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ABSTRACT 

 

DEVELOPMENT OF SENSOR SYSTEMS FOR FOOD 

QUALITY MONITORING 

 

The main objective of this thesis is to fabricate electrochemical sensors for the 

detection of 2,4-diaminotoluene (2,4 TDA), 2,6-diaminotoluene (2,6 TDA), and 4,4´-

methylene diphenyl diamine (MDA), possibly carcinogenic primary aromatic amines 

(PAAs) that poses a serious health risk because they can transfer from multilayer food 

packages including adhesives based on aromatic polyurethane (PU) systems, to the food.  

The thesis is based on the following three chapters: (1) Development of a nano-modified 

glassy carbon electrode for the determination of 2,6-diaminotoluene (2) A screen-printed 

electrode modified with gold nanoparticles/cellulose nanocrystals for electrochemical 

detection of 4,4´-methylene diphenyl diamine (3) Development of a nano-modified 

screen-printed electrode for the determination of 2,4-diaminotoluene.  

In this work, full electrochemical characterization of the nano-modified electrodes 

was carried out, and the electrochemical properties were described. Migration tests were 

also conducted to modified sensors in order to investigate their potential application in 

real food systems. The results of this work clearly showed that modified electrochemical 

sensors allow reliable quantification of the most important primary aromatic amines 

migrating from packaging materials to food and can be used as an alternative to the 

commonly used conventional analytical techniques for the detection of these toxic 

compounds.   
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ÖZET  

 

GIDA KALİTE TAKİBİ İÇİN SENSÖR SİSTEMLERİ 

GELİŞTİRİLMESİ 

 

Bu tezin başlıca amacı, çok katmanlı ambalaj malzemelerinden gıdaya geçiş 

yapan insan sağlığına zararlı kanserojen primer aromatik aminlerin hızlı tespiti için 

nanomalzemeler ile modifiye edilerek seçiciliği arttırılmış elektrokimyasal sensörlerin 

üretilmesi ve gerçek gıda sistemlerinde potansiyel kullanımlarının araştırılmasıdır. Bu tez 

çalışması temelde üç bölümden oluşmakta olup bunlar şu şekilde sıralanmaktadır: (1) 2,6-

diaminotoluenin tayini için nano-modifiye camsı karbon electrotun geliştirilmesi (2) 4,4’-

metilen difenil diaminin elektrokimyasal tespiti için altın nanopartiküller/selüloz 

nanokristaller ile modifiye edilmiş ekran baskılı bir elektrot geliştirilmesi (3) 2,4- 

diaminotoluenin tayini için nano-modifiye ekran baskılı bir electrot geliştirilmesi. 

Bu çalışmada, farklı nanomalzemelerle modifiye edilmiş camsı karbon elektrot ile 

ekran baskılı elektrotların tüm elektrokimyasal karakterizasyonu yapılmıştır. Ayrıca, bu 

elektrotların gerçek ambalaj sistemlerindeki potansiyel kullanımlarının tespit edilmesi 

için migrasyon testleri uygulanmıştır. Bu tez çalışması, geliştirilen nano-modifiye 

sensörlerin çok katmanlı ambalaj malzemesinden gıdaya geçiş yapması olası primer 

aromatik aminlerin seçici olarak tespitinde kullanılabileceğini, ve bu maddelerin 

tespitinde yaygın olarak kullanılan konvensiyonel analitik yöntemlere alternatif 

olabileceğini göstermiştir.  
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CHAPTER 1 

 

INTRODUCTION 

 

Multilayer materials represent the first-choice option for many different food 

applications because they allow to achieve an outstanding overall performance by 

combining the properties of each individual, such as printability, barrier properties against 

gases and vapors, mechanical performance, and thermal properties (e.g., sealability) 

(Goulas, Riganakos, and Kontominas 2003). Multilayer materials are manufactured by 

the converting industry, which deals with processing operations (such as printing, coating, 

and laminating) to convert the pristine flat web into an intermediate form or the final 

packaging material. Among the wide variety of adhesives, polyurethane (PU) adhesives 

are the most extensively used by the converting industry owing to their unrivaled 

performance, as demonstrated by their largest market share in food-contact adhesives 

(Yan et al. 2020). However, a risk associated with PU adhesives is the possible formation 

of undesired by-products, also defined as non-intentionally added substances (NIAS), 

such as cyclic polyesters oligomers primary aromatic amines (PAAs) (Ubeda et al. 2020). 

The origin of PAAs, while primarily linked to residual (unreacted) isocyanic monomers, 

has more recently been ascribed to the cleavage of secondary bonds on the main PU 

backbone (e.g., biuret and especially allophanate bonds) due to thermal stresses, such as 

those represented by conventional thermal operations (e.g., pasteurization and 

sterilization) and cooking methods (e.g., vacuum-cooking, microwaving, etc.) 

(Campanella et al. 2015). In spite of the large number of PAAs, those of relevance for the 

food packaging sector are the 4, 4’-methylene diphenyl diamine, the 2,6-diaminotoluene 

(2,6-TDA), and the 2,4-diaminotoluene (2,4-TDA), which arise from the methylene 

diphenyl diisocyanate (MDI) and toluene diisocyanate (TDI) isocyanic monomers. These 

monomers account for almost the totality of isocyanic monomers used for the obtainment 

of aromatic PU adhesive systems. TDI monomers, in particular, find predominant use in 

the manufacturing of solvent-based OH-terminated PU adhesives. In this case, a mixture 

of the two isomers (2,6-toluene diisocyanate and 2,4-toluene diisocyanate) is most often 

used. 
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Possible contamination of food by PAAs poses a serious threat to the consumers’ 

health because PAAs have been defined as “possibly carcinogenic to humans” (Vineis 

and Pirastu 1997). The use of aromatic-based PU adhesives has been forbidden by FDA 

in the U.S. According to European Regulation 10/2011, plastic material and articles shall 

not release PAAs in detectable quantity in food or food simulants. The limit is set to 0.01 

mg of substances per kg of food or food simulant (European Commission 2011; Sanchis, 

Yusa, and Coscolla 2017; Mortensen et al. 2005). Turkish Food Codex plastic in contact 

with food substances and materials communique No. 2019/44, were updated to align with 

EU plastic regulation No. 10/2011 (European Commission 2011; Turkish Food Codex 

2019). From a practical point of view, the detection of PAAs occurs mainly using the 

spectrophotometric method developed by the German Federal Institute for Health 

Protection of Consumers and Veterinary Medicine (BgVV) (Brauer and Funke 1991). 

According to this method, the quantification of PAAs is expressed as equivalent to 

aniline. The main drawback associated with this method is its non-selectivity, which may 

lead to overestimate the ultimate quantification of PAAs in food simulants (Aznar, 

Canellas, and Nerin 2009; Brede and Skjevrak 2004). For achieving a selective detection 

of PAAs, other analytical techniques have been proposed as alternatives to the 

spectrophotometric method. Among others, chromatography (Cai et al. 2020), mass 

spectrometry (Sanchis, Coscolla, and Yusa 2019), capillary electrophoresis (Mattarozzi 

et al., 2013), and electrochemical methods (Chen et al. 2015) proved to be effective for 

the detection of trace amounts of PAAs transferred from the packaging material. 

However, also the above methods have drawbacks. For example, they are complex and 

time-consuming especially as far as the sample preparation is concerned. In addition, the 

high cost of the necessary equipment, together with the necessity of specialized operators, 

makes these methods unaffordable for most players in the converting industry (Ghaani et 

al. 2018a; Ghaani et al. 2018b). For these reasons, new analytical tools that are selective, 

sensitive, easy to use, and inexpensive for the determination of PAAs may represent an 

important advancement in the food industry, especially for quality control purposes 

(Ghaani et al. 2018a; Viswanathan and Radecki 2008). 

In recent years, electrochemical methods have attracted much attention as reliable 

analytical devices because they proved to possess all the aforementioned attributes. 

However, electrochemical sensors do not always exhibit adequate performance, 

especially in terms of selectivity, due to the similar chemical structures of PAAs (Chen 

et al. 2015). To improve the electrode’s overall performance, the surface of the electrode 

https://www.resmigazete.gov.tr/eskiler/2019/12/20191225M1-10.htm
https://www.resmigazete.gov.tr/eskiler/2019/12/20191225M1-10.htm
https://www.resmigazete.gov.tr/eskiler/2019/12/20191225M1-10.htm
https://www.resmigazete.gov.tr/eskiler/2019/12/20191225M1-10.htm
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can be modified using nanoparticles, such as carbon-based nanomaterials and metallic 

nanoparticles (Rassaei et al. 2011; Wang et al. 2014; Wang et al. 2015; Zhang, Sun, and 

Cao 2020). These nanosized entities help, for example, prevent fouling and increase the 

selectivity and electrocatalytic properties of the sensor owing to the large surface area and 

high electrical conductivity (Hanssen, Siraj, and Wong 2016). 

In light of the above-mentioned knowledge, this doctoral thesis study is 

designated to comprise of the following three chapters:  

In Chapter 3, it was aimed to develop an electrochemical sensor for the detection 

and quantification of 2,6-TDA, which is one of the primary aromatic amines migrating 

from packaging material into food. For this purpose, the electrochemical sensor was 

modified with multi-walled carbon nanotubes (MWCNTs) and carbon mesoporous 

(MCNs) to increase the selectivity of the electrode against the target analyte.   

In Chapter 4, it was aimed to fabricate a screen-printed electrode to quantify 4,4’-

methylene diphenyl diamine as a rapid, selective, sensitive, and reliable analytical tool. 

Gold nanoparticles (AuNPs) and cellulose nanocrystals (CNCs), which are promising 

hybrid materials with unique properties, were used in the modification of the electrode.  

Lastly, in Chapter 5, a screen-printed electrode, modified with AuNPs-CNCs, was 

developed for the detection of 2,4-diaminotoluene (2,4-TDA), which is one of the most 

important primary aromatic amines that can transfer from packaging and contaminate 

food.  

In all three chapters, a detailed electrochemical characterization of each modified 

electrode was investigated, and their capabilities to be used in real samples were evaluated 

by a migration test.  
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1. Multilayer packaging 

 

Multilayer packaging is a novel technique that combines the distinct 

functionalities of numerous polymers to obtain a package with superior performance 

concerning improved protection and durability. Food packaging materials must satisfy 

specific requirements such as protection/preservation, machinability, promotion, and 

convenience. In addition, they should provide cost-effectiveness and abide by all aspects 

of food safety (Kaiser, Schmid, and Schlummer 2017). In most cases, however, a single 

monolayer of polymer cannot fulfill all these criteria. Thus, the motivation for 

manufacturing multilayer packaging is to create a single packing structure with multiple 

functional properties that meet all the sophisticated requirements of packaging. 

Multilayer packaging as a whole unites each layer's benefits regarding improved barrier 

properties, mechanical integrity, and functional properties (Anukiruthika et al. 2020). 

Even though multilayer packaging materials typically consist of three to twelve layers, 

when it comes to food packaging, they contain at most seven layers (Butler and Morris 

2016) (Figure 2.1).  

Multilayer films with improved stability, strength, appearance and functional 

qualities can be manufactured using the lamination technique. A web-typed structure can 

be created by laminating a variety of polymeric and nonpolymeric materials, one on top 

of the other until they posses the appropriate qualities. There are numerous ways to make 

laminates, including extrusion, adhesive, wax, and hot melt lamination (Wagner 2016). 

In converting lines, lamination mediated by adhesives is favored over other methods due 

to its low cost and ease of production (Rosato 1998).  
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Figure 2.1. Layers of multilayer packaging (Source: Dixon 2011; Morris 2016). 

 

In order to promote adhesion and strengthen layer bonding, adhesive or tie layers 

are frequently placed between two different polymeric materials. Among the many 

adhesive systems on the market, polyurethane (PU) adhesives are well-known for their 

superior flexibility, mechanical and adhesion properties, and weathering resistance 

(Malucelli et al. 2005).  

PU adhesives are typically derived from reactive systems that typically contain 

two main components, one with NCO-terminated isocyanic moieties and the other with 

OH-terminated hydroxyl groups. When these components are combined, chemical 

reactions (i.e., chain extension) occur, which bind the applied materials into a solid layer 

of high molecular weight PU adhesive. After lamination, the adhesive components react, 

increasing the molecular weight of the PU adhesive to achieve the required performance 

(Meier-Westhues 2007). Because the adhesives are made of reactive chemicals that are 

expected to polymerize by linear extension and/or cross-linking, government food safety-

related agencies - the Food and Drug Administration (FDA) in the United States and the 

European Food Safety Authority (EFSA) - have established a strict legislative body to 

control the risk associated with the potential migration of toxic substances from the 

adhesives to the food, which in turn can cause adverse health effects in humans (de Fatima 

Poças and Hogg 2007).  



6 
 

 

Figure 2.2. (a) Schematic representation of a PU adhesive-based laminate packaging 

material (3-layer structure). (b) Formation of poly(urea) in PU adhesive-

based multilayer packaging materials wound in reels. (red-white spheres: 

water molecules; Ar-NCO: aromatic isocyanate monomers; Ar-NH2: 

aromatic amines) (Source: Campanella et al. 2015). 

 

In the case of multilayer packaging materials, such as pouches, trays, bags, 

wrappers, etc., the probable presence of primary aromatic amines (PAAs) in the food 

matrix is one of the principal concerns associated with PU adhesive systems (Ellendt, 

Gutsche, and Steiner 2003). According to the International Agency for Research on 

Cancer, the possible risk associated with PAAs stems from the suspected carcinogenic 

activity of, most notably, 2,4 and 2,6-diaminotoluene and 4,4-methylene diphenyl 

diamine, which can have an adverse impact on human health (Vineis and Pirastu 1997; 

Campanella et al. 2015).  

 

 

 

 



7 
 

2.2. Formation of primary aromatic amines 

 

Primary aromatic amines (PAAs) are a broad class of organic compounds in which 

basic configurations consist of an aromatic ring with an amine group, aniline, to a 

complex set of rings with multiple amines. There are two major formation pathways of 

PAAs. They are mainly derived from residual (unreacted) isocyanic monomers arising 

from incomplete curing of the main polyurethane adhesive (Brede, Skjevrak, and 

Herikstad 2003). Within the particular time frame, that is, immediately after the 

lamination process and prior to the packaging operations, the isocyanic monomers have 

a possibility of coming into contact with the air (and consequently, contact with the 

surrounding environmental moisture) in the space between two adjacent coils of the 

laminated material that is wound in a reel. The reaction between the remaining isocyanic 

monomer and water molecules causes the formation of primary aromatic amines 

(Campanella et al., 2015). In practice, this issue is addressed by storing the laminate reels 

for the time needed to consume the free isocyanic monomer by either reacting with the 

main adhesive system or reacting, after migration, with the water molecules of the 

environmental humidity, always present in traces between the laminate coils (European 

Commission 2006).  

However, this approach only takes into account the potential risk related to 

unreacted isocyanic monomers due to the insufficient curing process. It neglects the neo-

formed PAAs that could result from the post-heat treatments of packaged foods that are 

generally applied to preserve food products (Lee, Yam and Piergiovanni 2008). Some 

secondary bonds displaced on the main PU backbone, such as allophanate and biuret 

bonds, may be disrupted by these heat treatments. Following the addition reactions of 

isocyanic monomers and urethane and ureic groups, allophanate and biuret are produced. 

Furthermore, the polymerization temperature may influence the formation of allophanate 

and biuret bonds, as higher temperatures promote the formation of allophanate and biuret 

linkages (Lapprand et al. 2005). The allophanate bonds on the primary PU adhesive 

backbone exceed the biuret bonds owing to the greater number of urethane groups than 

ureic groups. Moreover, allophanate bonds derived from aromatic isocyanic monomers 

are thermally less stable when compared to those acquired from aliphatic isocyanic 

monomers. As a result, the low thermal stability of allophanates and, to a lesser extent, 

biurets can be identified as the primary source of reproduction of isocyanic monomers in 
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laminate structures fabricated with aromatic polyurethane adhesive systems. Allophanate 

and biuret bonds start to break down at about 70 °C and the rate at which the monomer is 

reformed increases as tempreature increases, until it can be considered complete for 

temperatures above 105 °C (Yoshitake and Furukawa 1995). Consequently, there will 

always be the reformation of isocyanic monomers due to the cleavage of allophanate 

linkage caused by thermal energy input in the case multilayer packaging produced using 

PU adhesives is subjected to thermal treatment for preservative purposes (Figure 2.3a).  

Since the internal moisture of the package facilitates the transfer of newly created 

PAAs from the inner surface of the package, the migration of isocyanic monomers will 

continue in case they are used for PAAs synthesis. That is to say, the internal moisture 

stimulates the formation of PAAs, which then migrate from the inner packaging layer to 

the food matrix (Ghaani et al. 2018a) (Figure 2.3b). 

Because of the risk associated with PAAs (carcinogenic substances), it becomes 

clear the importance of investigating the formation, migration, and mechanisms of control 

of PAAs from food packaging materials comprehensively. In this regard, recently, various 

analytical techniques (mainly spectrophotometric/colorimetric and chromatographic 

methods) have been conducted for the detection of PAAs migrating from packaging 

materials, including PU adhesives, into food. However, all these conventional techniques 

have some disadvantages. For instance, they are complicated and time-consuming, 

especially when the sample preparation is concerned. Additionally, the high cost of the 

necessary equipment, besides the necessity of specialized operators, makes these methods 

unaffordable for most players in the converting industry (Brede, Skjevrak, and Herikstad 

2004; Mattarozzi et al. 2013; Wang and Chen 2009; Chen et al. 2015; Ghaani et al. 

2018b). 

Especially because of legal obligations, companies dealing with food packaging, 

both manufacturers and converters, are increasingly looking for new devices and 

analytical tools to enable the determination of hazardous substances that can migrate from 

the packaging material to the food. However, due to the aforementioned disadvantages of 

the common analytical methods, packaging companies most often prefer to outsource the 

food contact material procedures in their production. Electrochemical sensors, because of 

sensitivity, selectivity, lower cost, and ease of use compared to conventional analytical 

instrumentation, probably represent the most promising solution for the years to come. 

For this scope, researchers worked to develop new electrochemical sensors for detecting 
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hazardous analytes in food packaging materials (Khanna et al. 2018; Fu et al. 2016; Long 

et al. 2015). 

 

 

 

Figure 2.3. (a) Formation of the isocyanic monomer from the thermal cleavage of the 

allophanate linkage (b) Potential migration of PAAs from the packaging to 

the food matrix (red-white spheres: water molecules; black-blue spheres: 

representative aromatic amine; yellow arrows: migration of the isocyanic 

monomer; cyan arrows: washing-out effect of environmental moisture) 

(Source: Campanella et al. 2015). 
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2.3. Electrochemical sensors  

 

Electrochemistry is the study of the interactions between electrical and chemical 

effects. A significant part of this field is concerned with the investigation of chemical 

changes caused by the passage of an electric current as well as the generation of electrical 

energy through chemical reactions (Bard, Faulkner, and White 2022).  

Electrochemical sensors are a significant subclass of chemical sensors that operate 

on electrochemical principles. The transducer is the electrode in this type of sensor (Wang 

2001). A typical electrochemical sensor is made up of three main electrodes: sensing 

(working electrode), counter, and reference electrodes, all of which are interconnected to 

a potentiostat device. Electrochemical sensors operate on the basis of redox reactions that 

occur at the electrode/analyte interface when a voltage is applied via a potentiostat. The 

transfer of electrons between electrodes and electroactive species produces a current that 

is proportional to the analyte concentration. The potentiostat is connected directly to a 

display unit, which is generally a computer. This computer is used to display the 

variations in current and voltage during the experiment and to control the device using 

specialized software and a unique electrochemical method (Ghaani et al. 2016; Bard, 

Faulkner, and White 2022; Rassaei et al. 2011). Figure 2.4 depicts an overall view of an 

electrochemical sensor. 

 

 

Figure 2.4. Shematic representation of an electrochemical sensor system (Source: Ghaani, 

2018) 
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A reference electrode is an electrode that has a constant and defined potential. 

Fundamental characteristics of a proper reference electrode are a stable potential and 

chemical reaction, a well-known half reaction, ease of manufacture, and the ability to 

monitor the analyte without interfering. The silver–silver chloride (Ag-AgCl) electrode 

and the saturated calomel (Hg2Cl2) electrode are the most commonly used as reference 

electrodes in electrochemical measurements (Bard, Inzelt, and Scholz 2012).  

A current flows through the working electrode and the counter electrode in an 

electrolysis cell, which includes all 2- and 3-electrode cells. Most counter electrodes are 

made of a conducting and inert substance, such as graphite or noble metals like platinum 

(Bard, Inzelt, and Scholz 2012).  

A working electrode monitors the redox reaction that occurs at the working 

electrode/analyte interface after the potentiostat applies a voltage. The transfer of 

electrons between electrodes and electroactive species produces a current proportional to 

the analyte concentration. A variety of working electrodes, including mercury, glassy 

carbon, carbon paste, platinum, and gold electrodes can be used in electrochemical 

measurements (Ghaani et al. 2016).  

Different chemical and physical modifications have been proposed in recent years 

to improve the analytical performance of the electrode to overcome the limited selectivity 

and sensitivity of bare working electrodes. Sensitivity allows characterization of the 

analytical performance of the sensor while making it possible to define its detection limit, 

a measure of the smallest concentration that can be determined with a specified precision 

or reproducibility, described as the signal-to-noise ratio (S/N). Improving the sensitivity 

of electrochemical sensors is a goal for many different applications to detect the smaller 

amounts of the target analyte. Among different strategies, modifying the electrode surface 

with nano-sized entities, such as carbon nanotubes, gold nanoparticles, iron oxide, 

graphene, etc.,  is one of the most common approaches for increasing the sensitivity of 

the sensors (Hanssen, Siraj, and Wong 2016).  

 

2.3.1. Electrochemical sensors in the food industry 

 

In the food industry, the development of electrochemical sensors has frequently 

been designed at resolving some of the major drawbacks associated with conventional 

spectrometric and chromatographic techniques. While these approaches provide high 
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sensitivity and selectivity, they are expensive, time-consuming, require difficult sample 

preparation, and require specialized personnel. Spectrometric and chromatographic 

techniques are rarely used for on-line food quality control (Wang et al. 2018; Ghaani et 

al. 2018a). 

In reality, the food industry requires analytical devices that can fulfill the 

requirements such as being simple to operate, real-time, no hygiene risk, sensitive, 

physically robust and stable, and non-destructive.  

In addition, recent advancements in material chemistry and physics, as well as the 

field of information processing, have led to the development of sensors for the detection 

of multiple analytes. Some examples of electrochemical sensors in different food groups 

are displayed in Tables 2.1-2.4. 

 

Table 2.1. Some applications of electrochemical sensors in Meat products  

 

Modifier 

 

 

Analyte 

 

Linear 

range 

 

Limit of 

detection 

 

Reference 

 

Iron(II) Phthalocyanine, Gold 

nanoparticles 

 

Nitrite 

 

2-120 

µM 

 

0.35 µM 

 

Dorovskikh 

et al. 2022 

 

Reduced graphene oxide, 

gold nanoparticles, polyvinyl 

alcohol 

 

E.coli  

O157:H7 

 

 

9.2 - 

9.2×108 

CFU/mL 

 

9.34 

CFU/mL 

 

Qaanei, 

Taheri and 

Eskandari 

2021 

 

Carboxylated single-walled 

carbon nanotubes, Chitosan 

 

Cephalexin 

 

1- 800 

ng/ml 

 

45.7 ng/ml 

 

Yu et al. 

2020 

 

Gold nanoparticles, 

carboxylic group-

functionalized single-walled 

carbon nanotubes, chitosan 

 

 

T-2 toxin 

 

 

0.01-100 

µg/L 

 

 

0.13 µg/L 

 

 

Wang et al. 

2018 

         Cont. on the next page 
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Table 2.1. (cont.) 

 
 

Au, Reduced graphene oxide, 

Poly(diallyldimethylammoniu

m chloride) 

 

 

Nitrite  

 

 

 

0.5×10-6 

8.5×10-6 

M  

 

 

 

0.04×10-6 

M  
 

 

 

Jiao et al., 

2015 

 

Table 2.2. Some applications of electrochemical sensors in Fish products 

 

Modifier 

 

Analyte 

 

Linear 

range 

 

Limit of 

detection 

 

Reference 

 

ZnIn2S4/UiO-66-NH2 

 

Xanthine 

Hypoxanthine 

 

0.025-40µM 

0.3-40 µM 

 

0.0083 µM 

0.1 µM 

 

Song et al. 

2022 

Gold nanoparticles, 

Manganese dioxide 

 

Histamine 

 

0.3-5.1 µM 

 

0.08 µM 

Knezevic et 

al. 2020 

Multiwalled carbon 

nanotubes, Silver-

argentous oxide 

nanoparticles 

 

 

Histamine 

 

 

5-200 mg/L 

 

 

0.18 µM 

 

Butwong et 

al. 2019 

Reduced graphene 

oxide 

Octapamine 

Tyramine 

0.5-40 µM 

0.1-25 µM 

0.1 µM 

0.03 µM 

Zhang, Sun, 

and Cao 

2016 

 

Graphene, Gold 

nanoparticles 

 

 
 

Nitric oxide 

 

 

36×10-9 - 

20×10-6 M 

 

 
 

18×10-9 M 

 

 

Wang et al. 

2015 

 

Oligonucleotide, 

Dendritic gold 

nanoparticles, Reduced 

graphene 

 

 

 

Listeria 

monocytogenes 

 

 

 

1.010-12 - 

1.0×10-6 

CFU/mL 

 

 

 
2.9×10-13 

CFU/mL  

 

Sun et al. 

2012 
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 Table 2.3. Some applications of electrochemical sensors in Dairy product                                                                                                     

 

Modifier 

 

Analyte 

 

Linear 

range 

 

Limit of 

detection 

 

Reference 

 

Graphitic carbon 

nitride, magnetic 

chitosan 

 

 

Lactose 

 

 

0.9-100 

mM 

 

 

0.3 mM 

 

 

Nasiri et al. 

2023 

 

Multi-walled carbon 

nanotubes 

 

Vanillin 

4.15-

294.12  

µM 

 

3.44 µM 

 

Kouhi et al. 

2022 

 

Graphene oxide, Cu-Ag 

core-shell nanoparticles 

 

 

Sulfamethazine 

 

 

10-1000 

mM 

 

 

0.46 mM 

 

Feizollahi et 

al. 2021 

Gold nanoparticles, 

polypyrrole composite 

 

Formaldehyde 
 

- 
 

0.4 mM 
 

Xi et al. 

2020 

Reduced graphene 

oxide, Copper 

nanoflowers 

 
 

Melamine 

 

10×10−9 - 

9.0 ×10−8 

M 

 

5.0 × 10−9 

M 

 

Daizy et al. 

2019 

 

Cadmium doped 

antimony oxide 

nanostructures 

 

 

Melamine 

 

 

0.05 nM- 

0.5 mM 

 

 

1,4×10-11 

M 

 
 

Rahman 

and Ahmed 

2018 

 
 

Nano iron oxide, 

Carbon nanotubes 

 

 

 
 

Hydrogen 

peroxide 

 
 

1.2×10-6 - 

21.6×10-6 

M 

 

 

 

3.7×10-9 

M 

 

 
 

Thandavan 

et al. 2015 
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 Table 2.4. Some applications of electrochemical sensors in Juice products                                                                                                  

 

Modifier 

 

Analyte 

 

Linear range 

 

Limit of 

detection 

 

Reference 

Tungsten disulfide, 

Gadolinium 

cobaltite 

 

 

Quercetin 

 

 

0.001-329 μM 

 

 

0.003 μM 

 

Mariyappan 

et al. 2022 

Silver 

nanoparticles, 

Multi-walled 

carbon nanotubes 

 

 

Cyanide 

 

 

0.1-210 μM 

 

 

4 nM 

 

Zhang, Sun, 

and Cao 2020 

 

Poly(L-arginine), 

Reduced graphene 

oxide 

 
 

 

Tartrazine 

 
 

1.00×10-6 -

2.50×10-4 

mol/L 

 

 
 

2.5×10-7 mol/L 

 
 

Wang et al. 

2020 

Graphen oxide, 

polypyrrole 

 

Phenothrin 

2.5×10-8 -

2.0×10-5 M 

 

13.8×10-9 M 
Tefera et al. 

2018 

P-Aminophenol, 

Multi-walled 

carbon nanotubes 

 

Vitamin C 

 

2×10-7 -

1.2×10-7 M 

 

 
8×10-8 M 

 

Gheibi et al. 

2015 

 

 

 

Zinc oxide, Carbon 

nanotubes 

 

 
 

 

 

Ascorbic 

acid 

 

 

 

 
 

0.1×10-6 -  

450×10-6 M 

 

 
 

 

 

0.07×10-6 M 

 

 

Bijad, 

Karimi-

Maleh, and 

Khalilzadeh 

2013 

 

2.3.2. Electrochemical sensors in food packaging 

 

Packaging is an important component in the food manufacturing process. Despite 

the well-known benefits that packaging provides to consumers, it has been the subject of 

numerous debates regarding the environmental impact and the health issues related to the 

use of packaging materials. Due to consumers' growing awareness of the possible risks 

associated with food contact materials (FCMs), the scientific community and legislative 
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authorities have taken an interest in assessing the migration of compounds from 

packaging materials to food. Especially because of legal obligations, companies dealing 

with food packaging, both manufacturers and converters, are increasingly looking to new 

devices/analytical tools enabling the determination of hazardous substances that can 

migrate from the packaging material to the food (Arvanitoyannis and Bosena 2004). 

Table 2.5 displays studies on electrochemical sensors used to detect compounds that are 

important in food packaging. 

 

Table 2.5. Some applications of electrochemical sensors in Food Packaging 

 

Modifier 

 

Analyte 

 

Linear range 

 

Limit of 

detection 

 

Reference 

Graphene oxide, 

MIP 

 

Bisphenol A 

0.006-0.1 μM - 

0.2-20 μM 

 

0.003 μM 
Dadkhah et al. 

2016 

 

MIP, Graphene 

 

Bisphenol A 
8.0 nM-1.0 µM 

1.0-20 µM 

 

6.0 nM 
Deng, Xu, and 

Kuang 2014 

 

MWCNTs, AuNPs, 

MIP 

 

Bisphenol A 

1.13×10-7- 

8.21×10-3 

mol/L 

 

3.6×10-9 

mol/L 

 

Huang et al. 

2011 

Graphene oxide, 

AuNPs, MIP 

Dibutyl 

phthalate 

2.5×10-9- 

5.0×10-6  

mol/L 

2.0×10-6 

mol/L 

Li et al., 2015 
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CHAPTER 3 

 

DEVELOPMENT OF A NANO-MODIFIED GLASSY 

CARBON ELECTRODE FOR THE DETERMINATION OF 

2,6-DIAMINOTOLUENE (TDA) 

 

Redrafted and modified from: 

 

Büyüktaş, Duygu, Masoud Ghaani, Cesare Rovera, Richard T. Olsson, Figen Korel, and 

Stefano Farris. "Development of a nano-modified glassy carbon electrode for the 

determination of 2, 6-diaminotoluene (TDA)." Food Packaging and Shelf Life 29 (2021): 

100714. 

 

3.1. Introduction 

 

Recently, electrochemical sensors have attracted much attention as a novel 

analytical tool in the determination of numerous compounds since they are more 

sensitive, and selective and their response time is faster when compared to conventional 

analytical techniques (Ghaani et al. 2016; Yu et al. 2018). Their working principle is 

based on the electrochemical (redox) reaction that occurs on the surface of the working 

electrode. By virtue of the applied voltage that causes this redox reaction, a measurable 

current proportional to analyte concentration is obtained. On the other hand, the fouling 

phenomenon, which can negatively affect the detection limit, sensitivity, and 

reproducibility,  is the most limiting factor while using a bare electrode. Therefore, the 

use of nanomaterials to modify the bare electrode surface to overcome the aforementioned 

drawback and enhance electrode performance has been suggested as a promising strategy 

(Hanssen, Siraj, and Wong 2016; Nasirizadeh et al. 2016). In this regard, carbon-based 

nanomaterials and metallic nanoparticles can be used to produce nanocomposite surface 

modifiers due to their electrical conductivity, large surface area, and anti-fouling property 

(Fakhari et al. 2015; Ghaani et al. 2018a). 
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In this chapter, we described the development of a novel selective electrochemical 

sensor modified with carbon nanotubes (MWCNTs) and mesoporous carbon 

nanoparticles (MCNs) for the quantification of 2,6- diaminotoluene (2,6-TDA), which is 

a typical PAAs that can transfer from PU adhesives across the packaging thickness, 

eventually contaminating the food. The modified electrochemical sensor was deeply 

characterized as far as its electrochemical properties were concerned. The sensor 

modification that exploited the synergism between MWCNTs and MCNs led to a high 

selective, high sensitive, and with a lower limit of detection modified MWCNT-

MCN/GCE, in addition to the prevention of fouling on the electrode surface. Finally, the 

analytical behavior of the sensor was assessed simulating a real-case scenario using a 

typical packaging configuration. 

 

3.2. Experimental Study 

 

In the following sections, both materials and methods performed for the 

quantification of 2,6-TDA were given in detail.  

 

3.2.1. Materials 

 

2,6-TDA (analytical grade 98 %, molar mass 122.17 g mol-1) and MCNs (500 nm 

particle size) were bought from Sigma Aldrich (Milan, Italy). Phosphoric acid (85–90%), 

boric acid (99.999% trace metals basis), and acetic acid (99%) were purchased from 

Sigma Aldrich (Milan, Italy). Ethylene glycol monomethyl ether (EGMe) was bought 

from Merck (Milan, Italy), while alumina powder (type DX, 0.05 μm average size) was 

bought from EMS (Hatfield, PA, U.S.). Britton–Robinson (B–R) universal buffer (0.04 

M boric acid, 0.04 M acetic acid and 0.04 M phosphoric acid) was prepared in deionized 

water and was tested as the supporting electrolyte.  

Electrochemical experiments were performed using a PGSTAT 302 N 

potentiostat (Metrohm, Herisau, Switzerland) equipped with a three-electrode 

electrochemical cell on which was mounted a modified glassy carbon (working) 

electrode, a platinum (counter/auxiliary) electrode, and an Ag/AgCl (reference) electrode 

saturated with 3 M KCl, all immersed in a double-jacket 80 mL glass cell (Bio-Logic, 

Claix, France). The software Nova 2.0 was used throughout the electrochemical 
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experiments. The pH measurements were performed with a BASIC 20+ pH meter (Crison 

Instruments, S.A. Barcelona, Spain). All the experiments were carried out at 25 ± 0.5 ◦C.  

 

3.2.2. Methods 

 

The methods given below were performed to investigate the behavior of 2,6-TDA on 

glassy carbon electrode surface. 

 

3.2.2.1. Electrode Modification 

 

A fine dispersion of MWCNTs (0.5 mg) in ethylene glycol monomethyl ether 

(EGMe) (1.0 g) was prepared using an ultrasonicator (mod. UP400S, Hielscher, Teltow, 

Germany) fitted with a H3 sonotrode with a conical geometry. The ultrasonication process 

was performed according to the following setup: 0.5 cycle and 50 % amplitude for 10 

min. The same procedure was used to obtain a dispersion of MCNs (0.15 mg) in EGMe 

(1.0 g). The MWCNT-EGMe solution (600 μL) and the MCN-EGMe solution (150 μL) 

were then mixed by an additional ultrasonication cycle (3 min). 

Modification of the bare GCE surface was anticipated by mechanical polishing 

with alumina powder. Three different modifications of the GCE surface were obtained 

using the MWCNTs dispersion, the MCNs dispersion, and the mixture thereof, so that the 

MWCNTs/GCE, the MCNs/GCE, and the MWCNT-MCN/GCE modifications were 

obtained. For all the three modifications, 25 μL of the fine dispersion were displaced on 

the bare electrode surface. Drying of the coating was performed using an IR lamp (type 

B, 1440 W, Helios Italquartz srl, Cambiago, Italy) placed 40 cm away from the GCE 

surface throughout 10 min. The electrode surface was finally rinsed with double-distilled 

water and stored at 4 °C before usage.  

The effective surface area of the MWCNT-MCN/GCE was estimated from the 

cyclic voltammograms of 1.0 mM K3[Fe(CN)6] solution at various scan rates. For a 

reversible process, the Randles-Sevcik formula (Eq. 3.1) was used (Bard and Faulkner 

2001; Nasirizadeh et al. 2011). 

𝐼𝑝𝑎 = 2.69 × 105 × 𝑛3/2𝐴𝐶0𝐷1/2𝜈1/2                                                                      (3.1) 
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where Ipa refers to the anodic peak current, n the number of electrons transferred, 

A the surface area of the electrode, D the diffusion coefficient, CO the concentration of 

K3[Fe(CN)6], and ν is the scan rate. For 1.0 mM K3[Fe(CN)6] in the 0.1 M KNO3 

electrolyte: n = 1 and D = 7.6 × 10-6 cm2 s-1 (Bard and Faulkner 2001; Nasirizadehet et 

al. 2013), then from the slope of the Ipa versus v1/2, the effective areas of MWCNT-

MCN/GCE was calculated as 0.0653 cm2.  

Electrochemical methods that were conducted in this study are Cyclic 

Voltammetry (CV), Chronoamperometry (CA), and Amperometry. 

 

3.2.2.2. Electrode Morphology 

 

Morphological views of the electrodes were obtained using a Hitachi S-4800 

(Schaumburg, IL) field emission scanning electron microscope (FE-SEM). To this scope, 

MWCNT/GCE, MCN/GCE, and MWCNT-MCN/ GCE surfaces were first sputtered with 

Pt/Pd (60/40) for 20 s at a current of 80 mA under an argon atmosphere. Images 

acquisition was carried out at an acceleration voltage of 1–5 kV and an electrode current 

of 10 μA. 

 

3.2.2.3. Real Sample Test 

 

The assessment of the modified electrode performance in a real scenario was 

performed according to the method reported in Ghaani et al. (2018a). Briefly, three-layer 

pouches (2 dm2 surface area) made of polyethylene terephthalate (PET, 12 μm thick), 

polyvinilidene chloride coating (PVDC, 6 μm thick), and low-density polyethylene 

(LDPE, 50 μm thick), including a PU adhesive, were filled with 100 mL of an acetic acid 

(3 w/v %) water solution (simulant B). The choice of simulant B accounts for the worst 

scenario for a possible transfer of PAAs from multilayer packaging materials that include 

a PU adhesive system. The test was carried out according to a conventional sterilization 

protocol, that is, at 121 °C for 20 min using an Asal 760 autoclave (Steroglass srl, Perugia, 

Italy). These conditions were selected with the goal of assessing the effect of high thermal 

treatments (e.g., pasteurization and sterilization), which have been recently indicated as 

one potential causes of PAAs formation due to the cleavage of secondary bonds on the 

main PU backbone (e.g., biuret and especially allophanate bonds) (Campanella et al. 
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2015). After completion of the sterilization, specific amounts of 2,6-TDA were added in 

a 20 mL simulant B / PBS solution (1:1) and detected by amperometry, which eventually 

yielded the final recovery (%) of the analyte. 

 

3.3. Results and Discussion 

 

The detailed results and discussion for this chapter will be given in the following 

sections. 

 

3.3.1. Morphological characterization of modified glassy carbon 

electrode (GCEs) 

 

Figure 3.1 displays FE-SEM micrographs of the modified surface of the 

electrochemical sensors. The modification with MWCNTs yielded a rough morphology 

(Figure 3.1a) caused by individual and clustered carbon nanotubes (inset of Figure 3.1 a). 

After modification of the bare GCE with MCNs, spherical particles of 80-100 nm 

diameter were observed (Figure 3.1b). When the electrode was modified with MWCNTs 

and MCNs, MWCNTs appeared immersed the spherical domains (Figure 3.1c), with 

some individual nanotubes pointing out to the medium. (inset of Figure 3.1c). 
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Figure 3.1. FE-SEM surface images of (a) MWCNTs/GCE, (b) MCNs/GCE, and (c) 

MWCNTs-MCNs/GCE. 
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3.3.2. Electrochemical Behavior of the Modified Electrode 

 

Cyclic voltammetry (CV) was used to investigate the electrochemical behavior of 

2,6-TDA (500 μM) on the surface of both bare and modified electrodes at pH 7.0 (B-R 

buffer) (Figure 3.2).  

 

Figure 3.2. Cyclic voltammograms in B-R buffer (pH 7.0) at a 50 mV/s scan rate of  (a) 

bare GCE, (b) MCNs/GCE, (c) MWCNTs/GCE, and (d) MWCNTs-

MCNs/GCE in the presence of 500 μM TDA. 

 

The current response of the bare GCE was very weak, as demonstrated by an 

oxidation peak for 2,6-TDA of 0.079 ± 0.008 μA at 480 mV (Figure 3.2, voltammogram 

a). Modification with MCNs did not show any significant improvement in the current 

response (0.527 ± 0.012 μA) compared to the bare electrode (Figure 3.2, voltammogram 

b), whereas a dramatic increase was measured after modification with MWCNTs, with 

an oxidation peak of 18.25 ± 0.530 μA (Figure 3.2, voltammogram c). This can be 

explained in consideration of the two-fold effect arising from the modification, that is, 

increased surface area and enhanced electron transfer rate of the electrode. As it is shown 

in Figure 3.2a, the addition of MWCNTs led to a clear change in the surface topography; 

a) Bare GCE 

b) MCNs/GCE 

c) MWCNTs/GCE 

d) MWCNTs-MCNs/GCE 
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that is, the surface of the electrode exposed to the surrounding medium increased due to 

the tubular MWCNTs pointing out from the surface of the electrode. This explains the 

dramatic increase in the peak current, as reported before. To corroborate the positive 

effect of the increased active surface arising from the MWCNTs addition, it is possible 

to observe the outcome arising from the addition of MCNs (Figure 3.1b). In this case, 

although the surface topography changed significantly, the peak current did not increase 

greatly (Figure 3.2, voltammogram b). This can be ascribed to the limited increase of the 

active electrode surface, which is plausibly due to the lower surface area of MCNs 

compared to the tubular MWCNTs. The electrochemical performance of the electrode 

was further improved using MWCNTs in combination with MCNs, with a maximum 

current response of 20.95 ± 0.750 μA. As shown in Figure 3.2 (voltammogram d), the 

final output was slightly higher compared to the MWCNTs/GCE, most likely due to the 

MCNs’ remarkable electronic properties, which eventually led to an overall increase in 

electrode conductivity. 

 

3.3.3. Effect of pH 

 

The pH of the environment surrounding the electrode surface may have an effect 

on the redox reaction that occurs between the analyte (500 μM) and the modified-GCE. 

For this reason, CV experiments were performed over the pH range of 5.0–11 in B-R 

buffer solution. As displayed in Figure 3.3, the maximum oxidation peak current was 

reached at pH 7. Hence, all the following experiments were conducted at this pH value. 

It was also observed the linearly inverse relationship between oxidation peak potential 

and pH; that is, increasing the pH led to a linear decrease of the oxidation peak potential 

(Figure 3.3). As already noticed (Ghaani et al. 2018a), this observation suggests that the 

oxidation reaction at the analyte/surface of the electrode interface plausibly involved 

protons, as corroborated by the linear relationship between the oxidation peak potential 

and the pH (Epa= -11.084 pH + 475.55, R2 =0.9518). Finally, a negative shift of the 

potential by 11.084 mV per pH unit was found. 
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Figure 3.3. Effect of pH (solution containing 500 μM of 2,6-diaminotoluene in 0.1 M 

Britton-Robinson buffer) on the anodic peak potential (E) and current (I) of 

the MWCNTs-MCNs/GC electrode. 

 

3.3.4. Influence of Scan Rate 

 

Information about an electrochemical mechanism can be obtained from the 

relationship between the peak current and scan rate. We thus investigated the influence 

of the scan rate on the electrocatalytic oxidation of 2,6-TDA at the MWCNT-MCN/GCE 

surface with CV within the 5–35 mVs-1 range (analyte concentration of 500 μM (Figure 

3.4). Each scan rate setting yielded an oxidation peak current (Ip). By plotting the 

oxidation peak current (Ip) generated by each scan rate setting against the square root of 

the scan rate, a linear relationship in the 5–35 mVs-1 range was established (inset of Figure 

3.4). This observation suggests that at a sufficient overpotential the reaction is diffusion 

limited (Zare, Nasirizadeh, and Mazloum Ardakani 2005).  
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Figure 3.4. Cyclic voltammograms of MWCNTs-MCNs/GCE in B-R buffer (pH 7.0) 

containing 500μM 2,6-TDA at different scan rates (5-35 mVs−1). The 

electrocatalytic peak current (Ip) variation as a function of the square root of 

sweep rate is shown in the inset. 

 

Running CV at different scan rates also allowed to achieve a better understanding 

of the kinetic mechanism of the GCE surface toward 2,6- TDA. More specifically, 

applying the Laviron’s theory it was possible to calculate the total number of electrons 

(n) involved in the catalytic reaction using the following equation (Eq. 3.2): 

𝐸𝑝𝑎 = 𝐸0 + (
𝑅𝑇

𝛼𝑛𝐹
) 𝑙𝑛 (

𝑅𝑇𝐾0

𝛼𝑛𝐹
) + (

𝑅𝑇

𝛼𝑁𝐹
) 𝑙𝑛𝜈                                                       (3.2) 

where α is the transfer coefficient, K0 is the standard rate constant of the reaction, 

n is the electron transfer number, v is the scanning rate, E0 is the formal redox potential, 

R is the gas constant, T is the absolute temperature, and F is the faraday constant. Eq. 3.2, 

which applies for an irreversible electrode process, allowed to find a linear relationship 

between Epa and ln (v), as expressed by the equation Ep(V) = 0.0399 ln (v) (mVs-1) + 
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0.2375 (Fig. 3.5), starting from the raw voltammograms reported in Figure 3.5. Using 

Laviron’s equation it was thus possible to calculate the electron transfer number (n), 

which is given by the slope of Epa versus ln (v) (i.e., RT/αnF). Finally, n = 1.17~1 was 

obtained, which suggests that the electrochemical oxidation of 2,6-TDA at the MWCN-

MCN/GCE surface is a one-electron transfer process. This finding differs from what was 

previously observed for other two PAAs, that is, 4,4’- methylene diphenyl diamine and 

2,4-diaminotoluene, for which the oxidation at the surface of a glassy carbon electrode 

modified with gold nanoparticles, chitosan, and multi-walled carbon nanotubes involved 

two electrons (Ghaani et al. 2018a; Ghaani et al. 2018b).  

 

Figure 3.5. Experimental data (empty circles) and linear regression of anodic peak 

potential (Epa) versus natural logarithm of the scan rate [ln (v)] (50-400 

mVs− 1) 
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3.3.5. Chronoamperometry measurement 

 

Chronoamperometry experiments were performed to evaluate the electrochemical 

oxidation of 2,6-TDA. To this scope, chronoamperograms were obtained at a potential 

step of 480 mV, while the concentration of the analyte was varied between 0.04 and 5 

mM at pH 7 (B-R buffer) (Figure 3.6). Cottrell’s equation (Eq. 3.3) was used to describe 

the current response of an electroactive material (such as 2,6-TDA) undergoing a 

diffusion-limited electrocatalytic process (Bard and Faulkner 2001): 

𝐼 =
𝑛𝐹𝐴𝐷1/2𝐶𝑏

𝜋1/2𝑡1/2
                                                                                                   (3.3) 

where n is the electron transfer number of (1) exchanged per reactant molecule, F 

is the Faraday constant (9.648 × 104 Cmol-1), A is the geometric area of the electrode 

(0.0653 cm2), while Cb (molcm-3), and D (cm2s-1) are the concentration and the diffusion 

coefficient of 2,6- TDA, respectively.  

By plotting I against t-1/2, different linear curves were obtained moving from 0.04 

mM to 5.0 mM 2,6-TDA concentration (Figure 3.6, inset a). The slope of each straight 

versus 2,6-TDA concentration finally made possible the calculation of the overall slope 

of the best-fit line (Figure 3.6, inset b) using the following equation: 

𝐼𝑡1/2 =
𝑛𝐹𝐴𝐷1/2𝐶𝑏

𝜋1/2
                                                                                                   (3.4)                                                                                      

From Eq. (3.4), D can be extrapolated according to: 

𝐷 =
(𝑠𝑙𝑜𝑝𝑒)2𝜋

(𝑛𝐹𝐴𝐶𝑏)2
                                                                                                                (3.5)                                                 

Finally, by using the overall slope within Cottrell’s equation, an estimate of the 

average diffusion coefficient was obtained as 1.34 × 10- 4 cm2s-1. 
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Figure 3.6. Chronoamperograms obtained for the MWCNTs-MCNs/GCE in B-R buffer 

(pH 7.0) at different concentrations of 2,6-TDA (0.04-5 mM). Inset: plot of 

the slope of the straight lines against different 2,6-TDA concentrations 

 

3.3.6. Amperiometric test 

 

Amperometry is more widely used than voltammetry to evaluate the sensitivity of 

a sensor owing to the different mechanism of transfer of the analyte to the electrode 

surface. Figure 3.7 shows the amperometric response of a rotating MWCNTs-

MCNs/GCE after the addition of 2,6-TDA at different concentrations (from 0.53–2326.60 

μM) into the 25 mL B-R buffer at the potential step of 450 mV. A positive relationship 

occurred between the current response and the concentration of 2,6-TDA, with three main 

linear regions in three wide concentration ranges of 2,6-TDA: 0.53–11.37 μM (Figure 

3.7, inset a), 11.37–229.36 μM (Figure 3.7, inset b), and 229.36–2326.60 μM (Figure 3.7, 

inset c).  
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Figure 3.7. Amperometric response at the rotating MWCNTs-MCNs/GCE at 480 mV in 

25 mL B-R buffer (pH 7.0) (0.53-2326.60 μM). The variation of the 

amperometric current against the 2,6-TDA concentration is shown in insets 

(a) (0.53–11.37 μM), (b) (11.37–229.36 μM) (c) (229.36–2326.60 μM) 

 

The slope of the lower linear range in the amperometric plot was thus used to 

calculate the sensitivity of the MWCNTs-MCNs/GCE, which was 0.0232 μA (μM)-1. In 

turn, the sensitivity of the modified electrode allowed calculating the lower limit of 

detection of 2,6-TDA, according to the following equation (Shrivastava and Gupta 2011; 

Skoog, Holler, and Crouch 2007): 

𝐿𝑂𝐷 =
3×𝑆𝑏𝑙

𝑚
                                                                                                                (3.6) 

where Sbl is the standard deviation of the current response (μA) obtained from the 

blank solution (10 replicates) and m is the slope of the before mentioned lower linear 

range in the amperometric plot. Finally, the calculated LOD value for the MWCNTs-

MCNs/GCE was 0.129 μM.  
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Amperometry experiments were also used to check for the operational stability of 

the MWCNT-MCN modified electrode. As displayed in the Figure 3.8, no significant 

differences in the current response of the electrode were observed for ~1280s in the B-R 

buffer containing 2,6-TDA. This observation supports the fact that there was no inhibitory 

effect of 2,6-TDA and its oxidation products on the modified electrode surface. 

 

Figure 3.8. The stability of the response of the MWCNTs-MCNs/GCE for 1280s (2,6- 

TDA concentration 550 μM). 

 

3.3.7. Potential interference of other compounds 

 

The reliability of an electrochemical sensor in real systems can be jeopardized due 

to interference phenomena, which are caused by the simultaneous presence of 

electroactive species other than the target analyte in the medium in contact with the 

electrode surface. If we consider a multilayer packaging material based on PU-adhesives, 

not only other PAAs, but also a number of additives commonly added during the extrusion 

process might impair the performance of the electrode due to interference with the target 

analyte. For this reason, in this work we decided to test the electrocatalytic performance 
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of the MWCNT-MCN/ GCE toward 2,6-TDA in the presence of various substances as 

potentially interfering compounds. 

 

Figure 3.9. Amperometric trace displaying the current response of the MWCNTs-

MCNs/GC electrode after the sequential addition of the PAAs 2,6-TDA, 

4,4′ - MDA, aniline and the two additives Irganox® 1010 and Irgafos® 168. 

 

At the beginning, aniline and 4,4′-MDA (two other PAAs) were tested. As shown 

in Figure 3.9, the current response signal did not change when these two PAAs were 

added (990 μM) to the solution containing 2,6-TDA, demonstrating that both compounds 

do not interfere with the detection of 2,6-TDA on the MWCNTs-MCNs/GC electrode 

surface. In a similar way, Irganox® 1010 and Irgafos® 168 (two additives used in the 

polyolefins manufacturing) were tested. Also in this case, the electrochemical 

performance of the MWCNT-MCN/GCE was not affected upon the addition of these two 

additives (200 μM) (Figure 3.9). The outcome of these tests proved that the MWCNT-

MCN-modified electrode can be used to quantify selectively the 2,6-TDA. 
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3.3.8. Real sample test 

 

Real sample tests were carried out using the MWCNTs-MCNs/GCE to 

demonstrate its capacity for the detection and determination of 2,6-TDA that had possibly 

formed in packaging materials based on PU adhesives upon migration to the food. To this 

purpose, the food simulant B (acetic acid water solution, 3 w/v%) was used inside the 

thermo-sealed pouch, which was then exposed to 121 °C for 20 min (sterilization 

conditions). The capability of the modified electrode to detect 2,6-TDA was assessed by 

the standard addition method (Sun and Zhang 2006). As shown in Table 3.1, the modified 

electrode the MWCNTs-MCNs/GCE performed decidedly well, with a high recovery of 

the analyte (97.42–106.54 %). This finding clearly indicates that the MWCNTs-

MCNs/GCE can be efficiently used to detect the migration of 2,6-TDA that had possibly 

migrated from multilayer packages that undergo thermal stresses, such as sterilization, 

pasteurization, microwaving, and sous-vide cooking. 

 

Table 3.1. Amount of added (spiked) and measured 2,6-TDA at the MWCNTs-

MCNs/GCE surface, with resulting recovery percentage after the migration 

test using the food simulant B under typical sterilization conditions (121 °C 

for 20 min). 

Sample Spiked (µM) Found (µM) Recovery (%) 

Sample 1 

 

0 - - 

5.5 5.64 102.54 

35 37.29 106.54 

50 49.36 98.72 

Sample 2  0 -  

5.5 5.42 98.54 

35 34.10 97.42 

50 50.83 101.66 

Sample 3 0 -  

5.5 5.61 102 

35 34.80 99 

50 50.30 100 
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3.4. Comparison of different analytical methods 

  

Many analytical methods have been developed for the detection and quantification 

of PAAs. The standard method developed by the German Federal Institute for Consumer 

Protection and Food Safety is based on a spectrophotometric analysis, as previously 

reported. However, this method could overestimate PAAs since it determines the sum of 

all PAAs and can be affected by other substances such as colorants and impurities in the 

sample (Pezo et al. 2012). To overcome these limitations, other analytical methods with 

or without preliminary sample preparation steps have been developed for the selective 

quantification of PAAs. In this context, Aznar et al. developed a method based on solid 

phase extraction (SPE) followed by LC–MS for the quantification of PAAs possibly 

migrated from multilayer films to the aqueous food simulant 3% acetic acid (w/v) (Aznar, 

Canellas, and Nerin 2009). The high recovery range (81–109 %) indicated that this 

method was adequate for the application to real samples. Moreover, low detection limit, 

good linearity, and reproducibility were obtained as a result of the analysis. However, 

preliminary steps, including clean-up and preconcentration, were time consuming, which 

eventually affected the overall efficiency of the procedure. Furthermore, the recovery of 

2,6 TDA, which is one of the PAAs detected by this method, was as high as 93 %, which 

is lower than that obtained in our study. This method was modified for anaylzing eight 

primary aromatic amines (m-phenylenediamine, 2,6- and 2,4-toluenediamine, 1,5-

diaminonaphthalene, aniline, 4,4’-diaminonaphenylether, 4,4’-methylenedianiline and 

3,3’ -dimethylbenzidine) without a clean-up process. Even though high recovery and low 

detection limit were obtained by means of this modified method, many unknown 

compounds related to primary aromatic amines were also detected, which may cause 

false-positive results. In comparison to our study, 2,6 TDA was selectively detected and 

quantified by the MWCNTs/MCNs modified electrode in the presence of other 

compounds (Sendon et al. 2010). Mortensen et al. reported a method based on a LC/ESI-

MS/MS apparatus, with no need for any preliminary step. The final results indicated an 

excellent accuracy in the determination of twenty primary aromatic amines related to 

polyurethane products and azo dyes (Mortensen et al. 2005). In another research, a HPLC-

(SIM)-MS-based method has been developed to test plastic laminates and recycled 

paperboards for the migration of PAAs by Lambertini and co-workers (Lambertini et al. 

2014). This method exhibited appropriate selectivity, sensitivity, repeatability, and a low 

detection limit of 0.1–3.6 μg/kg. Even though the relevant method had proper sensitivity 
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for the detection of twentytwo PAAs, 2,6 TDA was not amongst them. Brede, Skjevrak, 

and Herikstad (2003) reported that solid phase derivatization as a pretreatment step for 

GC–MS analysis of possible PAAs migration from packaging materials in water food 

simulant provided low detection limit of 0.2 μg/kg for 2,6 TDA and good repeatability. 

Besides, less time and solvent consuming represent other advantages of solid phase 

derivatization. On the other hand, although these methods have the advantage of high 

efficient separation, they are very expensive, time-consuming, and highly specialized 

operators are needed to operate them. In our study, low limit of detection, high recovery 

of the analyte (97.42–106.54 %), excellent selectivity and stability have been reached by 

the MWCNTs/MCNs modified electrochemical sensor. Moreover, less time consuming, 

easiness to use, and relatively low cost of the MWCNTs/MCNs modified sensor makes 

this approach feasible for routine analysis in a standard packaging laboratory, especially 

for quality control. 

 

3.5. Conclusion 

 

In this work, we demonstrated how to modify the surface of a GCE to achieve 

adequate sensitivity and a low limit of detection for the determination of 2,6-TDA, a 

potential carcinogenic PAAs that can form as a non-intentionally added substances 

(NIAS) in multilayer packaging materials whereby PU adhesives are used to join the 

different layers. The proposed modification of the working electrode surface was made 

using MWCNTs and MCNs, which acted in synergy (increased surface area and enhanced 

electroconductivity), eventually leading to the excellent electrocatalytic performance of 

the sensors. This was demonstrated by the outstanding sensitivity, detection limit, and 

stability of the sensor. Finally, the real samples experiments showed the capability of the 

MWCNTs-MCNs/GCE to provide reliable results as far as the quantification of 2,6-TDA 

is concerned. For all the above reasons, the modified sensor proposed in this work may 

represent an alternative analytical tool to commonly used analytical instrumentation, 

especially for quality control in industrial plants.  
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CHAPTER 4 

 

A SCREEN-PRINTED ELECTRODE MODIFIED WITH 

GOLD NANOPARTICLES/ CELLULOSE 

NANOCRYSTALS FOR ELECTROCHEMICAL 

DETECTION OF 4,4´-METHYLENE DIPHENYL 

DIAMINE 

 

4.1. Introduction 

 

In recent years, to overcome the limitations of conventional analytical methods, 

smart sensors, specifically screen-printed electrochemical sensors, have attracted 

considerable attention owing to their ability to replace more complex techniques for 

detecting a wide range of substances, even in very small amounts (Masawat and Slater 

2007). Screen-printed electrodes (SPEs), in particular, are reliable, single-use planar 

devices that are produced by printing different inks on plastic, glass, or ceramic substrates 

(Masawat and Slater, 2007).  The main advantage of these kinds of electrodes is the 

miniaturization of a more complex electrochemical setup (which includes a working, 

reference, and counter electrode in an electrochemical cell) in one device (Kadara, 

Haggett, and Birch 2006). First, this enables the use of a limited sample volume. In 

addition, it is possible to adapt the performance of the electrode by modifying the 

composition of the inks/coatings on its surface according to the specific analyte to be 

detected. The low cost of SPEs (between 0.7–1.0 €/piece) allows the use of one electrode 

for each individual measurement so that fouling on the surface of the electrode can be 

avoided or at least minimized during electrochemical measurement (Renedo, Alonso-

Lomillo, and Martinez 2007; Su, Wang, and Cheng 2011). Finally, in spite of their 

simplicity and ease of use, SPEs afford high reproducibility and sensitivity, and they do 

not require pre-treatment, such as electrode polishing, as other electrode materials do 

(Metters, Kadara, and Banks 2011).  

As for all electrochemical sensors, in SPEs the applied voltage initiates a redox 

reaction on the working electrode, resulting in a measurable current proportionate to the 
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concentration of the target analyte (Ghaani et al. 2018b). However, a bare SPE has low 

conductivity and low surface area and its surface is susceptible to fouling; these factors 

can negatively affect the performance of the electrode. Therefore, modification of the 

electrode surface with metallic nanoparticles and carbon-based nanomaterials has been 

proposed as one of the most promising options because of large surface area, antifouling 

and electrocatalytic properties, and high electrical conductivity (Hanssen, Siraj, and 

Wong 2016; Ghaani et al. 2018a; Viswanathan and Radecki 2008). 

This work is the first of its kind because, based on our knowledge, there are no 

studies investigating SPEs specifically developed to detect PAAs. The main advantage of 

these novel electrodes is the higher suitability for ‘in-field’ applications than the 

conventional electrodes, mainly due to a simpler cell set up. Hence, SPEs modified with 

appropriate nanomaterials can pave the way for the sensitive, precise, easy, and in-field 

detection of PAAs. To this goal, a gold nanoparticles-nanocellulose hybrid nanomaterial 

has been used in this study to modify the surface of the SPE. The combination of AuNPs 

and CNCs was aimed at achieving remarkable selectivity and a low detection limit for 

4,4'-methylene diphenyl diamine (MDA) while preventing fouling on the electrode 

surface. The final AuNPs/CNCs/SPE was fully characterized and its electrochemical 

properties were discussed in depth.  

 

4.2. Experimental Study 

 

In the following sections, both materials and methods performed for the 

quantification of 4,4'-methylene diphenyl diamine (MDA) were given in detail.  

 

4.2.1. Materials 

 

MDA (analytical grade 98%, molar mass 198.26 g mol-1), AuNPs (5 nm 

diameter), boric acid (99.999% trace metals basis), phosphoric acid (85-90%), aniline (≥ 

99.5%), phosphate buffer solution (PBS 0.1 M, pH ~ 7.0), and sulfuric acid (65 vol%) 

were purchased from Sigma Aldrich (Milan, Italy). Irgafos® 168 [tris (2,4-ditert-

butylphenyl)phosphite] and Irganox® 1010 [pentaerythritol tetrakis(3-(3,5-di-tert-butyl-

4-hydroxyphenyl)propionate)] were purchased from BASF (Pontecchio Marconi, Italy). 
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The supporting electrolyte was Britton–Robinson (B–R) universal buffer (0.04 M boric 

acid, 0.04 M acetic acid, and 0.04 M phosphoric acid) prepared in deionized water. 

CNCs were obtained from cellulose of bacterial origin produced according to the 

procedure proposed in our previous work (Rovera et al. 2018). Briefly, Komagataeibacter 

sucrofermentans DSM 15973 strain (Leibniz Institute DSMZ-German Collection of 

Microorganisms and Cell Cultures, Braunschweig, Germany) was cultured in a Hestrin 

and Schramm culture medium (seven days at 30°C) under static conditions. The obtained 

cellulose pellicles were then soaked for 30 min in a boiling water solution of NaOH 1M 

to remove residual bacterial cells; this was followed by several washing cycles with 

distilled water. The bacterial cellulose was then homogenized (15 min at 12,000 rpm) 

with an Ultra-turrax® T25 Basic mounting a S25 N-18 G dispersing tool (Ika-Werke, 

Stanfen, Germany). Dehydration was finally performed by freeze-drying at −55°C and 

0.63 mbar for 24 h using an ALPHA 1-2 LDplus freeze dryer (Martin Christ, Osterode 

am Harz, Germany). 

CNCs were prepared by adding 1 g of a macrosized bacterial cellulose water 

dispersion (12 wt.%) to 14 g of sulfuric acid under magnetic stirring (400 rpm) at 55±1°C 

for 2 h (Rollini et al. 2020). The extraction of CNCs was finalized by the addition of 14 

mL cold distilled water followed by centrifugation at 4,000 rpm (2,630 rcf or g-force) for 

20 min. CNCs were finally collected as pellets at the bottom of the centrifuge tubes. 

Excess acid was removed by dialysis, using a cellulosic tube (molecular weight cut-off: 

12,000 Da, Sigma-Aldrich, Milan, Italy) against deionized water until neutral pH was 

achieved. 

The Autolab PGSTAT 302N potentiostat (Metrohm, Herisau, Switzerland) with 

Nova 2.1 software was used for all electrochemical studies. The pH measurements were 

performed with a BASIC 20+ pH meter (Crison Instruments, S.A. Barcelona, Spain). All 

of the tests were conducted at a temperature of 25 ± 0.5 °C.  

 

4.2.2. Methods 

 

The methods given below were performed to investigate the behavior of 4,4´-

methylene diphenyl diamine (MDA) on the screen-printed electrode surface. 
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4.2.2.1. Preparation of a modified screen-printed electrode 

 

Commercial SPEs (DropSens C110, Metrohm, Herisau, Switzerland) are 

electrochemical sensors made of a carbon working electrode (4 mm in diameter), a carbon 

counter electrode and a silver pseudo-reference electrode. SPEs were modified with 

CNCs via drop casting. A small volume (6 µL) of CNCs was cast on the working 

electrode surface and dried for 10 minutes using a double-bulb infrared light (type B, 

1440 W, Helios Italquartz srl, Cambiago, Italy) placed at a distance of 40 cm away from 

the sample. Afterward, AuNPs were used to complete the modifying process. At this 

stage, 4 µL of AuNPs solution (16.5 × 1012 particles mL-1) were dropped on the surface 

of the CNCs/SP electrode’s surface to obtain the final sensor (AuNPs/CNCs/SPE), which 

was then dried as previously described. For comparison purpose, CNCs/SP and 

AuNPs/SP electrodes were also prepared and subjected to investigation.  

Cyclic voltammograms using a solution of 1.0 mM K3[Fe(CN)6] at various scan 

speeds allowed the calculation of the effective surface area of the AuNPs/CNCs/SPE. The 

Randles-Sevcik formula (Eq. 4.1) was utilized for a reversible process (Bard and Faulkner 

2001; Nasirizadeh et al. 2011): 

𝐼𝑝𝑎 = 2.69 × 105𝑛
3

2⁄ 𝐴𝐶0𝐷
1

2⁄ 𝑣
1

2⁄                                                                                       (4.1)     

where Ipa is the anodic peak current (A), ν is the scan rate (mV s-1), n is the 

number of electrons transported, A is the electrode surface area (cm2), D is the diffusion 

coefficient (cm2 s-1), and C0 is the K3[Fe(CN)6] concentration (Bard and Faulkner, 2001; 

Nasirizadeh et al. 2011; Nasirizadeh et al. 2013). The effective mean area of the 

AuNPs/CNCs/SPE was determined to be 0.176 ± 0.022 cm2 based on the slope of Ipa 

versus ν1/2. 

Electrochemical methos that were conducted in this study are Cyclic Voltammetry 

(CV), Chronoamperometry (CA), and Differential Pulse Voltammetry (DPV). 

 

4.2.2.2. Characterization of the surface morphology of the modified 

electrode  

 

The surface of the CNCs-, AuNPs-, and AuNPs/CNCs-modified SPEs was 

observed by the use of a field emission scanning electron microscope (FE-SEM, Hitachi 
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S-4800, Schaumburg, IL). The modified SPEs were first sputtered with Pt/Pd (60/40) for 

20 s at a current of 80 mA under an argon atmosphere. Images were captured using a 1–

5 kV acceleration voltage and a 10 µA electrode current. 

 

4.2.2.3. Trials on the real packaging films 

 

The performance of the modified electrodes was assessed in a real sample setting 

(packaging materials consisting polyurethane PU adhesives) using a method published in 

the work conducted by Ghaani et al. (2018a). Briefly, three-layer pouches (2 dm2 surface 

area) made of PET (12 µm thick), EVOH (6 µm thick), and low-density polyethylene 

(LDPE, 50 µm thick) with a PU adhesive layer (Cartastampa srl, Fornaci di Briosco, Italy) 

were filled with 100 mL of acetic acid (3 w/v %) water solution (simulant B). This choice 

accounts for the fact that the worst-case scenario for PAA transfer from multilayer 

packaging materials with a PU adhesive system was represented by food simulant B 

(Ghaani et al. 2018a). The experiment was conducted using an Asal 760 autoclave 

(Steroglass srl, Perugia, Italy) using a conventional sterilization setup (121°C for 20 

minutes). 

Following the heat treatment, appropriate amounts of MDA were added to 20 mL 

simulant B/(B-R) universal buffer (1:1) mixture and detected by differential pulse 

voltammetry (DPV), yielding the final analyte recovery (%). 

 

4.2.2.4. Statistical analysis 

 

Minitab software (version 19.0 for Windows, State College, PA) was used for 

statistical analyses, and one-way analysis of variance was used to check for differences 

among samples. The significance level (p) was fixed at 0.05. Unless otherwise stated, all 

the analyses were performed in triplicate. 

 

4.3. Results and discussion 

 

The detailed results and discussion for this chapter will be given in the following 

sections. 
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4.3.1. Morphological characterization of modified SPEs  

 

Figure 4.1 shows the surface morphology of the modified electrodes as revealed 

by FE-SEM images. In consideration of the fact that the bare electrode surface is very 

smooth and the FE-SEM image thereof is represented by a flat black background (image 

not shown), the change in morphology depending on the modification of the bare SPE 

can be clearly seen. In particular, a fibrillar, rod-shaped morphology was observed in the 

presence of CNCs (Figure 4.1a), which yielded a visibly rougher surface in comparison 

to the bare electrode. The deposition of AuNPs led to a typical topography characterized 

by small nanoparticles clustered in larger domains (Figure 4.1b). However, the presence 

of AuNPs is hardly visible when they are deposited on top of the CNCs-modified 

electrode most likely because they were encased in the CNCs framework (Figure 4.1c). 
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Figure 4.1. FE-SEM surface images of (a) CNCs/SPE, (b) AuNPs/SPE, (c) 

AuNPs/CNCs/SPE     

 

4.3.2. Electrochemical investigation of MDA oxidation using modified 

electrodes 

 

The electrochemical behavior of MDA on the surface of differently-modified 

SPEs was investigated by cyclic voltammetry (CV). Figure 4.2 displays the cyclic 

voltammetry responses (CV) of the bare SPE, CNCs/SPE, AuNPs/SPE and 

AuNPs/CNCs/SPE in the presence of 500 µM MDA in a Britton-Robinson (B-R) 
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universal buffer solution (pH = 7) at a scan rate of 50 mV s-1, whereas the oxidation peaks 

associated with each curve are reported in Table 4.1. 

The weakest peak current response (7.08 µA) was observed from the bare 

electrode (Figure 4.2a). The modification with only AuNPs (Figure 4.2b) produced a 

significantly (p < 0.05) higher oxidation peak current response of 7.55 µA at the same 

voltage. This finding proves that AuNPs can increase the conductivity of the SPE to a 

certain extent. A further improvement was observed after the modification with CNCs, 

which generated an oxidation peak of 7.99 µA for MDA at the same concentration (Figure 

4.2c), thus showing the greater capability of CNCs to increase the surface of the electrode 

compared to AuNPs, in full agreement with the micrographs of Figure 4.2. Modification 

of the electrode with both AuNPs and CNCs yielded an additional shift of the CV plot to 

the highest level (Figure 4.2d), which corresponded to the maximum peak current 

measured in this work (9.81 µA) (Table 4.1). This increase in the peak current clearly 

shows the synergistic effect arising from the simultaneous use of CNCs and AuNPs, most 

likely owing to a simultaneous increase of both the surface area and the electroactivity of 

the electrode. 

 

Figure 4.2. Cyclic voltammograms in B-R buffer (pH 7.0) at a 50 mV s-1 scan rate of (a) 

bare SPE, (b) AuNPs/SPE, (c) CNCs/SPE, and (d) AuNPs/CNCs/SPE in the 

presence of 500 μM MDA 
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Table 4.1. Evaluation of the oxidation peak current (Ip) of MDA (500 μM) on surface of 

different modified electrodes at pH = 7.0.  

Electrode Oxidation peak current 

(µA) 

Drying method 

Bare SPE 7.08 ± 0.06a - 

AuNPs/SPE 7.55 ± 0.10b IR lamp 

CNCs/SPE 7.99 ± 0.15c IR lamp 

AuNPs/CNCs/ SPE 9.81 ± 0.13d IR lamp 

a-d :Means having different letter within each row denote significant difference at p<0.05 

Data are mean values ± S.D. (n=3) 

 

Interestingly, the MDA peak current on the bare SPE was greatly higher than the 

peak current recorded on a bare GCE in the presence of the same analyte (Ghaani et al. 

2018a) The same difference was observed by Jin and co-workers when detecting 

dopamine using both a SPE and a GCE, which was explained in terms of differences in 

the working electrode structure (Jin, Zhang, and Cheng 2005; Moreno et al. 2010). 

However, the modification performed on the SPE resulted less effective than the modified 

GCE, which exhibited a maximum peak current of 25.5 µA. Plausibly, this has to be 

ascribed to the different modification, which included multi-walled carbon nanotubes 

(MWCNTs) (Ghaani et al. 2018a), as well as to different operating conditions (e.g., pH 

of the test). 

 

4.3.3. Effect of pH 

 

The pH level of the medium is one of the most critical factors that greatly affects 

a sensor's sensitivity.  For this reason, CV tests were conducted on our tested electrodes 

using B-R buffer solutions with a pH ranging between 2 and 11 (Fig. 4.3). The highest 

oxidation peak current was recorded at pH = 7. As a result, all subsequent studies were 

carried out at this pH level. This value is lower than the optimum pH value found in the 

work done by Ghaani et al. (2018). However, this can be due to the different type of 

sensor used (GCE vs SPE), as also confirmed by Salimi, Mamkhezri, and Hallaj (2006) 

and Huang et al. (2012), who used different types of electrodes to detect dopamine. Their 
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findings suggest that the same molecule may exhibit the best oxidation peak at different 

pH values depending on the electrode type and composition. 

 

Figure 4.3. Effect of pH value on oxidation peak current and potential of MDA (500 µM) 

at AuNPs/CNCs/SPE. Scan rate: 50 mV s-1. Electrolyte: 0.1 M B-R buffer 

 

The oxidation peak potential, Epa, decreased according to a quasi-linear trend (Epa 

= -31.42 pH + 629.89; R2 = 0.912) as the pH was increased, thus suggesting the active 

involvement of protons in the MDA oxidation reaction. According to the previously 

shown linear regression equation, the oxidation peak potential is shifted downward by 

31.42 mV per pH unit. Based on the Nernst equation, a slope of 0.0592/2 shows a proton-

to-electron ratio of 2:1, implying that one proton for every two electrons was engaged in 

the electrochemical for MDA oxidation.  

 

4.3.4. Influence of scan rate 

 

Figure 4.4 displays the CVs of 500 µM MDA in B-R buffer solution at various 

scan rates (10-45 mV s-1).  The findings indicated that as the square root of scan rate was 

increased, the peak current increased linearly. Additionally, it was discovered that the 
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relationship between peak height (Ip) and the square root of scan rate (ν1/2) was linear, 

indicating that, at appropriate overpotential, the process is diffusion rather than surface 

controlled (inset of Figure 4.4). 

 

Figure 4.4. Cyclic voltammograms of AuNPs/CNCs/SPE in B-R buffer (pH 7.0) 

including 500 µM MDA at various scan rates (10-45 mV s-1). Inset displays 

anodic peak current vs. ν 1/2 

 

The sum of all the electrons (n) used in the entire catalytic process can be 

calculated using Laviron's theory, which is an appropriate technique for investigating the 

kinetic mechanism of the electrode with respect to the analyte. As a result, the following 

equation (Eq. 4. 2) for a completely irreversible electrode process may be used to describe 

the anodic peak potential (Epa) as a function of the scan rate's natural logarithm (ln ν) 

Laviron 1974): 

𝐸𝑝𝑎 = 𝐸0 + (
𝑅𝑇

𝛼𝑛𝐹
) 𝑙𝑛 (

𝑅𝑇𝐾0

𝛼𝑛𝐹
) + (

𝑅𝑇

𝛼𝑛𝐹
) 𝑙𝑛𝑣                                                                   (4.2) 

where α is the transfer coefficient, n is the electron transfer number, υ is the 

scanning rate, E0 is the formal redox potential, R is the gas constant (8.314 J mol-1 K-1), 
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T is the absolute temperature, and F is the Faraday constant (9.648×104 C mol-1). It is 

worth noting that the elaboration of data contained in the raw voltammograms presented 

in Figure 4.4 perfectly fit the mathematical relationship expressed by Eq. (2), thus 

allowing the discovery of a linear relationship between Epa and ln (ν), as showed by the 

equation Ep(V) = 0.024 ln (ν) (mV s-1) + 0.3454 (Figure 4.5). The slope of Epa vs ln (ν), 

which is RT/nF, can be used to calculate the electron transfer number (n) using Laviron's 

equation. After the proper substitutions, the final value of n 2.14 ≈ 2 was achieved; 

demonstrating that a two-electron transfer mechanism is involved in the electrochemical 

oxidation of MDA at the AuNPs/CNCs modified SPE. 

 
Figure 4.5. The relationship between the peak potentials (Ep) and the natural logarithm of 

scan rates (ln ν) for MDA (10-45 mV s-1). 

 

4.3.5. Chronoamperometry measurements 

 

To gain additional insight into the electrochemical oxidation of MDA on the 

surface of AuNPs/CNCs/SPEs, chronoamperometric studies were executed by fixing the 

potential of the electrode at 550 mV and testing solutions with various concentrations of 

MDA, from 0.02 mM to 1.2 mM in B-R buffer (Fig. 4.6). 
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Figure 4.6. Chronoamperograms obtained at AuNPs/CNCs/SPE in B-R buffer solution 

(pH 7.0) for various MDA concentrations (0.02-1.2 mM). Insets: (a) Plots of 

I vs. t-1/2 gained from the chronoamperograms. (b) Plot of the slope of the 

straight lines against MDA concentration. (0.02-1.2 mM).  

 

For an electroactive material with a diffusion coefficient D, the current response 

under diffusion control is described by the Cottrell equation (Eq. 4.3):  

𝐼 =
𝑛𝐹𝐴𝐷1 2⁄ 𝐶𝑏

𝜋1 2⁄ 𝑡1 2⁄                                                                                                                        (4.3)     

while n is equal to 2, which represents how many electron exchanges there are in 

each reactant molecule, F is the Faraday constant, A is the electrode effective surface area 

(0.176 cm2), t is the observation time (s), Cb (mol cm-3) is the concentration of MDA and 

D (cm2 s-1) is the diffusion coefficient of MDA.  

Different linear curves were generated by plotting I against t-1/2 for MDA 

concentrations ranging from 0.02 mM to 1.2 mM (Fig. 4.6a). The slope of each straight 

line versus MDA concentration allowed the total slope of the best-fit line (Fig. 4.6b) to 

be calculated using Eq. (4.4): 
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𝐼𝑡1 2⁄ =
𝑛𝐹𝐴𝐷1 2⁄ 𝐶𝑏

𝜋1 2⁄                                                                                                     (4.4) 

In particular, D can thus be drawn from Eq. (4.5):  

𝐷 =
(𝑠𝑙𝑜𝑝𝑒)2𝜋

(𝑛𝐹𝐴𝐶𝑏)2
                                                                                                                      (4.5)      

Within the Cottrell equation, the overall slope was employed to get a diffusion 

coefficient of 2.82 × 10-6 cm2 s-1. This value is lower than the coefficient of diffusion 

calculated in the case of a modified GCE (9.49 × 10-5 cm2 s-1) (Ghaani et al. 2018a), which 

plausibly reflects the different mechanism of transfer due to both type of electrode and 

nature of the modification. 

 

4.3.6. Differential pulse voltammetric studies 

 

In this work, the sensitivity of the AuNPs/CNCs screen-printed electrode to MDA 

was investigated by differential pulse voltammetry (DPV). To obtain the DP 

voltammograms of MDA, appropriate volumes of the stock solutions of MDA were added 

to the cell containing B-R buffer (9 mL) for a total volume of 10 mL. Figure 4.7 shows 

the voltammetric response of MDA at different concentrations. The calibration curve of 

MDA was linear across a single concentration range (0.12-100 µM) (inset of Figure 4.7). 

The proposed sensor's lower limit of detection (LOD) was computed using the subsequent 

equation (Eq. 4.6): 

𝐿𝑂𝐷 =
3×𝑆𝑏𝑙

𝑚
                                                                                                                         (4.6) 

where the slope of the linear range in the voltammetric plot (m) was 0.0576 A 

(M)-1 and Sbl is the current response's standard deviation (µA) calculated from the blank 

solution (10 repetitions). Eventually, the AuNPs/CNCs/SPE LOD value was calculated 

to be 0.057 µM. 
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Figure 4.7. Differential pulse voltammetry response of AuNPs/CNCs/SPE in 10 mL B-R 

buffer (pH = 7.0) containing different concentrations of MDA (0.12-100 

µM). Inset: Plot of MDA concentrations versus peak current 

 

A comparison of our work with the study carried out by Ghaani et al. shows that 

the modified GCE had a lower LOD than the modified SPE of this study 

(AuNPs/CNCs/SPE) (Ghaani et al. 2018a), somehow in line with our previous 

observations on the higher performance of a GCE system. As reported in the literature, a 

higher LOD of modified SPEs compared to modified GCEs was confirmed by other 

authors. For example, the LOD of a GCE modified with MWCNTs-AuNPs for bisphenol 

A was 7.5 nM (Tu et al. 2009), while the LOD of a magnetic-activated carbon-cobalt 

modified SPE for the same analyte was 10 nM (Emambakhsh et al. 2022). Jin et al. (2005) 

found a LOD of 20 nM for the dopamine detection using a poly (p-aminobenzene sulfonic 

acid)-modified GCE, whereas Moreno et al. (2010) calculated a LOD of 60 nM for 

dopamine on graphene quantum dots/ionic liquid-modified SPE. Interestingly, both a 

GCE and a SPE with the same modification were used for the detection of catechol 

(Talarico et al. 2015; Lounasvuori, Kelly, and Foord 2018). LOD values were found at 
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41 nM and 100 nM, respectively. According to this strict comparison, GCEs seem to 

achieve a lower detection limit than SPEs. 

 

4.3.7. Possible interference of other substances 

 

Interference effects generated by the simultaneous presence of electroactive 

compounds in the target solution can affect adversely the performance of the sensor. In 

the case of a multilayer packaging material including PU adhesives, a variety of additives 

routinely applied during the extrusion process may decrease electrode performance due 

to interference with the target analyte. As a result, we examined the electrocatalytic 

efficacy of the AuNPs/CNCs/SPE against MDA in the presence of a variety of possibly 

interfering chemicals in this study.  

The modified screen-printed electrode’s anti-interference ability was tested 

against two additives commonly used in polyolefins, Irganox® 1010 and Irgafos® 168. 

DPV experiments (data not shown) revealed that no increase in the current response was 

observed after the addition of these compounds (40 µM) to the MDA containing solution, 

demonstrating that the fabricated sensor is proper for selective MDA detection.  

Lastly, a relative standard deviation (RSD) of 3.65 % was obtained from the single 

modified electrode (AuNPs/CNCs/SPE) used for five consecutive measurements in the 

same MDA solution (10 µM), demonstrating the sensor's high repeatability. Also, the 

reproducibility of the proposed sensor was investigated through DP voltammograms at 

10 µM MDA using five distinct sensors (AuNPs/CNCs/SPE). The measured RSD (4.20 

%) indicates good reproducibility of the fabricated sensor. 

 

4.3.8. Real sample analysis 

 

The AuNPs/CNCs/SP electrodes were used in real sample experiments to show 

their ability to detect and determine MDA that had possibly formed in packaging 

materials based on PU adhesives. For this purpose, food simulant B (3 w/v % acetic acid 

water solution) was employed within a thermo-sealed pouch that was subsequently 

subjected to 121 °C for 20 minutes (sterilization conditions). The conventional addition 

model was used to evaluate the modified electrode's ability to detect MDA. As can be 

seen in Table 4.1, the AuNPs/CNCs-modified electrode worked efficiently, with high 
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recovery (98.20–104.07 %). This result clearly shows that the AuNPs/CNCs/SPE may be 

utilized to detect MDA migration from multilayer packages that have been subjected to 

thermal stresses. SPE's recovery was slightly higher than GCE's, which is consistent with 

other studies (Ghaani et al. 2018a; Tu et al. 2009; Emambakhsh et al. 2022). 

 

Table 4.2. Determination and recovery of MDA in a food simulant B sample using 

AuNPs/CNCs/SPE 

 

4.4. Conclusion 

 

In this work, the detection of MDA, which ranks among the most significant 

PAAs that might contaminate foods by migrating from multilayer packaging materials 

created with PU adhesives, was performed by a screen-printed electrode modified with 

CNCs and AuNPs. The interaction between CNCs and AuNPs with regard to the electro-

oxidation of MDA was highlighted as the primary element that causes the superior 

sensitivity of the sensor and absence of fouling when compared with the bare SPE. Lastly, 

the real sample trials demonstrated the AuNPs/CNCs/SPE’s ability to deliver consistent 

data in the quantification of MDA. For these reasons, the proposed sensor could be a 

viable alternative to routinely used analytical instrumentation, particularly for quality 

control in industrial operations. 

 

 

 

 

 

 

Sample Spiked (µM) Found (µM) Recovery (%) 

Laminate structure 

(PET/EVOH/LDPE) 

including a PU 

adhesive  

0 - - 

5 4.91 98.20 

40 41.63 104.07 

80 79.02 98.77 
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CHAPTER 5 

 

DEVELOPMENT OF A NAN0-MODIFIED SCREEN 

PRINTED ELECTRODE FOR THE DETERMINATION OF 

2,4-DIAMINOTOLUENE (TDA) 

 

5.1. Introduction 

 

2,4-diaminotoluene (2,4-TDA) is one of the most important primary aromatic 

amines that can transfer from packaging materials produced using polyurethane adhesives 

and can cause severe negative health impacts on human. In this regard, their rapid, 

sensitive, selective and reliable detection and quantification have great importance in 

terms of food quality and safety (Ghaani et al. 2018; Campanella et al. 2015).  

In this chapter, a screen-printed electrode was developed for the detection of one 

of the most important primary aromatic amines, 2,4 TDA. In order to increase the 

selectivity of the sensor against the target analyte, electrode surface was modified by gold 

nanoparticle (AuNPs) and cellulose nanocrystals (CNCs) solution, and a comprehensive 

electrochemical characterization was done to investigate the electrochemical properties 

of 2,4-TDA on the modified electrode surface. A migration test was also conducted to 

evaluate nano-modified sensor performance in real systems.  

 

5.2. Experimental Study  

 

In the following sections, both materials and methods performed for the 

quantification of 2,4 TDA were given in detail.  

 

5.2.1. Materials  

 

2,4 TDA (analytical grade 98%, molar mass 122.171 g mol-1), AuNPs (5 nm 

diameter), boric acid (99.999% trace metals basis), phosphoric acid (85-90%), aniline (≥ 

99.5%), phosphate buffer solution (PBS 0.1 M, pH ~ 7.0), and sulfuric acid (65 vol%) 

were purchased from Sigma Aldrich (Milan, Italy). Irgafos® 168 [tris (2,4-ditert-
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butylphenyl)phosphite] and Irganox® 1010 [pentaerythritol tetrakis(3-(3,5-di-tert-butyl-

4-hydroxyphenyl)propionate)] were purchased from BASF (Pontecchio Marconi, Italy). 

The supporting electrolyte was Britton–Robinson (B–R) universal buffer (0.04 M boric 

acid, 0.04 M acetic acid, and 0.04 M phosphoric acid) prepared in deionized water. 

CNCs were obtained from cellulose of bacterial origin produced according to the 

procedure proposed in the previous chapter (Rovera et al. 2018). Briefly, 

Komagataeibacter sucrofermentans DSM 15973 strain (Leibniz Institute DSMZ-German 

Collection of Microorganisms and Cell Cultures, Braunschweig, Germany) was cultured 

in a Hestrin and Schramm culture medium (seven days at 30°C) under static conditions. 

The obtained cellulose pellicles were then soaked for 30 min in a boiling water solution 

of NaOH 1M to remove residual bacterial cells; this was followed by several washing 

cycles with distilled water. The bacterial cellulose was then homogenized (15 min at 

12,000 rpm) with an Ultra-turrax® T25 Basic mounting a S25 N-18 G dispersing tool 

(Ika-Werke, Stanfen, Germany). Dehydration was finally performed by freeze-drying at 

−55°C and 0.63 mbar for 24 h using an ALPHA 1-2 LDplus freeze dryer (Martin Christ, 

Osterode am Harz, Germany). 

CNCs were prepared by adding 1 g of a macrosized bacterial cellulose water 

dispersion (12 wt.%) to 14 g of sulfuric acid under magnetic stirring (400 rpm) at 55±1°C 

for 2 h (Rollini et al., 2020).  The extraction of CNCs was finalized by the addition of 14 

mL cold distilled water followed by centrifugation at 4,000 rpm (2,630 rcf or g-force) for 

20 min. CNCs were finally collected as pellets at the bottom of the centrifuge tubes. 

Excess acid was removed by dialysis, using a cellulosic tube (molecular weight cut-off: 

12,000 Da, Sigma-Aldrich, Milan, Italy) against deionized water until neutral pH was 

achieved. 

The Autolab PGSTAT 302N potentiostat (Metrohm, Herisau, Switzerland) with 

Nova 2.1 software was used for all electrochemical studies. The pH measurements were 

performed with a BASIC 20+ pH meter (Crison Instruments, S.A. Barcelona, Spain). All 

of the tests were conducted at a temperature of 25 ± 0.5 °C.  
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5.2.2. Methods  

 

The methods given below were performed to evalaute the behavior of 2,4-

diaminotoluene (TDA) on the screen-printed electrode surface. 

 

5.2.2.1. Preparation of a modified screen-printed electrode 

 

Screen-printed electrodes (DropSens C110, Metrohm, Herisau, Switzerland), 

having working electrode, a carbon counter electrode and a silver pseudo-reference 

electrode, were modified with AuNPs-CNCs via drop casting. 600 µL of AuNPs solution 

was mixed with 200 µL of CNCs solution. A small volume (6 µL) of this mixture was 

cast on the working electrode surface and dried for 10 minutes under a double-bulb 

infrared light (type B, 1440 W, Helios Italquartz srl, Cambiago, Italy) placed at a distance 

of 40 cm from the sample. For comparison purpose, CNCs/SP and AuNPs/SP electrodes 

were also prepared and evaluated.  

Surface area of the modified electrode was determined as described in the 

previous chapter. Briefly, cyclic voltammograms using a solution of 1.0 mM K3[Fe(CN)6] 

at various scan speeds was conducted to calculate effective surface area of the AuNPs-

CNCs/SPE. The Randles-Sevcik formula (Eq. 5.1) was utilized for a reversible process 

(Bard and Faulker 2001; Nasirizadeh et al. 2011): 

𝐼𝑝𝑎 = 2.69 × 105𝑛3/2𝐴𝐶0𝐷1/2𝑣1/2                                                                            (5.1) 

where Ipa is the anodic peak current (A), ν is the scan rate (mV s-1), n is the 

number of electrons transported, A is the electrode surface area (cm2), D is the diffusion 

coefficient (cm2 s-1), and C0 is the K3[Fe(CN)6] concentration (Bard and Faulker, 2001; 

Nasirizadeh et al. 2011; Nasirizadeh et al. 2013). The effective mean area of the AuNPs-

CNCs/SPE was determined to be 0.181 ± 0.045 cm2 based on the slope of Ipa versus ν1/2. 

Electrochemical methos that were conducted in this study are Cyclic Voltammetry 

(CV), Chronoamperometry (CA) and Differential Pulse Voltammetry (DPV). 
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5.2.2.2. Morphological characterization of the electrode surface 

 

The surface of the CNCs-, AuNPs-, and AuNPs-CNCs-modified SPEs was 

observed using a field emission scanning electron microscope (FE-SEM, Hitachi S-4800, 

Schaumburg, IL). The modified SPEs were first sputtered with Pt/Pd (60/40) for 20 s at 

a current of 80 mA under an argon atmosphere. Images were captured using a 1–5 kV 

acceleration voltage and a 10 µA electrode current. 

 

5.2.2.3. Tests on real multilayer packaging materials 

 

In order to assess the performance of modified electrode in real systems a 

migration test was conducted as described by Ghaani et al., (2018). In brief, three-layer 

pouches (2 dm2 surface area) made of PET (12 µm thick), EVOH (6 µm thick), and low-

density polyethylene (LDPE, 50 µm thick) with a PU adhesive layer (Cartastampa srl, 

Fornaci di Briosco, Italy) were filled with 100 mL of acetic acid (3 w/v %) water solution 

(simulant B) to simulate the worst-case scenario for PAA transfer from multilayer 

packaging materials with a PU adhesive system was represented by food simulant B 

Ghaani et al. (2018a). The experiment was conducted using an Asal 760 autoclave 

(Steroglass srl, Perugia, Italy) at sterilization conditions (121°C for 20 minutes). 

Following the sterilization, proper amounts of 2,4-TDA were added to 20 mL 

simulant B/(B-R) universal buffer (1:1) mixture and detected by differential pulse 

voltammetry (DPV) to find out the final analyte recovery (%). 

 

5.2.2.4. Statistical analysis 

 

Data were analyzed using Minitab software (version 19.0 for Windows, State 

College, PA) and one-way analysis of variance was applied to check for differences 

among samples. The significance level (p) was fixed at 0.05. Unless otherwise stated, all 

the analyses were performed in triplicate. 
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5.3. Results and discussion 

 

The detailed results and discussion for this chapter will be given in the following 

sections. 

 

5.3.1. Morphological characterization of modified screen-printed 

electrodes (SPEs) 

 

The surface morphology of the modified electrodes was evaluated by FE-SEM, 

as indicated in Figure 5.1. Given that the surface of the bare electrode is highly smooth 

and that its FE-SEM image has a flat black background (image not shown), the 

morphological change resulting from the modification of the bare SPE can be clearly 

observed. As mentioned in the previous chapter, modifying the electrode surface with 

CNCs (Figure 5.1 a) caused a rougher surface when compared to the bare electrode. Small 

nanoparticles clustered in larger domains was observed in the SEM images of the AuNPs 

modified electrode (Figure 5.1b). When the eeectrode surface was modified with the 

mixture of AuNPs and CNCs, AuNPs were wrapped in the CNCs phase, and both the 

needle-like shape of CNCs and the round shape of AuNPs became hardly visible (Figure 

5.1c). 
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Figure 5.1. FE-SEM images of a) CNCs/SPE, b) AuNPs/SPE, and c) AuNPs-CNCs/SPE 
 

5.3.2. Electrochemical behavior of 2,4 TDA on electrode surface 

 

The electrochemical behavior of both bare and modified electrodes was examined 

by cyclic voltammetry (CV). Figure 5.2 represents the CV response obtained for the bare 

SPE (a) and the electrode modified with AuNPs (b), CNCs (c) and AuNPs-CNCs (d) in 
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the presence of 500 µM 2,4-TDA in B-R Buffer at a scan rate of 50 mVs-1. Table 5.1 

indicates the oxidation peaks corresponding to each curve.  

 

Figure 5.2. Cyclic voltammograms in B-R buffer (pH 7.0) at a 50 mVs-1 scan rate of (a) 

bare SPE, (b) AuNPs/SPE, (c) CNCs/SPE, (d) AuNPs-CNCs /SPE in the 

presence of 500 µM 2,4-TDA 

 

The bare SPE indicated a weak oxidation peak with a low current (Figure 5.2 

voltammogram a). The modification with only AuNPs (Figure 5.2 voltammogram b) did 

not create a higher oxidation peak current response when compared to that of bare 

electrode at the same voltage. According to the voltammogram c in Figure 5.2, the 

oxidation peak current increased remarkably (p < 0.05) after modification with CNCs, 

thus showing the greater capability of CNCs to increase the surface of the electrode 

compared to AuNPs, in full agreement with the micrographs of Figure 5.1.  

In order to improve the performance of the electrode, a mixture of AuNPs and 

CNCs was used in the final step. Modification of the electrode with a mixture of AuNPs 

and CNCs provided an additional shift in the CV plot to the highest level (Figure 5.2 

voltammogram d) corresponding to the maximum peak current (7.22 µA) measured in 

this study (Table 5.1). It can be concluded that modification of the electrode with the 
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mixture of AuNPs and CNCs most probably increased the surface area and electroactivity 

of the electrode and lead to an increase in peak current.  

 

Table 5.1. Comparison of the oxidation peak current (Ip) of 2,4-TDA on various electrode 

surfaces at pH = 7.0 

Electrode Oxidation peak current 

(µA) 

Drying method 

Bare SPE 3.46 ± 0.005a - 

AuNPs/SPE 3.99 ± 0.01b IR lamp 

CNCs/SPE 5.71 ± 0.25c IR lamp 

AuNPs-CNCs/SPE 7.22 ± 0.17d IR lamp 

a-d :Means having different letter within each row denote significant difference at p<0.05 

Data are mean values ± S.D. (n=3) 

 

5.3.3. Effect of pH 

 

The effect of the pH value on the electrochemical behavior of 2,4-TDA was 

investigated by CV at the AuNPs-CNCs/SPE surface at different pH values ranging from 

4 to 10 in a 0.1 M B-R buffer solution containing 500 µM 2,4-TDA. As shown in the 

Figure 5.3, the oxidation of 2,4-TDA at the AuNPs-CNCs/SPE surface was dramatically 

affected by the pH of the electrolyte solution. The sensitivity of the electrode for the 

detection of 2,4-TDA reached its maximum at pH 7.0 which is then used for the following 

electrochemical measurements.  

Furthermore, the oxidation peak potential (Epa) showed a linear decline with 

increasing pH, indicating that protons were involved in the oxidation reaction of 2,4-

TDA. This was further demonstrated by the linear relationship between the pH and 

oxidation peak potential and expressed as Epa= -26.28pH + 261.26 (R2= 0.9823). The 

potential negatively shifted by 26.28 mV per pH unit. As mentioned in the previous 

chapters, based on the Nernst equation, a slope of 0.0592/2 indicates a proton-to-electron 

ratio of 2:1, implying that one proton for every two electrons was engaged in the 

electrochemical oxidation of 2,4-TDA. 
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Figure 5.3. Effect of pH value on oxidation peak current and potential of 2,4-TDA (500 

µM) at AuNPs-CNCs/SPE 

 

5.3.4. Influence of scan rate 

 

The influence of the scan rate on the electrocatalytic oxidation of 2,4-TDA at the 

AuNPs-CNCs/SP electrode surface was studied using cyclic voltammetry within the 200–

800 mVs-1 range (analyte concentration of 500 μM (Figure 5.4). The oxidation peak 

current (Ip) obtained from each scan rate setting was then plotted against the square root 

of the scan rate which is shown in the inset of Figure 5.4.  The linearity of this plot 

suggested that the catalytic reaction on the surface of the modified electrode is diffusion-

limited.  
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Figure 5.4. Cyclic voltammograms of AuNPs-CNCs/SPE in B-R buffer (pH 7.0) 

containing 500μM 2,4-TDA at different scan rates (200-800 mVs-1). Inset 

shows anodic peak current vs. v1/2 

 

In order to calculate total number of electrons taking part in the reaction Laviron’s 

theory was applied. Therefore, for a totally irreversible electrode process, the anodic peak 

potential (Epa) and the natural logarithm of the sacn rate [ln (v)] can be defined by the 

equation 4.2 stated in section (4.3.4) in Chapter 4. Using the raw voltammogram reported 

in Figure 5.5 a linear relationship between Epa and ln (v) was obtained as expressed by 

the equation Ep (v)= 0.0229 ln v + 0.1635.   

According to Laviron’s equation, electron transfer number (n) can be calculated 

from the slope of Epa and ln (v), that is, RT/αnF. Finally, n = 2.038~2 was obtained, which 

suggests that the electrochemical oxidation of 2,4-TDA at the AuNPs-CNCs/SPE surface 

is a two-electron transfer process. 
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Figure 5.5. The relationship between the peak potential (Ep) and the natural logarithm of 

scan rates (ln v) for 2,4-TDA (200-800 mVs-1) 

 

5.3.5. Chronoamperometric measurements 

 

The electrochemical oxidation of 2,4-TDA at the surface of AuNPs-CNCs/SPE 

was investigated through chronoamperometry at the potential of 550 mV at different 2,4-

TDA concentrations ranging from 0.01 mM to 5 mM in B-R buffer (Figure 5.6).  

Cottrell’s equation (Eq. 5.2) describes the current response (I) for diffusion-

limited electrocatalytic processes of electroactive materials having diffusion coefficient, 

D.  

𝐼 =  
𝑛𝐹𝐴𝐷1/2𝐶𝑏

𝜋1/2𝑡1/2
                                                                                                                  (5.2) 

where n is the number of electrons (2) exchanged per reactant molecule, F is the 

Faraday constant (9.648 × 104 C mol–1), A is the electrode effective area of the electrode 

(0.181 cm2), t is the observation time (s), Cb is the bulk concentration of the analyte (mol 

cm–3), and D (cm2 s−1) is the diffusion coefficient of the target analyte (2,4-TDA). 
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From the raw chronoamperometric traces, a linear curve was obtained for the 

different concentrations of 2,4 TDA by plotting I against t–1/2 (Figure 5.6, inset a). By 

plotting the slope of each individual straight line, the overall slope of the best-fit line 

(Figure 5.6, inset b) can be defined from (Eq. 5.3) as: 

𝐼𝑡1/2 =  
𝑛𝐹𝐴𝐷1/2𝐶𝑏

𝜋1/2
                                                                                                   (5.3) 

D can thus be drawn from Eq. (5.4)  

𝐷 =  
𝑠𝑙𝑜𝑝𝑒2𝜋

(𝑛𝐹𝐴𝐶𝑏)2
                                                                                                            (5.4) 

The overall slope was used within the Cotrell equation to eventually obtain a 

diffusion coefficient of 1.08 × 10-4 cm2s-1. 

 

Figure 5.6. Chronoamperograms obtained at AuNPs- CNCs/SPE in B-R buffer (pH 7.0) 

for different concentrations of 2,4-TDA (0.01-5 mM) of 2,4-TDA. Insets: (a) 

Plot of I vs. t-1/2 obtained from the chronoamperograms (b) Plot of the slope 

of the straight lines against 2,4-TDA concentration 
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5.3.6. Differential pulse voltammetric studies 
 

The sensitivity of the AuNPs-CNCs screen-printed electrode to 2,4-TDA was 

evaluated by differential pulse voltammetry (DPV). In order to achieve the DP 

voltammograms of 2,4-TDA, proper volumes of the stock solutions of  2,4-TDA were 

added to the cell containing B-R buffer (9 mL) on total bulk of 10 ml. The voltammetric 

response of 2,4 TDA at different concentrations in 10 ml Britton-Robinson (B-R) buffer 

was shown in Figure 5.7. The calibration plot of 2,4-TDA was linear in one concentration 

range (0.10-120 µM) (Figure  5.8). The sensitivity of the screen-printed modified 

electrode to 2,4-TDA, calculated as the slope of the linear range in the voltammetric plot, 

was 0.00104 µA(µM)-1, from which the lower limit of detection (LOD) was calculated 

according to the following equation (Eq. 5.5): 

𝐿𝑂𝐷 =  
3𝑆𝑏𝑙

𝑚
                                                                                                               (5.5) 

where Sbl is the standard deviation (µA) obtained from 10 replicates of the blank 

solution and m is the slope of the aforementioned linear range in the voltammetric plot. 

The final LOD value of 0.032 µM was eventually calculated for the AuNPs-CNCs/SP 

electrode.  
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Figure 5.7. Differential pulse voltammetry response of AuNPs-CNCs/SPE in 10 ml B-R 

buffer (pH 7.0) containing different concentration of 2,4-TDA  
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Figure 5.8. 2,4 TDA concentrations ([TDA]/mM) vs. peak current (Ipa) 

 

5.3.7. Potential interference of other compounds 

 

One of the main problems in real systems is the impairing of functionality in terms 

of sensor selectivity due to the interference effect of electroactive species other than the 

target analyte. In PU-based multilayer packaging materials, other primary aromatic 

amines, and additives commonly used in the manufacturing process are the potential 

interfering compounds. 

In this work, the anti-interference of the modified screen-printed electrode was 

investigated against two different additives (Irganox® 1010 and Irgafos® 168) that are 

used during the processing. There was no increase in the current response in the 

differential pulse voltammetry experiment when the abovementioned compounds were 

added to the 2,4-TDA containing solution. It can be concluded that the developed sensor 

can detect and quantify 2,4-TDA selectively.  

Finally, the sensor's high repeatability was demonstrated by a relative standard 

deviation (RSD) of 3.78 % obtained from a single modified electrode (AuNPs-

CNCs/SPE) used for five consecutive measurements in the same 2,4-TDA solution (10 
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µM). In addition, the reproducibility of the proposed sensor was investigated using 

differential pulse voltammograms at 10 µM 2,4-TDA with five different sensors (AuNPs-

CNCs/SPE). The measured RSD (3.35 %) confirms the satisfactory reproducibility of the 

fabricated sensor. 

 

5.3.8. Real sample analysis 

 

The suitability of the AuNPs-CNCs/SPE as an analytical device for 2,4-TDA 

determination in real samples was tested by performing a migration test under typical 

sterilization conditions (121 °C for 20 minutes). For this purpose, food simulant B (3 w/v 

% acetic acid water solution) was employed within a thermo-sealed pouch, which was 

subsequently subjected to 121 °C for 20 minutes (sterilization conditions). The 

conventional addition model was used to evaluate the modified electrode's ability to 

detect TDA.  

As can be seen in Table 5.1, the AuNPs-CNCs-modified electrode worked 

efficiently, with high recovery (97.88–106.04 %). This result indicates that the AuNPs-

CNCs/SPE can be used to detect 2,4-TDA migration from multilayer packages that have 

been exposed to thermal stresses like sterilization, pasteurization, microwaving, and sous-

vide cooking. 

 

Table 5.2. Recovery determination of 2,4-TDA in a food simulant B sample using 

AuNPs-CNCs/SPE  

Sample Spiked (µM) Found (µM) Recovery (%) 

 

Laminate 

structure 

(PET/EVOH/PE) 

including a PU 

adhesive 

0 0 - 

8 7.83 97.88 

25 26.51 106.04 

60 59.07 98.45 
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5.4. Conclusion 

 

In this work, a new screen-printed electrochemical sensor with high sensitivity 

and a low limit of detection was developed for the quantification of 2,4-TDA, which is 

one of the most representative PAAs. As mentioned in the previous chapters, synergistic 

effect of AuNPs and CNCs was critical in increasing performance of the sensor. The best 

sensitivity of the electrode for 2,4-TDA was achieved at neutral pH, with an ultimate 

detection limit of 32 nM. Finally, real sample analysis indicated that the AuNPs-CNCs 

modified sensor allows reliable quantification of 2,4-TDA and can be considered as an 

effective alternative to the most prevalent analytical techniques that are used in the 

detection of primary aromatic amines. 
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