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delivery of antimicrobial agents could inhibit the growth of microbes, thereby extending 

product shelf-life. For this purpose, various naturally occurring anti-microbial agents such as 

essential oils (EOs) have been studied (Suppakul et al., 2003). 

 

Hexanal and salicylaldehyde are naturally-occurring antimicrobial agents. According to U.S. 

National Archives and Records Administration's Electronic Code of Federal Regulations 

(2015), these aldehydes are generally regarded as safe (GRAS) food additives by the United 

States Food and Drug Administration. Hexanal, which contributes to the characteristic “green” 

odour in cucumbers, olives, etc, has been employed as an antimicrobial agent for the 

preservation of fresh produce (Lanciotti et al., 1999; Corbo et al., 2000). In fresh-sliced apples, 

hexanal extends shelf life by inhibiting the growth of Pseudomonas aeruginosa, Salmonella 

spp, E. coli among others (Kubo et al., 2001). Salicylaldehyde is obtained as a colourless liquid. 

It is found in castoreum, and also can be obtained from the larval defensive secretions of 

various leaf beetle species Chrysomelina. Salicylaldehyde has been used as a potential 

antimicrobial agent to control microbial spoilage in fruits. Owing to its potent antimicrobial 

properties, salicylaldehyde has also investigated for food packaging applications to control 

Penicillium infections (de Witte, Gorris & Smid, 1995; Hotchkiss., 1997).  shown to be 

effective against other microbes including Klebsiella pneumoniae, Candida albicans, 

Staphylococcus aureus among others (Smid et al., 1995; Radulovic et al., 2007; Liu et al., 

2016). 

 

Branched polyethylenimine (BrPEI) has been used as a carrier for aldehydes via forming stable 

precursor compounds. Polyethylenimine (PEI) has repeating amino groups in either linear or 

branched polymer chain morphologies. BrPEI consists of primary, secondary, and tertiary 

amino groups whereas the linear form of PEI consists of only the primary and secondary amino 
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groups. PEI polymers are commonly used for various applications, including perfumes, 

cosmetics waste water treatment, tissue culture, adhesives, among others (Godbey et al., 2000; 

Boussif et al., 1995; Godbey et al., 1999; Maketon & Ogden., 2009).  

 

Electrospinning is a fiber production process which relies on electrostatic force to draw charged 

polymer solution into ultrafine fibres. When charged with high voltage, the electrostatic 

repulsion established on the surface of the polymer solution overcomes its surface tension, 

leading to the ejection of the polymer solution towards an electrically grounded collector. Due 

to the Coulombic repulsion, bending instability, and solvent evaporation phenomena, the 

polymer jet undergoes extensive stretching into ultrafine fibres and laid down on the collector 

as nonwoven (Ramakrishna et al., 2005; Luo et al., 2012). Due to their high surface area to 

volume ratio, non-thermal process characteristics, and processing flexibility, electrospun  

nonwovens derived from different polymers have been exploited as carriers to stabilize and 

control the release of various bioactive volatiles (Lim et al., 2015; Luo et al., 2012). In addition, 

electrospun nonwovens have been used in other fields including tissue scaffolding, drug 

deliveries, food packaging, filtrations, sensors, and so on (Edwards et al., 2006; Kenawy et al., 

2002; Jash & Lim., 2018; Gopal et al., 2006; Barhate & Ramakrishna., 2007; Kameoka et al., 

2004).   

 

The objectives of this study are: (1) to develop BrPEI-salicylaldehyde (SBrPEI) and BrPEI-

salicylaldehyde-hexanal precursor (SHBrPEI) compounds with increased stability; (2) to 

encapsulate the BrPEI precursor compounds into electrospun nonwovens through a free surface 

electrospinning technique; (3) to characterize the precursor compounds and to study the release 

behaviour of aldehydes (salicylaldehyde & hexanal) from their respective precursors, triggered 

by the addition of a mild acid; and (4) to study the indirect release behaviours of the aldehydes 
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with acid incorporated within the polymer nonwoven matrix (HBrPEIAI), triggered by moisture 

in the air. 

 
 
5.2 Materials and Methods 
 
5.2.1 Materials 
 
Salicylaldehyde (reagent grade, 98%), hexanal (98 %), ethyl cellulose (EC) (22 cP, 48% 

ethoxyl), poly(ethylene) oxide [PEO] (average molecular weight ca. 900,000 Da), and citric 

acid monohydrate (ACS grade, ≥ 99.0%) were purchased from Sigma-Aldrich (Oakville, ON, 

Canada). Chloroform-d (99.8 atom % D) was purchased from Sigma-Aldrich (Switzerland). 

Anhydrous ethanol and 1-Butanol were bought from Commercial Alcohol (Brampton, ON, 

Canada) and Fisher Scientific (Belgium), respectively. BrPEI (Lupasol WF, 25,000 molar 

mass) was purchased from BASF Corporation (Florham Park, US). 

 

5.2.2 Preparation of salicylaldehyde (SBrPEI) and salicylaldehyde-hexanal (SHBrPEI) 

precursors  

To reduce the viscosity of the BrPEI, the liquid polymer was dissolved in 1 mL butanol. To 

prepare the SBrPEI, salicylaldehyde was added to the liquid BrPEI polymer at 1:2 (w/w) ratio. 

The resulting solution was stirred at 22 ± 20 C for 1 h to allow the reaction to take place forming 

the respective imidazolidine precursors. Similarly, for SHBrPEI, salicylaldehyde and hexanal 

at equal ratios were added to the diluted liquid BrPEI polymer at 1:2 (w/w) ratio. For HBrPEIAI 

(acid incorporated into spin dope), preparation was similar to HBrPEI with additional citric 

acid monohydrate 0.02 % (w/w) added to the polymer solution. 
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5.2.3 Preparation of polymer solutions  

The polymer solution was prepared by slowly dispersing EC  and PEO at 100:1 (w/w) ratio in 

butanol. The resulting solution was stirred for about 1 h at 60oC using a magnetic stirrer. Then, 

the solution was allowed to cool down for about 15 min. After the polymer solution was cooled 

down, the prepared precursors (SBrPEI & SHBrPEI) were added separately to form two 

different homogenous spin dope solutions ready for electrospinning.  

 

5.2.4 Electrospinning of polymer solutions to produce nonwovens 

The prepared spin dope solutions were electrospun into nonwoven membranes using a free-

surface electrospinning machine (NanoSpiderTM NS LAB, Elmarco, Svarovska, Liberec, 

Czech Republic). The polymer solution (5 mL) was directly loaded to a reservoir attached to a 

carriage. The polymer solution is deposited onto the positively charged wire (spinning 

electrode) through a carriage sweeping back and forth along the wire. The ground electrode 

was positioned directly above the spinning electrode maintaining a constant electric field. As 

the solution is charged, it gets ejected as multiple jets towards the collector substrate thus 

forming an electrospun nonwoven membrane.  

 

5.2.5 Microstructural analysis of electrospun nonwovens 

The morphology of the electrospun ultrafine fibres was studied using scanning electron 

microscopy (SEM) (Quanta FEG 250, FEI Company, Hillsboro, OR, USA). Small pieces of 

nonwoven specimen were randomly cut from different locations and were mounted on metal 

subs using double adhesive carbon tape. The samples were then loaded onto a sputter coater to 
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coat them with a layer of gold (20 mm) (Desk V TSC, Denton Vacuum, Moorestown, NJ, 

USA). The coated samples were then analysed and studied through SEM micrography.  

 

5.2.6 Nuclear Magnetic Resonance (NMR) analysis 

The structure of the precursors (SBrPEI & SHBrPEI) were characterised and studied through 

1H NMR and 13C NMR spectroscopies. 13C JMOD spectroscopy was performed to confirm the 

formation of imidazolidine rings in the precursors. Proton NMR was done to study the structure 

and purity of compounds including the aldehydes and BrPEI. Also, to further study in depth of 

the BrPEI polymer branching, 13C NMR was performed. To prepare the sample, 80 µL of the 

sample was mixed with 400 µL of chloroform-d in a 5 mm NMR tube. The NMR spectra was 

determined by Bruker AVANCE 600 MHz (14.1 T) NMR spectrometer (Bruker Corp., 

Billerica, MA, USA) and was processed and analysed using a software (TopSpin TS3.5p16, 

Bruker Corp., Billerica, MA, USA).  

 

5.2.7 Fourier -Transform Infrared Spectroscopy (FTIR) analysis 

The precursor compounds were further analysed using an attenuated total reflection-Fourier 

transform infrared spectroscopy (ATR-FTIR) spectrometer (IRPrestige 21, Shimazu Corp., 

Kyoto, Japan) equipped with an ATR cell (Pike Technologies, Madison, WI, USA). Diamond 

was used as the ATR crystal. Infrared spectra were obtained for the precursor compounds, and 

other pristine compounds including the aldehydes, EC-PEO, BrPEI to study the interactions 

between the precursor compounds and polymer blends. An average of 40 scans were taken for 

each sample and the range used for the spectra was from 4000-500 cm-1. The samples were 

processed and studied using an IR solution software (Shimadzu Corporation, Kyoto, Japan). 
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5.2.8 Headspace analysis of salicylaldehyde and hexanal vapour using a Gas 

Chromatograph (GC) 

The release behaviours of salicylaldehyde and hexanal from SBrPEI and SHBrPEI respectively 

were analysed using a gas chromatograph (GC; Model 6890, Agilent Technologies Inc., Santa 

Clara, CA, USA) equipped with a flame ionization detector (FID) and a capillary column 

(Agilent J&W DB-624, 30 m x 0.53 mm x 3 µm, Agilent Technologies Inc., Santa Clara, CA, 

USA). The equipment is comprised of an automatic gas sampling system attached with a stream 

selection valve (EMTCA-CE, VICI Valco Instruments, Houston, TX, USA), a sampling valve,  

and stainless steel tubing (1/16’’ OD). The headspace vapour was extracted through the septum 

using an headspace sampling system at 6.5 min for each cycle. Isothermal GC oven temperature 

was set at 950 C and 1100 C for hexanal and salicylaldehyde respectively. Other GC parameters 

include FID temperature: 200o C; back-inlet pressure:13.4 Pa; H2 flow rate: 50 mL/min; air 

flow rate: 200 mL/min; N2 flow rate: 30 mL/min. The chromatographs were processed and 

interpreted using Peak Simple software (model 454–64bitWin10, SRI Instruments, CA, USA). 

For HBrPEIAI, four different bottles were prepared, each of which containing different 

saturated salt solution to maintain the relative humidity in headspace. Saturated KNO3 

(potassium nitrate), NaCl (sodium chloride) and Mg(NO3)2 (magnesium nitrate) salt solutions 

were used to create 95, 75 and 54 % RH conditions, respectively. On the other hand, Drierite™ 

desiccants was used to maintain 0 % RH.  
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5.3 Results and Discussion 
 
5.3.1 Precursor Formation 
 
The synthesis of the BrPEI precursors (SBrPEI & SHBrPEI) was carried out through an  

reaction between the amino groups of the BrPEI and the carbonyl group of the aldehyde 

(Moringa et al., 2010). The aldehyde reacted with the secondary amino groups in BrPEI to 

form meta stable imidazolidine moieties which can be hydrolysed in the presence of acid to 

release the aldehyde (Fig 4.1). The aldehyde also reacted with primary amine in BrPEI to form 

imine end groups which were not readily hydrolysable to release the aldehyde (Kameoka et al., 

2004).  
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Fig 5.1 Formation of salicylaldehyde (SBrPEI) and/or hexanal (HBrPEI) precursor 
through the reaction with secondary diamines (i.e., 1,2-diamine moieties) of branched 
PEI (BrPEI). The resulting imidazolidine is meta-stable under dry conditions but can 

be hydrolyzed to release the aldehyde in the presence of citric acid. Aldehydes also 
reacts with terminal primary amine to form imines (-N=R’) that are more stable than 

the imidazolidines.  

 
 
 
5.3.2 NMR analysis 
 
BrPEI is branched with primary, secondary and tertiary amines. From the relative peak areas 

of 13C NMR analysis of the BrPEI, the ratio of primary, secondary and tertiary amines was 

determined as 0.48:0.9:1. The assignments of the methylene group peaks from the BrPEI figure 

Hexanal 

HBrPEI/ SBrPEI/ SHBrPEI 

BrPEI 

Salicylaldehyde 



 68 

are based on those reported by literature Holycross & Chai (2013). The positions of the 

methylene groups are presented in Fig 5.2. Proton NMR analyses for pristine salicylaldehyde 

and hexanal were conducted to determine the positioning of their functional group and to 

confirm their purity. The chemical shifts of -O-H in salicylaldehyde and hexanal are located at 

11.1 and 9.8 ppm, respectively. For SBrPEI and SHBrPEI, their molecular structures were 

established using 13C JMOD NMR analysis (Fig 5.3). In 13C JMOD spectra, methane and 

methyl resonances are pointing downwards while the quaternary and methylene resonances are 

pointing upwards. During the formation of the precursor polymer, the amino groups of the 

BrPEI reacted with the carbonyl groups of the aldehydes to form meta stable -C-H groups 

which can be hydrolysed to release the aldehyde in presence of citric acid. For SBrPEI, the -

C-H groups associated with the imidazolidine moieties were detected in the range of 118-132 

ppm pointing downwards in the 13C JMOD spectra. For HBrPEI, a single -C-H peak was 

identified at 81 ppm pointing downwards in the spectra. The solvent CDCl3 peak was observed 

at 7.3 ppm.   
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Fig 5.2 Proton NMR of pristine branched polyethylenimine and salicylaldehyde. 
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Fig 5.3 13C JMOD spectra of salicylaldehyde and/or hexanal imidazoline precursor. 
Methane and methyl resonances are pointing downwards while the quaternary and 

methylene resonances are pointing upwards in the spectra. 

 
 
 

HBrPEI 

SBrPEI 
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5.3.3 ATR-FTIR analysis 

Fig 5.4 shows the representative IR spectra of salicylaldehyde, hexanal and BrPEI. For BrPEI, 

the absorbance band for N-H stretching was observed at 3272 cm-1 and bending at 1585 cm-1. 

The C-H stretching was detected at 2900 and 1000 cm-1, while bending at 1457 cm-1. For 

salicylaldehyde and hexanal, the characteristic band at 1650 and 1750 cm-1, respectively, were 

due to the C=O stretching of the aldehyde group. For salicylaldehyde, the benzene C=C 

stretching bands were ortho-disubstituted and were detected as four peaks at 1620, 1600, 1580 

and 1480 cm-1. These results are consistent with those reported in the literature (Jash & Lim, 

2018). Fig 5.5 shows the IR spectra of HBrPEI, SBrPEI, and SHBrPEI + EC + PEO. For 

HBrPEI, the precursor C-H stretching was seen at 2850 cm-1, while the C-H bending at 1350 

cm-1. In addition, the aromatic vibration of the imidazolidine ring was located at 775 cm-1. 

Likewise, SBrPEI exhibited a C-H stretching from the precursor at 2850 cm-1. For SHBrPEI, 

the C-O-C characteristic stretching from the polymer EC was identified at 1000 cm-1 (Tsai et 

al., 2018). 
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Fig 5.4 FTIR spectra of pristine: a) hexanal; b) salicylaldehyde; and c) branched 
polyethylenimine.  
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Fig 5.5 FTIR spectra of: a) hexanal-branched polyethylenimine precursor; b) 
salicylaldehyde-branched polyethylenimine precursor; and c) salicylaldehyde-hexanal- 

branched polyethylenimine blend precursor + ethyl cellulose + poly(ethylene) oxide. 

 
 
5.3.4 Morphology of electrospun fibres 
 
Fig 5.6 illustrates the morphologies of electrospun EC+PEO+BrPEI and EC+PEO+HBrPEI 

nonwovens, while Fig 5.7 represents EC+PEO+SBrPEI and EC+PEO+SHBrPEI. As shown, 

the fibres were mostly uniform in morphology and no beads were seen. An increase in EC 

concentration resulted in minimal changes in morphology. These results are consistent with 

those reported by Jash and Lim (2018) except that fibres obtained in the present study were 

bigger in diameter due to the different electrospinning technique used. Instead of using the 

conventional spinneret approach, this research adopted the free surface method involving a 

wire electrode with surface area much larger than that of a needle spinneret. The evaporation 

of the solvent could have pre-concentrated the spin dope solution on the wire. Similar 

observation was reported by Crabbe-Mann et al (2018).  
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Although EC polymer solution (10 %) could be electrospun using the single needle 

electrospinning setup as reported by Jash & Lim (2018), the same solution was not 

electrospinnable even at increased EC concentration using the current free surface 

electrospinning setup. This observation could be due to the reduced charge density in the 

polymer solution deposited on the wire electrode as compared to the pendant droplet emerging 

from the needle spinneret. Alternatively, the observation could be due to increased evaporation 

of solvent from the wire. To resolve this issue, a small amount of PEO (0.05 %) was added to 

the EC polymer solution which yielded continuous nonwoven membranes. The addition of 

PEO polymer reduced the surface tension and conductivity of the polymer solution, thus 

allowing the formation of continuous fibres (Alborzi et al., 2010). Also, PEO might have 

reduced the vapor pressure of the butanol, preventing premature drying of the spin dope 

solution on the wire electrode.  
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Fig 5.6 SEM micrographs of: a) ethylcellulose + poly(ethylene) oxide + branched 
polyethylenimine (EC+PEO+BrPEI); and  b) ethyl cellulose + poly(ethylene) oxide + 

hexanal-branched polyethylenimine precursor (EC+PEO+HBrPEI).   
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Fig 5.7 SEM micrographs of; a) ethyl cellulose + poly(ethylene) oxide + salicylaldehyde-
branched polyethylenimine precursor (EC+PEO+SBrPEI); and b) ethyl cellulose + 
poly(ethylene) oxide + salicylaldehyde-hexanal blend branched polyethylenimine 

precursor (EC+PEO+SHBrPEI). 

 

5.3.5 Activated release of salicylaldehyde and hexanal from their precursors 

The salicylaldehyde release profiles from the SBrPEI precursor, triggered upon the addition of 

citric acid, showed a rapid initial release, followed by a more gradual release of the aldehyde 
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with time (Fig 5.8). The two-stage phenomenon could be attributed to two reactions that took 

place during the mass transport process. In the first reaction, the rapid release of the 

salicylaldehyde could be attributed to the aldehyde precursor located near to the surface of the 

electrospun carrier. The second reaction can be attributed to the aldehyde generated from the 

precursor species embedded within the electrospun fibers. These aldehyde molecules must 

diffuse through the polymer matrix towards the fiber surface before releasing to the air. When 

the citric acid was added to the precursor loaded electrospun nonwoven, the permeation of 

water into the polymer matrix was likely the rate-limiting step for controlling the release of 

salicylaldehyde vapor. Similar to the release behaviour of hexanal discussed in Chapter 4, the 

release rate of salicylaldehyde was positively correlated with the acid concentration. The 

increase in salicylaldehyde release rate with increased acid concentration could be attributed 

to the regenerated diamine after the hydrolysis reaction that neutralized the acid, thereby 

slowing down the hydrolysis process considerably (Casale et al., 2007). Among the three 

concentrations of acid tested, 1 N resulted in highest amount of salicylaldehyde released from 

the SBrPEI. Approximately 45-50 % (calculated based on the amount of precursor loaded into 

the polymer solution) of the aldehyde was released over a span of 200 min. About 20-25 % of 

salicylaldehyde was released within the initial 5-6 min. By contrast, 0.5 N citric acid resulted 

in about 20-25 % of salicylaldehyde in 200 min and about 10 % of aldehyde within the initial 

6 min. The release rate for salicylaldehyde was slowest on addition of 0.1 N citric acid. Only 

about 5 % of the aldehyde was released in total in which most of the volatile was released 

within the initial 6 min. As the release process continued, the overall release rate decreased as 

the precursor concentration reduced from the precursor in the fibre core. These results are 

consistent with those reported by Jash & Lim (2018). 
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Fig 5.8 Release profiles of salicylaldehyde from SBrPEI precursor triggered on the 
addition of 0.5 mL of citric acid at different concentrations (0.1, 0.5, 1.0 N) at 22 ± 2 °C.  

 

Figs 5.9, 5.10 and 5.11 represent the release behavior of the salicylaldehyde-hexanal blend 

from the SHBrPEI precursor activated with citric acid concentrations at 0.1, 0.5 and 1.0 N 

respectively. The overall release rate and the amount released were considerably higher for 

salicylaldehyde compared to hexanal at higher acid concentrations (0.5 and 1.0 N). Thus, one 

could speculate that salicylaldehyde is more compatible with the BrPEI fiber matrix than 

hexanal. Though, at 0.1 N, the release rate of salicylaldehyde and the overall release % were 

considerably reduced. At lower normality (0.1 N)  hexanal release % (of the total amount of 

hexanal loaded into the polymer solution) was higher compared to that of salicylaldehyde.. 

Similar trends were observed for the release of salicylaldehyde from SBrPEI. About 40-45 % 

of salicylaldehyde was released when the precursor-loaded nonwoven was exposed to 1 N citric 

acid, whereas only about 3-4 % was released with 0.1 N citric acid. Overall, the release % of 

volatiles were positively correlated with acid concentration.  
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Fig 5.9 Release profiles of salicylaldehyde and hexanal from SHBrPEI blend precursor 
triggered on addition of 0.5 mL of 1.0 N citric acid at 22 ± 2 °C.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Fig 5.10 Release profiles of salicylaldehyde and hexanal from SHBrPEI blend precursor 
triggered on addition of 0.5 ml of 0.5 N citric acid at 22 ± 2 °C.  
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Fig 5.11 Release profiles of salicylaldehyde and hexanal from SHBrPEI blend precursor 

triggered on addition of 0.5 ml of 0.1 N citric acid 22 ± 2 °C  

 

Fig 5.12 represents the release profiles of the citric acid-loaded HBrPEIAI, triggered by 

moisture present in the air, instead of adding citric acid solution to the nonwovens. The release 

behavior of the HBrPEIAI was different when compared to that of HBrPEI. HBrPEI exhibited 

rapid release of the aldehyde with almost 80-90 % (of the overall release %) released within 

the first 5-10 min. But, the release of hexanal from HBrPEIAI showed a more gradual profile. 

On average, only about 40-45 % (of overall release %) was released within the initial 5-10 min. 

At 95% RH, about 45-50 % (calculated based on the amount of precursor loaded) of hexanal 

was released over a span of 200 min. At lower RH levels (75 and 54 % RH), the amount of 

hexanal released was reduced. At 75 % RH, the overall release % for hexanal was about 25-30 

% with about 50 % of the overall release released within the initial 5-10 min. At 54 % RH, 

amount of hexanal released was the least compared to other conditions. Finally, at 0 % RH, no 

release of hexanal was recorded. These observations support that the imidazolidine precursor 

can be hydrolyzed readily in the presence of water/moisture to release the aldehyde.  
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Fig 5.12 Release profiles of hexanal from HBrPEI precursor activated due to the 
atmospheric moisture at different RH ( 95, 75 and 54%).  

 
 
5.4 Conclusions   
 
In this research, a BrPEI-aldehyde precursors (SBrPEI, SHBrPEI, HBrPEIAI) were synthesized 

to stabilize and for activated release of the salicylaldehyde and hexanal. NMR analysis 

elucidated imidazolidine structure, confirming the reaction between the aldehydes and BrPEI. 

Also, through 13C NMR analysis, the ratio of primary, secondary and tertiary amino amines 

was established. The precursor polymers were further encapsulated in EC-PEO nonwoven 

membranes through free surface electrospinning process to control the release of the aldehydes. 

The morphology of these ultrafine fibres were examined using SEM. The release of the 

aldehyde from the nonwoven membrane was triggered by direct addition of drops of citric acid 

solution to the surface of the carrier membrane. Also, another method was based on 

incorporating citric acid monohydrate into spin dope solution and then electrospun into 

ultrafine fibres along with the precursor polymer. When exposed to humidified air, the 
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absorption of moisture by the carrier triggered the release of the aldehyde. However, at 0 % 

RH, no release of aldehyde was observed indicating the need of water to trigger the release of 

the aldehyde. The overall release behaviors of all the precursor compounds were positively 

correlated with citric acid concentration and relative humidity of the exposed headspace. These 

imidazolidine precursor prototypes could potentially be useful in active packaging 

applications. Further studies are needed to investigate their efficacy on shelf-life extension of 

fruits and vegetables. 
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Chapter 6: Overall Conclusions and Future Work 

In this thesis, Chapter 1 provided a brief introduction and background about the research topic, 

followed by literature reviews in Chapter 2 on essential oils and antimicrobial active packaging 

systems. The antimicrobial properties of aldehydes, specifically on hexanal and 

salicylaldehyde, as well as BrPEI polymer branching were also discussed. The key components 

for synthesizing a precursor and incorporating them into electrosprayed membrane carriers 

were also discussed. In Chapter 3, research objectives and the rationales of producing precursor 

polymers to stabilize the aldehyde were presented. Research objectives were systematically 

followed in chapters 4 and 5.  

 

The key research findings were reported in Chapters 4 and 5. Chapter 4 focused on stabilizing 

hexanal via the formation of precursor with BrPEI polymer. Two secondary amines from the 

BrPEI reacted with carbonyl group of hexanal to form meta stable imidazolidine precursor 

moieties. The structure of this imidazolidine precursor polymer was confirmed through JMOD 

NMR analysis. Branching of the BrPEI polymer structure was confirmed through 13C and 1H 

NMR. To facilitate the end use of this system, the precursor was encapsulated into electrospun 

nonwovens produced through free surface electrospinning. EC and PEO were used as the 

carrier polymers. FTIR analyses were performed to characterize the precursor structure and 

revealed physical entrapment of precursors within the polymer matrices. SEM micrographs 

were taken to study the morphology of the nonwoven membranes. The aldehyde from the 

precursor was triggered on addition of citric acid and its release profile was recorded by a GC. 

In conclusion, results from Chapter 4 confirmed that the precursor-carrier system increased the 

stability of hexanal which can be released rapidly under mild acidic conditions. 
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Chapter 5 demonstrated the concept of activating the releases of salicylaldehyde and hexanal 

simultaneously from a precursor-carrier system. Results from this chapter confirmed that the 

release of the aldehydes could be triggered using atmospheric moisture, by incorporating citric 

acid monohydrate into the spin dope solution. The simultaneous release behaviors of these 

aldehydes were studied using GC at different concentrations of citric acid (0.1, 0.5 and 1.0 N). 

The release profiles for the blend precursor exhibited a rapid release of aldehydes within the 

initial 5-10 min whereas the aldehyde released based on RH displayed a more gradual profile. 

The precursor polymers were further characterized using NMR, FTIR and SEM analyses. 

 

To conclude, this research developed a BrPEI based precursor system for a controlled release 

mechanism and to stabilize hexanal and salicylaldehyde. The precursor polymers were 

successfully encapsulated intro electrospun nonwoven membranes. Conceivably, similar 

approach can be used for the preparation of precursor-carrier systems for other aldehydes. The 

selection of aldehydes could be based on the requirement of end-use application. This BrPEI-

aldehyde precursor system developed in this thesis could potentially be applied to active 

packaging components for post-harvest preservation of fresh produce.  

 

Based on the findings of this research and other experimental observations, there are various 

outstanding questions that warrant further investigation: 

 

1. To investigate the possibility of incorporating multiple aldehydes (more than 2) into a 

same precursor-carrier system through the methodologies developed in this research 

and to study the release profiles of multiple aldehydes simultaneously. Some of the 

food-grade antimicrobial aldehydes include hexanal, benzaldehyde, cinnamaldehyde, 

octanal, decanal among others.  
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2. To fully understand the efficiency of this precursor system, there is a need to establish 

the minimum inhibitory concentration (MIC)/maximum tolerable concentration (MTC) 

of aldehydes against microorganisms. High concentration of such aldehydes could be 

toxic and might cause physiological damage to the fresh produce. On the other hand, 

concentration below MIC may not be effective in preventing the growth of spoilage 

microorganisms. Thus, a thorough study needs to be conducted regarding the inhibitory 

concentrations of aldehydes release against the microbes typically encountered in fruits 

and vegetables.  

 

3. The polymeric precursor-carrier systems has to be applied on real fruits to study their 

effects on them. Also, different ratios of aldehydes or different concentrations of 

aldehydes could be applied to different fruits and compare the response of these fruits 

with each other.   

 
4. Further investigation needs to be done to understand the effect of other parameters such 

as other polymers and solvents used for preparation of spin dope solution and 

concentration of aldehydes used on the release behaviors of the aldehydes. 

 
 
 

 
 

 


