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Abstract 

Biopolymers are inspiring interest due to various characteristics, including biocompatibility, 

antibacterial properties and the stabilisation of various nanostructures. Furthermore, some can 

also act as a reducing agent for nanoparticle synthesis. In addition, several biopolymers are 

biodegradable as well, which is an important point for developing harmless products. Among the 

biopolymers, chitosan and polyhydroxybutyrate (PHB) have attracted the interest of many 

researchers around the world. However, given some of their characteristics, the use of these 

biopolymers is limited in some fields, such as catalysis and the synthesis of nanostructures. One of 

the main problems is related to the solubility of these two polymers in water at neutral pH. 

Chitosan is soluble under acidic conditions while PHB needs organic solvents, such as chloroform 

in order to be solubilised. Therefore, finding an environmentally-friendly way to conjugate chitosan 

and PHB, and make the polymer conjugate soluble in a wide range of pH in water, could open new 

perspectives in research. For example, it could be employed for the green synthesis and 

stabilisation of nanoparticles and to improve their catalytic behaviour. Therefore, the first part of 

work focused on obtaining the chitosan–polyhydroxybutyrate polymeric conjugate (Cs–PHB). The 

conjugate was obtained using a procedure for the conjugation of chitosan with folic acid. The goal 

achieved was to minimise the use of toxic solvents. Indeed, for the synthesis of Cs–PHB only 

acidified water was used as solvent (nitric acid, 310 μL/100 mL). Therefore, to confirm the 

successful conjugation, chitosan, PHB and Cs–PHB were characterised by different techniques, 

such as nuclear magnetic resonance, gel permeation chromatography and Fourier–transform 

infrared spectroscopy. Furthermore, the favourable outcome of the conjugation procedure was 

also confirmed by density functional theory. 

Another goal achieved was the use of the Cs–PHB conjugate for the synthesis of various 

metallic and bimetallic nanoparticles. First, the gold nanoparticles were synthesised following the 

green synthesis approach. The conjugate was employed as a green reducing/capping agent. Cs–

PHB–Au showed higher catalytic activity through the hydrogenation of nitroarenes than gold 

nanoparticles synthesised using only chitosan as reducing/capping agent (about 20% higher). 

Furthermore, using the Cs–PHB conjugate, it is possible to modulate the shape of the nanoparticles 

as demonstrated in the synthesis of Pd/Pt bimetallic nanoparticles. By adjusting the synthesis, 
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nanoparticles with three different shapes were obtained. Furthermore, the different bimetallic 

nanoparticles obtained show different catalytic activity compared to 4–nitrophenol. Furthermore, 

it was also possible to synthesise silver nanoparticles following a green approach. The procedure 

developed with respect to those reported in the literature (synthesis of silver nanoparticles using 

chitosan) has numerous advantages, such as reduced synthesis times and lower synthesis 

temperature. Moreover, silver nanoparticles synthesised using Cs–PHB as a reducing/capping 

agent showed extraordinary results for the hydrogenation of 4–NP (apparent first–order kinetic 

constant = 0.921 min−1, activity parameter = 151 L g−1 s−1 and activity parameter/specific surface 

area = 11.6 L m−2 s−1). Finally, Cs–PHB was used as a green capping agent to stabilise zero valent 

iron nanoparticles and enhance its persulfate activation properties. The results suggest that the 

remarkable results for the oxidation of the model pollutant could be attributed to the presence of 

functional groups on the Cs–PHB–nZVI surface. 

To summarise, the present work shows the potential applicability of a bioconjugate 

obtained without the use of toxic solvents as an effective reducing/capping agent of different 

nanostructures. The synthesised nanoparticles showed increased catalytic activity in both the 

reduction and oxidation processes. 

Keywords: Bio–conjugate, Nanoparticles, Catalysts, Reduction, Oxidation. 
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Abstract 

Biopolymery vzbuzují zájem kvůli různým charakteristikám, včetně biokompatibility, 

antibakteriálních vlastností a stabilizace různých nanostruktur. Kromě toho, některé mohou také 

působit jako redukční činidlo pro syntézu nanočástic. Několik biopolymerů je navíc také biologicky 

odbouratelných, což je důležitý bod pro vývoj nezávadných produktů. Mezi biopolymery přitáhly 

chitosan a polyhydroxybutyrát (PHB) zájem mnoha výzkumníků po celém světě. Vzhledem k 

některým jejich vlastnostem je však použití těchto biopolymerů v některých oblastech, jako je 

katalýza a syntéza nanostruktur, omezené. Jeden z hlavních problémů souvisí s rozpustností těchto 

dvou polymerů ve vodě při neutrálním pH. Chitosan je rozpustný za kyselých podmínek, zatímco 

PHB potřebuje organická rozpouštědla, jako je chloroform, aby byl solubilizován. Nalezení šetrného 

enviromentálního způsobu, jak konjugovat chitosan a PHB a učinit polymerní konjugát rozpustným 

ve vodě v širokém rozmezí pH, by tak mohlo otevřít nové perspektivy ve výzkumu. Příkladem by 

mohlo být použití pro zelenou syntézu a stabilizaci nanočástic, a pro zlepšení jejich katalytického 

chování. První část práce je proto zaměřená na získání polymerního konjugátu chitosan–

polyhydroxybutyrátu (Cs–PHB). Konjugát byl získán za použití postupu pro konjugaci chitosanu s 

kyselinou listovou. Cílem bylo minimalizovat použití toxických rozpouštědel. Pro syntézu Cs–PHB 

byla totiž jako rozpouštědlo použita pouze okyselená voda (kyselina dusičná, 310 μL/100 mL). Pro 

potvrzení úspěšné konjugace byly chitosan, PHB a Cs–PHB charakterizovány různými technikami, 

jako je nukleární magnetická rezonance, gelová permeační chromatografie a infračervená 

spektroskopie s Fourierovou transformací. Příznivý výsledek konjugačního postupu byl navíc 

potvrzen také teorií funkce hustoty. 

Dalším dosaženým cílem bylo využití konjugátu Cs–PHB pro syntézu různých kovových a 

bimetalických nanočástic. Nejprve byly syntetizovány zlaté nanočástice podle postupu zelené 

syntézy. Konjugát byl použit jako zelené redukční/uzavírací činidlo. Cs–PHB–Au vykazovaly vyšší 

katalytickou aktivitu prostřednictvím hydrogenace nitroarenů než nanočástice zlata syntetizované 

pouze za použití chitosanu jako redukčního/uzavřeného činidla (asi o 20 % vyšší). Dále je pomocí 

konjugátu Cs–PHB možné modulovat tvar nanočástic, jak bylo prokázáno při syntéze bimetalických 

nanočástic Pd/Pt. Úpravou syntézy byly získány nanočástice tří různých tvarů. Kromě toho, různé 

získané bimetalické nanočástice vykazují odlišnou katalytickou aktivitu ve srovnání s 4–
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nitrofenolem. Dále bylo také možné syntetizovat stříbrné nanočástice podle zeleného přístupu. 

Postup vyvinutý s ohledem na postupy uváděné v literatuře (syntéza nanočástic stříbra pomocí 

chitosanu) má řadu výhod, jako je zkrácení doby a nižší teplota syntézy. Nanočástice stříbra 

syntetizované pomocí Cs–PHB jako redukčního/uzavřeného činidla navíc vykazovaly mimořádné 

výsledky pro hydrogenaci 4–NP (zdánlivá kinetická konstanta prvního řádu = 0,921 min−1, parametr 

aktivity = 151 L g−1 s−1 a parametr aktivity / měrný povrch = m−2 s−1). Nakonec byl Cs–PHB použit 

jako zelené krycí činidlo pro stabilizaci nZVI a zvýšení jeho katalytických vlastností. Výsledky 

naznačují, že výsledky oxidace modelového polutantu (jako oxidant byl použit persíran) lze přičíst 

přítomnosti funkčních skupin na povrchu Cs–PHB–nZVI. 

Tato práce ukazuje potenciální použitelnost biokonjugátu získaného bez použití toxických 

rozpouštědel jako účinného redukčního/uzavíracího činidla různých nanostruktur. Syntetizované 

nanočástice vykazovaly zvýšenou katalytickou aktivitu v redukčních i oxidačních procesech. 

Klíčová slova: Bio–konjugát, Nanočástice, Katalyzátory, Redukce, Oxidace. 
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MO – Methyl Orange 

NMR – Nuclear magnetic resonance 

DA – Acetylation degree 

DDA – Degree of deacetylation 

FTIR – Fourier transform infrared spectroscopy 

MW – Molecular weight 

DS – Substitution degree 

PHA – Polyhydroxyalkanoates 

PLA/PHB–rubber – Poly(lactic acid) and poly(hydroxybutyrate) –rubber copolymer 

PHBV – Poly(hydroxybutyrate–valerate) 

rGO – reduced graphene oxide  

SEM – Scanning Electron Microscopy 

PEG – Polyethylene glycol 

nZVI – Zero valent iron nanoparticles 

PDS – Persulfate 

GPC – Gel permeation chromatography 

DFT – density functional theory 

Cs–PHB – Chitosan–Polyhydroxybutyrate 



11 
 

INTRODUCTION 
Nowadays, society is dealing with several challenges related to different fields, such as 

sustainability and the environment. Therefore, the need to develop new materials is undeniable. 

These materials could improve the quality of life and help develop advanced technologies. Over 

the past two decades, polymers have attracted attention in various fields due to their 

characteristics [1–3]. For instance, in medical applications, polymers have been used for the 

production of bones and implants [4,5]. Polymers are also used in the food packaging industry to 

achieve a more sustainable environmental impact of the waste [6]. Furthermore, nanotechnologies 

often use polymers and bio–polymers for different applications. For example, polymers could be 

used for drug delivery, to enhance antibacterial properties, as a carbon source in bioremediation, 

for green synthesis of several nanostructures and for the stabilisation of nanomaterials. Often 

nanomaterials stabilised, and therefore coated, by polymeric substances show improved 

properties due to the synergistic effect of such materials.  

Jöns Jakob, a Swedish scientist, was the first to coin the name polymer. A polymer could be 

defined as a large molecule that is composed of repeated chemical units. Overall, polymers can be 

classified as bio– and synthetic. In turn, biopolymers can be generally divided into two big groups 

as reported by George et al. [7] namely bio–degradable and non–biodegradable. Most biopolymer 

research focuses on bio–degradable polymers because it is critical in developing safe products. It 

should be noted that non–degradable biopolymers make up the majority. Among the bio–

degradable polymers, chitosan and polyhydroxybutyrate (PHB) attracted the attention of 

researchers in several scientific fields due to their unique characteristics [8–11]. As the figure 

shows, the number of articles concerning chitosan and PHB has been growing over the years (Fig. 

1).  
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Fig. 1 Number of publications per year of papers containing the keywords a) 'chitosan' and b) a 

combination of 'polyhydroxybutyrate' and 'PHB' (WOS 20–11–22).  

However, the use of these two polymers is strongly limited due to a few factors, such as 

cost production [12] and the non–solubility of chitosan and PHB in water (chitosan requires acidic 

conditions, while PHB needs solvents, such as chloroform). Therefore, a modification is needed to 

obtain a water–soluble polymer to reduce the use of non–environmentally friendly substances.  

The synthesis of transition metal nanoparticles (TMNPs) can be achieved in two different 

ways: bottom–up and top–down. In the bottom–up method, nanoparticles are produced starting 

from a bulk material (chemical and physical treatments) and thus, this method is based on the 

dimensional reduction of the starting material. However, this method shows some shortcomings. 

For example, it is not possible to produce ultra–small nanoparticles and the surface is strongly 

affected [13] (change in chemistry and physicochemical properties of the surface). On the other 

hand, the synthesis of TMNPs with the bottom–up method involves the use of smaller molecules 

or small particles. A typical example of the bottom–up method is the synthesis of nanoparticles 

from a salt precursor; the salt precursor is reduced by a reducing agent (e.g., sodium borohydride 
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or green reducing agent), which results in the formation of TMNPs [14]. Over the years, various 

synthesis methods have been proposed for the formation of TMNPs, the most used are reported 

in Table 1. 

Table 1 Synthesis of transition metal elements 

 Nanoparticles Methods Procedure Size 

(nm)  

Reference 

Top–

down 

methods 

Gold Ball milling 

 

Gold powder was milled (4, 8, 12, 16, and 20 h) using tungsten 

carbide (10 mm) and zirconia balls (3 mm). 

22 [15] 

Gold Laser ablation A gold plate was placed in sodium dodecyl sulfate aqueous 

solution (10 mL). Then, the gold was irradiated by laser (1064 

nm or 532 nm at 10 Hz). 

1–5 [16] 

Platinum Laser ablation A platinum plate was placed in sodium dodecyl sulfate aqueous 

solution (10 mL). Then, the gold was irradiated by laser (1064 

nm or 532 nm at 10 Hz). 

1–7 [17] 

Bottom–

up 

methods 

Gold Physical vapor 

deposition 

Deposition was carried out by a custom–built DC magnetron 

sputterer (2.5 mTorr, Argon). 

∼1.5  [18] 

TiO2 Sol gel method A solution containing 0.3 mL anhydrous ethanol, 0.15 mL 

distilled water, and 11.1 mL of acetic acid was mixed drop by 

drop to a solution containing 3 mL titanium tetra–isopropoxide 

and were mixed with 10.6 mL of anhydrous ethanol. After gel 

formation it was dried at 110 °C for 24 h. The resulting powder 

was calcined at 450 °C.  

5–10 [19] 

Iron Chemical 

reduction 

FeCl3·6H2O (1g) was dissolved in ethanol (50 mL), then, a 

sodium borohydride solution (1 g, 50 mL D.I.) was added 

dropwise. 

∼80 [20] 

Silver  Hydrothermal 

synthesis 

Silver nitrate solution (15 mL 3.40 g) was added to glucose 

solution (5 mL, 0.12 g). Then, polyvinylpyrrolidone (5 mL, 0.12 

g) was added to the solution and finally sodium chloride (15 

mL, 0.04 M, 2.33 g). The obtained solution was placed in an 

autoclave and heated (160 °C for 22 h). 

45–65 [21] 

Gold Solvothermal 

method 

HAuCl4 (50 μL 30 wt %) acidic solution was added to oleylamine 

solution (1.5 mL, 60 °C), after 15 min temperature was raised at 

120 °C and after 30 min temperature was increased at 210 °C 

and kept for 1 h. 

7–9 [22] 

 

  However, the synthesis of nanoparticles often involves toxic substances that should be 

avoided in order to make the process environmentally friendly. In addition, TMNPs frequently need 

to be stabilised, in order to minimise the aggregation of nanoparticles. The aggregation of 

nanoparticles is one of the main problems related to nanomaterials [23,24]. This issue is extremely 
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important especially in environmental applications where the surface area of the nanoparticles 

plays a key role. Therefore, a homogeneous dispersion leads to a narrow particle size distribution 

and as the size decreases, the specific surface area of the particles increases. TMNPs are usually 

stabilised by the formation of a layer around the nanoparticles’ surface [25]. The coating process 

of the nanoparticles can employ natural or synthetic polymers, such as chitosan [26] and 

polyvinylpyrrolidone [27]; however, in this dissertation, the synthetic polymers will not be 

discussed. Nanoparticles’ coating is important not only to reduce the agglomeration but also to 

influence the nanoparticles’ behaviour. As a matter of fact, an improved catalytic performance due 

to functional groups shown on the nanoparticles’ surface [28–31] and different zeta potential [32] 

of nanoparticles were reported. 

  TMNPs are often employed for contaminant removal in water and soil [33,34]. TMNPs can 

be used in different processes, such as adsorption [35], reduction [36] and additionally in oxidation 

processes [37]. Several pollutants can be treated using TMNPs, such as heavy metals [38], 

nitroarenes [39] and dyes [40]. Therefore, for this dissertation, model pollutants were chosen; 4–

nitrophenol (4–NP) and Methyl Orange (MO) were considered as benchmarks in environmental 

applications, similar to other works [41–44].   

Chitin 
Among the biopolymers, chitin is one of the most abundant polymers present in nature (2nd after 

cellulose [45]) with a yearly bio–synthesis estimated at 100 billion tons, as reported by Tharanathan 

and Kittur [46]. Therefore, it is not surprising that chitosan, a derivative of chitin, is one of the most 

studied and very often used biopolymers for the synthesis of TMNPs. 

Chitin [poly (β–(1→4)–N–acetyl–D–glucosamine)] is a natural mucopolysaccharide first 

isolated in 1811 by a French researcher named Braconnot from the cell walls of champignons [47]. 

However, it was not until 1823 that Odier renamed this compound from fungine to chitin. Chitin is 

used as support material in different micro and macro–organisms (e.g., in insects, such as 

cockroaches, beetles, ants and others and in crustacea, such as prawns, lobsters, krill and others) 

[48], it is used for exoskeleton, while in fungi (Ascomycetes, Basidiomycetes, Phycomycetes and 

others), it is present in the cell walls [49].  
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To date, two source–dependent chitin allomorphs have been identified (based on crystalline 

structure), known as α– and β–chitin. While, the existence of γ– is matter of debate [50]. 

It is possible to distinguish these compounds by characterisation techniques [e.g., Nuclear 

magnetic resonance (NMR) and X–ray diffraction (XRD)] [51]. 

α–chitin is the most abundant form of chitin found in fungi, insects, crustacea and yeast. 

While, β–chitin occur in Siboglinidae, squid pens and some worms to form microtubules [52]. The 

crystal structure of α–chitin consists of two antiparallel molecules per unit cell, whereas β–chitin 

has only one molecule per unit cell, in a parallel arrangement [53]. Both α– and β–chitin exhibit a 

hydrogen bond in their molecular structure. These hydrogen bonds influence reactivity, solubility 

as well as the swelling behaviour of chitin chains [51]. Unfortunately, both α– and β–chitin are 

insoluble in water and most common solvents and therefore, chitin application is strongly limited 

[54].  

The procedure for chitin extraction depends on the starting materials. For example, chitin 

in crustaceans is complex with proteins and minerals (i.e., calcium carbonate). Hence, the process 

involves demineralisation and deproteinisation using a chemical or biological approach [52]. The 

chemical methods use bases, such as NaOH or KOH and acids, such as HCl to dissolve proteins and 

calcium carbonates [55].  

It goes without saying that the chemical method has some disadvantages as it is not ecological, 

and the solubilised protein and minerals cannot be used for animal or human nutrients [55]. 

However, the short time required for the extraction make this procedure the most used treatment 

[55]. Because the use of bases and acids is dangerous for the environment, biological treatment is 

a valid alternative to the chemical one. In the biological treatment, lactic acid bacteria and 

proteases are used for demineralisation and deproteinisation respectively [50]. However, this 

process needs a long time and is limited to the scale of a laboratory.  

Chitin has many derivatives which are classified into two groups, anionic and cationic [50]. 

Of the derivatives, chitosan is considered the most important.  

Chitosan 
Chitosan is a polymer obtained from the deacetylation of chitin by removing acetyl groups 

[56]. The acetylation degree (DA) is used to differentiate chitin from chitosan [55]. If the DA (molar 
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%) is >50 mol%, the product is called chitosan and is soluble in acidic solutions. However, during 

the deacetylation, the depolymerisation reaction takes place, which influences the chitosan 

molecular weight [55,57,58].  

The chitin deacetylation process occurs through the removal of the acetyl group (C2H3O) 

and the formation of the amino group (NH2) (Fig. 2). Deacetylation processes start from the chitin 

amorphous regions and proceed towards the crystalline region [59,60]. The products obtained 

after the deacetylation process are N–acetylglucosamine and glucosamine copolymer [49]. The 

obtained copolymer is called chitosan if it shows >50% of N–acetylglucosamine units [55]. 

Meanwhile, when the obtained copolymer has >50% of glucosamine units, it is called chitin. The 

DA and degree of deacetylation (DDA) are important parameters that influence the characteristics 

of these polymers. Because DA and DDA are correlated, the sum of DA and DDA is equal to 100%. 

 

Fig. 2 Deacetylation of a) chitin to b) chitosan (100% of deacetylation). 

Several methods are available for chitin deacetylation, however the most used method is 

by hot alkali treatment which is also used on a commercial scale [58]. The factors that influence 

the fate of deacetylation are the NaOH concentration, temperature, reaction time, chitin 

concentration and molecular weight.  

The alkali treatment is not the only available deacetylation method used. Enzymatic 

deacetylation is rousing more and more interest over time [61]. This treatment involves the use of 

chitin deacetylases from different sources (e.g., from fungi or insects). The deacetylation of chitin 

by deacetylases shows fascinating characteristics. The obtained chitosan shows more block defined 

deacetylation pattern and furthermore, the enzymatic treatment is considered eco–friendly [61]. 

The main problem with this process is the high cost compared to alkali treatment due to the use 
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of chitin deacetylases. Unfortunately, enzymatic procedures are not really applicable on an 

industrial scale due to low efficiency, long time reaction and low yield.  

Tan et al. [62] recently reported a new treatment for chitin deacetylation. This method is 

based on steam explosion. The steam applied to the biomass is converted to thermomechanical 

force under high pressure, which destroys the chitin. The intermolecular interactions of molecules 

are broken by steam explosion which leads to the formation of free polymer chains. The authors 

report 42.9% and 43.7% deacetylation from α– and β–chitin, respectively.  

Because DDA influences the chitosan properties, such as solubility, its determination is 

indispensable. DDA determination could be achieved by different methods, such as Fourier 

transform infrared spectroscopy (FTIR), 1H–NMR, UV spectrophotometric analysis, potentiometric 

titration, acid–base titration, elemental analysis, capillary zone electrophoresis method and Raman 

spectroscopy [63–65].  

FTIR is one of the most used techniques for DDA determination. This method uses the peak 

representing the amide group and a reference peak that represents d–glucosamine and N–acetyl–

d–glucosamine. Usually, the peaks at 1652 cm−1 (amide I) and 3450 cm−1 (hydroxyl groups) are the 

most used for DDA determination. Then, by using Eq. 1, DDA could be easy determined [59,66]. 

𝐷𝐷𝐴 % = 100 −
𝐴1652

𝐴3450
∗ 115              (1) 

Where A1652 refers to the peak absorbance at 1652 cm-1 and A3450 to the peak absorbance at 3450 

cm-1. With equation 1 it is understandable that the lower the peak of amide I (1652 cm-1), the 

higher the DDA will be.  

DDA determination by FTIR could also be done using different peaks, as reported by Tahtat 

et al. [67] and Baxter et al. [68]. However, the bands at 1652 cm-1 and 3450 cm-1 are the most used. 

DDA determination by FTIR has the advantage of being a cheap and easy technique to use. 

However, this determination shows some disadvantages which should be considered. One of the 

main issues is that even a small variation of the peak intensity due to humidity or baseline, for 

example, dramatically affect DDA determination. Therefore, FTIR is used only for an approximate 

estimation of DDA value. 
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Nowadays, 1H–NMR spectroscopy is considered the more accurate method for DDA 

determination. However, this method shows some disadvantages, such as the cost of the analysis 

and chemicals. 

An additional method that could be used for DDA determination is UV spectrophotometric 

analysis. This method uses the absorbance at 199–203 nm (N–acetyl glucosamine), which is not 

uninfluenced by solvents [65]. The UV method is easy and fast to use but is less accurate when 

compared with other determination methods.  

Potentiometric titration methods are reported to be the best choice after the NMR method 

for DDA determination. Potentiometric titration methods could be divided into pH–titration, two–

abrupt–change titration and linear titration [69]. However, all of these procedures show some 

limitations. pH–titration and linear potentiometric titration methods are limited due to acidic or 

alkali impurities, which can affect the results. In contrast, two–abrupt–change potentiometric 

titration shows better results than the previous two. However, chitosan flocculation (at basic pH) 

can negatively influence the results. Another well–known procedure for DDA calculation is 

elemental analysis. In this method, DDA can be determined based on C/N ratio [70]. Raman 

spectroscopy can also be used for DDA determination. This method is a valid alternative to FTIR 

determination. Raman determination does not require purification or dissolution of the samples, 

making the determination process easier [71]. 

DA and DDA are not the only critical parameters for chitosan behaviour, as molecular 

weight (MW) is a crucial parameter that can influence outcomes, including chitosan bioactivity 

[58]. Chitosan bioactivity is usually reported to be stronger if the molecular weight is lower than 

20 kDa while bioactivity is reduced when the molecular weight is more than 120 kDa [72]. 

 Chitosan is known to possess antibacterial and fungistatic properties [73], yet the precise 

mechanism of action is not yet fully understood. One of the most accepted mechanisms is that the 

interaction of a negatively charged bacterial cell wall with chitosan causes cell disruption by 

modifying cell permeability. This process results in DNA replication inhibition resulting in cell death 

[74]. However, Divya et al. [75] report another possible mechanism. In this case, the antibacterial 

properties of chitosan are due to the chelation of the metal by chitosan which could inhibit the 
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growth of bacteria. Chitosan, under acidic conditions, is able to chelate several metal ions, such as 

Ni2+, Zn2+, Co2+, Fe2+, Mg2+ and Cu2+, which are essential for cell wall stability [73,76,77]. 

Additional factors could influence the chitosan antibacterial properties, such as positive 

charge density, molecular weight, and pH. 

Several works affirm the importance of chitosan polycationic structure for antibacterial 

activity. A higher positive charge density leads to strong electrostatic interaction. The positive 

charge density is influenced by DDA or by substitution degree (DS) as well [78]. Kong et al. [79] 

report that chitosan microspheres with DDA of 97.5% have a stronger effect against S. aureus 

compared with chitosan microspheres with DDA of 83.7% at pH of 5.5. Another study by 

Takahashia et al. [80] arrives at the same conclusions. They used chitosan membranes to inhibit 

the growth of S. aureus, with the best results being reached by membranes with higher DDA. 

As previously mentioned, DS can also affect the chitosan antibacterial activity. In chitosan 

derivatives, antibacterial activity is related primarily to the DS of the grafting groups. Yang et al. 

[81] investigated the antibacterial activity of the N–alkylated disaccharide chitosan derivatives 

against E. Coli and S. Aureus. The research team found that both the DS and the disaccharide type 

influence the antibacterial activity of the chitosan derivatives. Overall, at a pH of 6, chitosan shows 

better antibacterial activity. Meanwhile, increasing the pH to 7 results in the chitosan derivates 

working better against both microorganisms.  

Another important parameter for chitosan antibacterial properties is MW. Herein the 

contradictory results could be found. Some studies report that by increasing chitosan MW, the 

antibacterial activity is reduced against E. coli. At the same time, others report that high–MW 

increases antibacterial properties compared to low–MW [78]. Furthermore, Tikhonov et al. [82] 

report that chitosan with different MW has the same effect against E. coli and Bacillus subtilis. 

Other contradictory results were reported [83] in a study of chitosan with an MW of 9.3 kDa, which 

resulted in inhibited E. coli growth, while chitosan with an MW of 2.2 kDa seemed to promote 

bacterial growth. 

The antimicrobial activity of chitosan also depends on the pH [78]. Under acidic conditions, 

chitosan is protonated and can easily interact with the cell surface due to the presence of negative 

charges [81,84]. As mentioned, one of the hypotheses states that the antimicrobial activity of 
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chitosan against microorganisms, such as bacteria and fungi, is due to polycationic nature of this 

biopolymer [78,85,86]. However, antimicrobial activity is conditional on poor solubility close to 

neutral conditions. This happens because, at a pH of 6.5, chitosan loses its cationic character 

[84,85]. However, contradictory results can be found in the literature [78,81]. 

Chitosan use 

Currently, chitosan is one of the most studied and used biopolymers. Chitosan, due to its 

properties, can be employed with success in several fields [87–89]. For instance, it is often used as 

a reducing and capping agent for the synthesis of metal nanoparticles [90–92], enhancing the 

nanomaterial stability and performance. In addition, several studies reported its use for synthetic 

bones [93] and skin [94], for the synthesis of bioplastics [95] and in the cosmetics industry [96]. 

Moreover, chitosan is often coupled with other molecules in order to obtain polymeric conjugates 

[97]. 

Use of chitosan in nanomaterial synthesis  
The synthesis of TMNPs by reducing metal salts using chitosan is extensively reported, because it 

not only works as an excellent green reducing agent but can also coat the nanoparticles’ surface 

thus stabilizing them. Even more importantly, it can improve the catalytic performance of TMNPs 

[98]. These nanoparticles usually show enhanced properties and are safer. Among the most 

studied metals for catalytic application are noble metals and iron.  

The interest of the scientific community in gold nanoparticles and its green production is 

due to the versatility of these nanoparticles. Gold nanoparticles can be used in various fields, such 

as catalysis and medicine. However, nanoparticle synthesis often uses chemicals that are 

hazardous for the environment and human lives. Then, in this context, avoiding the use or at least 

minimizing use of toxic chemicals in the synthesis procedure is one of the main topics in 

environmental science.  

In 2003, Esumi et al. [98] synthesised gold nanoparticles coated by chitosan via the 

reduction of HAuCl4 by sodium borohydride. The particle size was found to be affected by chitosan 

concentration and ranged between 6 and 16 nm. The authors reported that nanoparticles were 

formed by the adsorption of chitosan into gold nanoparticles. These nanoparticles were used as a 
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catalyst for the elimination of hydroxyl radicals. In 2005, Huang et al. [99] reported a 

nanocomposite film Cs–Au. The gold nanoparticles show peculiar structures and by varying the 

chitosan concentration, they obtained branched–like structures and cross–linked needle–like 

structures. Huang and Yang [90], in 2004, were the first to use chitosan as a reducing/capping 

agent for the synthesis and stabilisation of gold nanoparticles. The authors demonstrated that by 

using different chitosan MW and different chitosan concentration, it is possible to tune the size 

and shape of gold nanoparticles. More recently, other authors worked with chitosan and gold 

nanoparticles [100] and they stated that by controlling the nucleation and growth phases, gold 

nanoparticles obtained a uniform size and shape. Sun et al. [101] used different chitosan with 

different MW and DDA for the synthesis of gold nanoparticles. They report that by varying 

synthesis conditions, such as temperature, time, and gold precursor concentration, different sizes 

and shapes of chitosan MW and chitosan DDA were obtained. Additionally, chitosan was 

successfully used for the production of bimetallic gold nanoparticles, such as Fe3O4/Au 

nanoparticles [102].  

Among the noble metals, silver is widely used in nanotechnologies due to its particular 

physical and chemical characteristics. Thanks to silver’s properties, these nanoparticles are used in 

different fields, such as industry, domesticity and healthcare. Recently, silver nanoparticles have 

been used in textiles, biomedical devices and keyboards [103]. 

As with gold, the synthesis of greener silver nanoparticles is also considered a hot topic. 

Therefore, it is not surprising that several green ways for the production of silver nanoparticles are 

reported in the literature. Many authors have reported the synthesis of silver nanoparticles using 

chitosan as a reducing/capping agent furthering investigations of different aspects of this synthesis 

and uses of these nanoparticles in different applications. 

In 2008, Two et al. [104] were the first to demonstrate the possibility of using chitosan as 

reducing/capping agent for silver nanoparticle production. Ever since, researchers have deeply 

investigated different aspects and uses of silver nanoparticles capped by chitosan. For instance, 

Kalaivani et al. [105] reported the synthesis of silver nanoparticles where chitosan acts as reducing 

and capping agent. In this study, where the produced nanoparticles show high antibacterial and 

antifungal activity, the authors suggest that the nanoparticles thus produced could be used in 
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various medical applications. Also, Wei et al. [106] investigated the possibility of using chitosan for 

the production of silver nanoparticles. The nanoparticles produced strongly bonded with chitosan. 

The developed material was used by the authors for the catalytic reduction of 4–NP. Several other 

reports are present in literature about chitosan and silver nanoparticles that were used in different 

fields of application, such as pressure sensors [107]. 

 Platinum nanoparticles are considered effective catalysts, e.g., in hydrogenation processes. 

Therefore, their widespread use in catalysis is not surprising. Platinum nanoparticles are used as 

well in other applications, such as dye degradation, antibacterial and antifungal applications, 

sensing, anticancer and antioxidant applications [108]. As for the above–mentioned nanoparticles, 

intensive work was carried out by several research groups to investigate a different aspect of Cs–

platinum nanoparticles. Deng et al. [109] investigated the possibility of using chitosan for stabilizing 

platinum nanoparticles. They report the superiority of chitosan as a capping agent for the synthesis 

of catalytic platinum nanoparticles. Results clearly show the excellent stabilisation of these 

nanoparticles and the enhancement of oxidase–like activity of platinum nanoparticles thus 

synthesised. Meanwhile, Liu et al. [110] used a different synthesis method for chitosan–platinum 

nanoparticles. They developed a new gas–liquid method for the nanoparticles’ synthesis and used 

the obtained nanoparticles for hydrogen peroxide detection. Nguyen et al. [111] report about the 

synthesis of platinum nanoparticles by γ–ray irradiation where chitosan was used as a stabilizing 

agent. The nanoparticles obtained, depending on the conditions used, showed a narrow size 

distribution of 1.4–1.6 nm.  

Chen and co–workers [112] reported on chitosan–supported palladium nanoparticles for 

hydrolytic dehydrogenation of ammonia borane. The Pd nanoparticles thus produced showed a 

size in the range of 4–8 nm. Gao et al. [113] investigated the Pd NPs synthesis of encapsulated N–

doped carbon nanofibers derivatised from chitosan. They report that the nanofibers produced at 

800 °C showed the highest catalytic activity. In environmental applications, one of the most widely 

used materials is iron in its zero valent form. Therefore, it not surprising that there is a large amount 

of work reported in literature. 

 Ferreira et al. [114] synthesised chitosan/Fe0/Fe2O3 and used as an H2O2 activator for the 

removal of a dye. Meanwhile, Caetano et al. [115] reported on chitosan stabilizing nanostructured 
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iron oxides for the catalytic removal of methylene blue. In addition, Maleki et al. [116] studied 

Fe3O4 NPs supported by chitosan for the catalytic synthesis of 1,2–disubstituted benzimidazole and 

1,5–benzodiazepine and derivatives. While, Raji et al. [117] reported on chitosan–coated activated 

carbon supporting zero valent iron nanoparticles (nZVI) for the treatment of melanoidin 

wastewater by a heterogeneous Fenton reaction. 

Chitosan modification 
Polymer conjugates have been successfully used in many applications where their 

properties have been widely exploited (e.g., in material science, wastewater treatment, drug 

delivery systems and the synthesis and stabilisation of nanoparticles).  

The polymer conjugates or electrolytic complexes with chitosan are feasible because under 

acidic conditions the chitosan has a positive charge and inter alia, the positive charge can generate 

conjugates with polymers that have negative charge.  

 Chitosan shows three main types of functional groups [118], hydroxyl groups (primary in 

C–2, C–3 and secondary in C–6 positions) and an amino/acetamido group. However, the amino 

group is considered to be the most important. It is because, by the protonation of the amino group 

in an acidic medium, chitosan becomes soluble. Consequently, chitosan received broad interest 

especially for its ability to form a polyelectrolyte complex with molecules that show a positive 

charge [119]. Furthermore, chitosan shows fascinating physio–chemical properties (non–toxic, 

biodegradable and biocompatible) which make this polymer interesting for several applications. 

Unfortunately, chitosan has some limitations, such as insolubility in neutral and alkali pHs. 

 The chitosan modification due to the presence of amino and hydroxyl functional groups is 

relatively easy compared with other polymers [120]. One of the most popular modifications is the 

grafting of hydrophilic functional groups to its backbone to obtain water soluble derivatives of 

chitosan. For example, carboxymethyl–chitosan is one of the most studied water soluble derivates 

of chitosan [121,122]. This derivative of chitosan, compared to chitosan, possesses many superior 

functional properties [121]. Another example of a chitosan derivative is phosphonic chitosan which 

shows a better metal–chelating ability [123]. 

 Chitosan chemical modification by grafting functional groups is only one of the ways of 

modifying chitosan. Chitosan conjugates, which are formed by chitosan and another bio–molecule, 
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have attracted much attention in recent years. Thiolated chitosan is one example of these 

modifications [124]. The synthesis takes place by binding thiolactic acid to the amino group of 

chitosan. Thiolated chitosan demonstrated excellent solubility in water and enhanced 

mucoadhesive properties [125]. Chitosan–based conjugates become a new class of biomaterials 

with promising potential in several scientific fields (Table 2). 

Table 2 Chitosan modification proposed in literature  

Substance Synthesis  Annotations Application Ref. 

Chitosan and 

Caffeic acid 

Chitosans of different molecular weight 

were dissolved in acetic acid (1% w/w), then 

caffeic acid and consequently carbodiimide 

hydrochloride were added to the solution. 

The activity of caffeic acid–

chitosan is strongly dependent on 

the phenolic group 

Antioxidant [126] 

Chitosan and 

Lignin 

Film was produced by solvent casting 

method. Chitosan was dissolved in lactic 

acid solution (1% w/w, 24 h, 20 °C) while 

lignin was dissolved in ethanol (24 h, 20 °C). 

Chitosan and lignin solution were mixed (24 

h at 20 °C), then Chitosan–Lignin solution 

was dyed (24 h, 25 °C, relative humidity 40 

%) 

The structure of the film is 

weakened due to the presence of 

lignin (week interaction between 

chitosan and lignin and 

aggregates formation.) Lignin 

adds scavenging properties to the 

film (highest result achieved with 

20% of lignin). 

Antioxidant [127] 

Chitosan and 

Lignin 

Lignin was dissolved in water (48 h, room 

temperature) then, acetic acid and chitosan 

were added to lignin solution and stirred 

(24 h, 20 °C). The Chitosan–Lignin solution 

was dried in air (Room temperature). 

The introduction of lignin shows 

changes in the morphology of the 

film’s surface. Cell proliferation 

was facilitated by the film’s 

characteristics (porosity and 

texture). 

Tissue engineering [128] 

Chitosan and 

Gelatin 

The gelatin solution (300 mg/L) was 

dissolved by heating and then allowed to 

react with genipin (150 mg/L) for 24 h. 

Then, the gelatin–genipin solution was 

added to the chitosan–genipin acid solution 

(chitosan 300 mg/L, 0.1 M acetic), genipin 

150 mg/L) and kept at room temperature. 

Chitosan and gelatin were bound 

by covalent bond to genipin. 

Chitosan–genipin interaction 

could be due to nucleophilic ring–

opening reaction. 

Bio–medical [129] 

Chitosan and 

Quercetin 

Quercetin (150 mg) was dissolved in NaOH 

(15 mL, 0.33 M), subsequently, H2O2 (1 mL, 

3.5 %) was added to the solution (2 h, dark). 

After that, chitosan solution (20 mL, 25 g/L, 

acetic acid 1%) was added to the solution 

and stirred for 24 h. 

Chitosan is grafted onto quercetin 

with a functionalisation degree of 

0.275 g/g (gram of quercetin / 

gram of conjugate) 

Bio–medical [130] 

Chitosan and 

quantum–dots  

N,N,N–trimethyl–chitosan, was prepared by 

dissolving chitosan (1 g) in N–methyl–2–

pyrrolidone (40 mL) and NaOH (5.5 mL, 

20%). Methyl iodide (8 mL) and sodium 

iodide (2.4 g) were added to the solution. 

N,N,N–trimethyl–chitosan shows 

remarkable effectiveness for the 

nucleation and stabilisation of 

CdS–NPs in aqueous solution 

Bio–sensor [131] 
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N,N,N–trimethyl–chitosan was produced 

after 48 h at room temperature. 

Chitosan– 
Polyhydroxybuty

rate 

Chitosan solution (26–32 mM, acetic acid–

DMSO, 150 mL, 1:14) was add to PHB 

solution (31–52 mM, DMSO or methylene 

chloride–DMSO (150 mL, 1:1.5). The 

mixture was stirred (1–5 days) and then the 

conjugate was precipitated by acetone 

First report of PHB–Chitosan 

conjugation. 

Not mentioned [132] 

Polyhydroxyalkanoates  
Polyhydroxyalkanoates (PHA) are natural polyesters produced from renewable resources by 

several microorganisms [133]. PHA are considered to be biodegradable in nature and this class of 

substances is also attracting interest as a replacement for petrochemical–based polymers. 

However, the high production costs limit their use [134]. 

Because they are considered sustainable and environmentally friendly, PHA are a potential 

alternative to petrochemical–based plastics [135]. These polymers have several desirable physical 

properties due to the monomeric units present in the polymer [134,136]. As mentioned above, 

they are synthesised from sustainable sources and considered environmental friendly unlike 

synthetic polymers [137]. Additionally, these polymers are biodegradable, making them favourable 

for use in the chemical and materials industry. For instance, polylactic acid and polybutylene 

succinate can be used instead of polypropylene and low–density polyethylene as reported 

previously by Kourmentza et al. [138] PHA applications include drug delivery [139], agricultural 

fields [140] and tissue engineering [141].  

Generally, PHA is produced under certain limited growth conditions, such as the absence 

of nutrients [142,143]. In this condition, the carbon is diverted towards PHA accumulation. Overall, 

PHA production can be divided into two steps. In the first one, microorganisms are cultivated until 

a high cell density culture is obtained. Meanwhile, in the second step, the microorganisms are 

subjected to a limitation of vital nutrients and an excess of carbon [134]. The unbalanced 

conditions cause the production and accumulation of PHA in the cells [144]. However, to become 

commercially attractive, the cost of production needs to be reduced. Nowadays, the main cost is 

related to the carbon source which corresponds to 40% of the total PHA production [134]. 

Therefore, in the last decades, several alternatives for PHA production were proposed, such as 

using different carbon sources (e.g. whey [135], glycerol [145], starch [146] and waste materials 
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[147]). Other modifications in the PHA synthesis are regarding the use of mixed microbial cultures 

mainly to reduce the manufacturing cost. In addition, volatile fatty acids have been used as a 

carbon source for PHA production [148]. The methods reported by Rowaihi et al. [149] are 

interesting, as PHB is produced by carbon dioxide in a two–step submerged fermentation process.  

Polyhydroxybutyrate 
At the beginning of the last century, the presence of sudanophilic, lipid–like inclusions in 

Azotobacter chroococcum was observed [150]. Lemoigne was the first to identify this substance as 

PHB [151]. In a short time, enough information was collected to demonstrate that PHB was used 

as an intracellular reserve for carbon. PHB is a short–chain–length polymer that shows various 

properties comparable to polypropylene. In addition, it is easily degraded in aerobic or anaerobic 

conditions to water and carbon dioxide or methane respectively by microorganisms in sewage, sea, 

soil, and lake water [152]. PHB has high melting point [153] and shows high crystallinity degree 

[154], with the crystallinity influencing both physical and mechanical properties (e.g., higher 

crystallinity affects brittleness). One of the main PHB disadvantages is its thermal instability which 

influences viscosity and molar mass. In order to address this drawback, PHB properties can be 

modified by bonding with other polymers or even by adding plasticisers or lubricants. For instance, 

poly(hydroxybutyrate–valerate) (PHBV), which is produced under certain conditions from bacteria, 

results in tougher and less stiff PHB.  

Several microorganisms are known to be able to accumulate PHB as intracellular storage of 

carbon sources used as sources of energy. For example, Ralstonia eutropha is able to store up to 

80% of PHB (the cell dry weight) using different carbon sources, such as carbon dioxide waste, 

animal waste and methanol [155]. However, limitations for bulk PHB production are related to the 

high–cost production of synthesis and recovery.  

Polyhydroxybutyrate application 
PHB has attracted increasing interest over the years. Its applications are numerous (Fig. 3). For 

example, it has been used in food packaging when coupled with ZnO [156], as well as in 

antimicrobial applications, such as in PHB–Silver nanoparticle nanocomposites [157,158]. Several 

studies are using PHB to develop drug carriers [159], bioplastics [160] and bone tissue [161]. In 

addition, it was successfully used in skin tissue engineering, food packaging [162], agriculture [163] 
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and for the stabilisation of nanomaterials [164]. Furthermore, PHB is often used to obtain 

polymeric conjugates. However, in the following section, the use of PHB in synthesis and/or 

stabilisation of various metal nanoparticles will be considered, while PHB modification will be 

discussed separately.  

 

Fig. 3 Main uses of PHB.  

Use of polyhydroxybutyrate in nanomaterial synthesis 
Several times, PHB has been reported to be a suitable material for metal nanocomposites. Yalcin 

et al. [159] reported the synthesis and characterisation of PHB–coated magnetic nanoparticles. 

The authors demonstrated that iron oxide coated by PHB could be used in drug delivery, such as 

in chemotherapeutics. The authors followed the coprecipitation synthesis procedure in which iron 

salts were dissolved in the presence of PHB. However, due to the hydrophobicity of the polymer, 

dichloromethane was used as a solvent, which is toxic to humans and the environment. 

Additionally, Sruthi et al. [165] reported on the use of PHB coupled with iron oxide nanoparticles. 

In this work, authors used PHB to encapsulate drug and nanoparticle composites in a core–shell 

structure. The authors report that these nanoparticles were able to release drugs for more than 
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165 min. In addition, antimicrobial activity was noted against Candida albicans and Pseudomonas 

aeruginosa. Other authors have investigated the use of PHB with other nanomaterials. D’Amico et 

al. [166] obtained superparamagnetic nanocomposites using iron oxide and PHB. Authors showed 

that the nanocomposite has a homogeneous optical structure. Furthermore, Castro–Mayorga et 

al. [158] reported on PHB–AgNP’s nanocomposite film synthesis and its use in antimicrobial 

applications. Authors tested this material against two common food–borne pathogens, Listeria 

monocytogenes and Salmonella enterica. They found strong antimicrobial activity in the film and 

that it bio–disintegrated in 40 days. Meanwhile, Jayakumar et al. [157] have biologically 

synthesised a PHB–silver nanocomposite using a by–product from cheese whey. The 

nanocomposite was synthesised via one–pot methods and was found to be stable and 

hydrophobic. Authors report that the nanocomposite shows antibacterial properties against E. coli 

and Pseudomonas spp. In addition, Yadav et al. [167] were able to encapsulate gold nanoparticles 

via the coffee ring approach in the PHB matrix. For this purpose, authors used an ink jet printing 

technique. Díez–Pascual et al. [156] reported about bionanocomposites PHB/ZnO produced via a 

solution casting technique. PHB/ZnO exhibit reduced water uptake and better vapour and gas 

barrier properties when compared to PHB. Meanwhile, Riaz et al. [168] used PHB to incorporate 

zinc sulfide nanoparticles in a matrix. The nanomaterials incorporated in the PHB matrix improved 

the heat resistant properties of the material. The authors reported strong compatibility between 

PHB and zinc sulfide nanoparticles. Instead, Díez–Pascual [169] used poly(3–hydroxybutyrate–co–

3–hydroxyhexanoate), a copolymer of PHB, to incorporate zinc oxide nanoparticles in its net. This 

nanocomposite was tested for food packaging application. Authors report that material with a 5.0 

wt% of nanoparticles could be used instead of synthetic plastics for food and beverage containers. 

Furthermore, PHB was used by Pope et al. [170] in sensor field. They developed a rGO–PHB 

composite suitable for biocompatible actuators, biodegradable circuits and wearable sensors. 

Similarly, Sridhar et al. [171] used PHB to develop a graphene–poly(3–hydroxybutyrate–co–4–

hydroxybutyrate) nanocomposite. This material exhibits greater thermal properties due to the 

presence of graphene. In addition, it was demonstrated that the presence of graphene doesn’t 

interfere with biodegradation. In a recent study, Damasco et al. [172] reported the use of PHB to 

coat Bismuth nanoparticles and enhance their properties. In this case, nanoparticles were used as 
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radiopacifiers. PHB has been successfully used in environmental applications as well. Wacławek et 

al. [164] used PHB for enhancing the stability and reactivity of zero valent iron nanoparticles. The 

nanoparticles produced show better removal of organic and inorganic compounds, such as 

perchloroethene and chromium(VI). 

Polyhydroxybutyrate modification 
Although PHB shows excellent characteristics in several fields, the development of PHB–based 

biomaterials to improve characteristics, such as stability, mechanical properties and solubility, is 

one of the main fields related to PHB with several articles published on the topic [173–175]. To 

modify PHB, several approaches have been proposed, such as blending, copolymerisation and 

other methods [176].  

Biocomposite films were developed using different natural products. Cao et al. [177] 

reported the production of PHB–chitosan film by mixing both polymers in chloroform (2% v/v) and 

acetic acid (1% v/v), respectively. The formed emulsion was dried to obtain a film. PHB spherulites 

were detected in the chitosan polymeric matrix by scanning electron microscopy (SEM). Authors 

indicate that PHB–chitosan material could have applications in tissue engineering. Recently, 

Lugoloobi et al. [178] reported the production of PHB–lignin nanocomposites. In this work, lignin 

nanoparticles were dispersed in a PHB matrix via an oil–in–water Pickering emulsion technique. 

Authors investigated several properties of this composite, concluding that lignin is an efficient 

nucleating agent, thus increasing the PHB crystallisation rate. In addition, the blends showed higher 

melt viscosity, higher glass transition temperature and improved UV resistance.  

Yeo et al. [179] reported on biopolymers based on poly(lactic acid) and poly(hydroxybutyrate) –

rubber copolymer (PLA/PHB–rubber). These materials exhibit good flexibility properties. Authors 

report an elongation at a break of 73% and Tg of around 30 °C. Due to these characteristics, 

PLA/PHB–rubber could be used in biomedical applications.  

Among various PHB–copolymers poly(3–hydroxybutyrate–co–3–hydroxyvalerate) (PHBV) is one of 

the most studied and used [180]. Synthesis can be achieved via synthetic procedures [180] or by 

bacterial fermentation [181]. The applications of PHBV are numerous, such as biomedical [182] 

and packaging applications [183]. For instance, Xia et al. [184] report the use of PHBV as drug 

delivery for icariin. Under the studied conditions, the proliferation of osteoblast–like cells (MG–63) 
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and pre–osteoblasts (MC3T3–E1) were enhanced. Authors envision its use in the industrial 

manufacturing of tissue engineering. In contrast, Meereboer et al. [185] report the use of PHBV 

combined with cellulose acetate for applications in food packaging. PHB modification are reported 

in Table 3.  

Table 3 modification proposed in literature 

Polymers Material 

type 

Synthesis  Sustainability Annotations Application Ref. 

PHB and 

Glycerol 

Film Film was obtained by 

thermo–compression 

method using a hydraulic 

press at 190 °C and 5 kg 

cm−2, for 15 min. 

Increased water vapor 

permeability, 

Decreased barrier 

property 

The effect of different 

glycerol–based 

additives on PHB films 

was investigated 

Not reported  [186] 

PHB and 

Epoxidised 

natural rubber 

(ENR–50) 

Film 

 

Solvent–casting methods 

[1% (w/w) solution of 

PHB/ENR–50 in 

chloroform], Evaporation 

(24 h at room 

temperature, dried under 

vacuum (48 h at 40 °C) 

Use of toxic solvent 

such as chloroform  

Melt reaction in 

PHB/ENR–50 blends 

occur during 

isothermal annealing 

(temperature range 

184 to 199°C). The 

heat of reaction 

increases as the PHB 

and ENR–50 content 

increases 

Not reported [187] 

PHB, Chitin and 

Chitosan 

Film  Films were produced by 

solution–cast method, 

using Hexafluoro–2–

propanol as solvent. PHB, 

chitin and chitosan were 

dissolved separately. 

Once obtained, 

homogenised solution 

chitin and chitosan were 

mixed with PHB solution. 

Therefore, solutions were 

kept at room 

temperature for 10 days 

and finally dried at 60 °C 

for 5 days under vacuum. 

Use of toxic solvent 

such a Hexafluoro–2–

propanol. 

Biodegradable 

polymer blend  

The degree of 

crystallinity of PHB 

decreased upon 

blending with 

polysaccharides. PHB 

blends with chitosan 

show significant 

suppression of PHB 

crystallisation. 

Not reported [188] 

PHB and Soda 

lignin 

Pellets Lignin and PHB were 

mixed by Haake minilab 

twin screw. The 

temperature was kept at 

175 °C for 2 min. 

High temperature 

required, 100 °C for 12 

h, 175 °C for 2 min. 

Soda lignin improve 

the PHB overall 

thermal stability. 

Intermolecular 

interactions between 

soda lignin and PHB 

were favoured at 

concentration of 40% 

of lignin. 

Not reported [189] 
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PHB and starch Film  PHB and starch were 

mixed with hot 

chloroform and film was 

produced by solvent–

casting method. 

Use of toxic solvent, 

such as chloroform 

Films had a single glass 

transition temperature 

for all the proportions 

of PHB:starch tested. 

The PHB:starch ratio 

0.7:0.3, was found to 

be optimal to enhance 

the tensile strength. 

Bioplastic [190] 

PHB and 

Polylactic acid 

Sheets PLA and PHB were mixed 

in a Haake polylab torque 

rheometer (175 °C 10 

min). Then, the material 

was hot–pressed (180 °C) 

Required 20-ton lab 

press and high 

temperature 

PLA can improve the 

mechanical properties 

of PHB. The blend 

shows improved 

tensile properties 

(compared to PLA). 

The biodegradability of 

blends correlated this 

PHB content. 

Not reported [191] 

PHB, Polylactic 

acid and 

Oligomeric lactic 

acid 

Fibres The solutions for 

electrospinning were 

prepared in a mixture of 

solvents (chloroform and 

N,N–dimethyl–

formamide ratio 80:20) at 

80 °C for 2 h. 

Biodegradable fibres. 

Use of toxic solvents, 

such as chloroform 

and N,N–dimethyl–

formamide 

Oligomeric lactic acid 

at concentration of 15 

wt% and 20 wt% affect 

the interaction 

between PLA and PHB 

by forming uniform 

crystals. 

Agricultural  

PHB and 

Cellulose 

nanocrystals 

Film PHB was dissolved in 

Dimethylformamide at 

116 °C, and mixed with 

cellulose nanocrystal 

solution (2, 4 and 6 wt% 

in Dimethylformamide). 

Then the mixed solution 

was kept at 80 °C for 12 h. 

Use of toxic solvent, 

such as 

Dimethylformamide 

By increasing cellulose 

nanocrystals 

concentration, tensile 

strength and Young’s 

modulus are 

enhanced. 

The film showed 

reduced water vapor 

permeation compared 

to pure PHB. Improved 

UV barrier properties. 

Packaging [192] 

PHB and Wood 

waste fibres 

Film PHB–Wood waste fibres 

composite was obtained 

using a Brabender 

LabStation (165 °C, 

8 min). Then the film was 

obtained using a two–roll 

mill (130 °C). 

Use of a hot press 

(175 °C, 10 MPa) 

The composite showed 

improved thermal 

stability, higher 

crystallinity and a shift 

in the glass transition 

to higher 

temperatures 

Not reported [193] 

PHB and Chitin 

nanocrystals 

Film PHB/Chitin nanocrystals 

composite was obtained 

by mixing PHB and Chitin 

nanocrystals in 

chloroform (60 °C). The 

sample was vacuum 

dried. 

Use of toxic solvent, 

such as chloroform 

Pristine chitin 

nanocrystals was 

found to be a good 

nucleation agent for 

the crystallization of 

PHB.  

Not reported [194] 
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PHB and n–

hydroxyethyl 

acrylamide 

Scaffolds Test was performed 

under vacuum, 0.35 g of 

PHB were mixed in 2.5 

mL of and n–hydroxyethyl 

acrylamide and dissolved 

in a solvent. The sample 

was irradiated by 

gamma–ray (1.5 kGy/h) 

Use of solvent and 

gamma–ray source 

(60Co) 

High fibroblasts 

adhesion and survival 

was promoted by 

amine group 

Medical [195] 

PHB and agave 

fibre 

Sheets The material was 

prepared using mixer 

Haake Rheomix (6 min at 

180 °C). The blend was 

dried in oven (8 h at 60 

°C) 

Use of waste material 

(waste of tequila 

production) 

PHB thermal property 

was not affected (fibre 

addition). While 

crystallinity and Tm 

were enhanced adding 

fibres 

Not reported [196] 

 

Catalysis 
Environmental catalysis plays a vital role in sustainable development through the creation of new 

catalysts with improved characteristics. By catalysis, it is possible to resolve several environmental 

problems (e.g., catalysts are used for pollutants degradation [197], carbon dioxide reduction [198] 

and hydrogen production [199]). 

Overall, catalysis can be divided into two big groups named homogeneous and heterogeneous 

catalysis. As far as homogeneous catalysis is concerned, the catalysts are in the same phase as the 

reactant, usually in liquid form. Homogeneous catalysts are often soluble transition metal 

complexes that offer some advantages compared to heterogeneous catalysts (higher selectivity, 

and more mild reaction conditions). Heterogeneous catalysis involves the use of a solid metal oxide 

or metal catalyst, while the reactants are in the liquid or gaseous phase. Nowadays, heterogeneous 

catalysis covers around 80% of all chemicals, with a market size of $34 billion in 2019 with an 

expected growth of ~4% per year [200].  

 As the figure shows (Fig. 4), obtaining a new chemical compound (product) from the 

starting molecule’s chemical reaction involves breaking the chemical bond and forming a new one. 

However, for chemical bond breaking and the formation of new ones to occur, the energy barrier 

would have to be overcome [200]. Because energy barriers determine the rate of reaction, the use 

of catalysts can reduce it and then boost the reaction with a faster formation of the product. 
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Fig. 4 Simplified representation of a catalytic reaction, with and without catalyst (based on [200]).  

 The heterogeneous catalytic application covers both reduction and oxidation processes. 

Several metal nanoparticles can be used in these processes, (e.g., noble metals are employed with 

great success in hydrogenation processes) [201]. In contrast, iron is often used for the activation 

of various oxidants, such as hydrogen peroxide (Fenton reaction) and persulfates used for the 

oxidation of pollutants in water [202]. Several reports in literature show the use of TMNPs as 

catalysts for the hydrogenation of various compounds, (e.g., gold, silver, platinum and palladium 

nanoparticles are often used for the catalytic hydrogenation of nitroarenes) [39,203–205].  

To the best of my knowledge, Haruta et al. [206] in 1987 were the first to use gold 

nanoparticles as catalysts. Since then, gold nanoparticles were also considered superb catalysts at 

low temperatures. Gold nanoparticles are able to catalyse many chemical reactions, from which 

nitroarenes hydrogenation is one of the most popular [206]. The hydrogenation of one of the most 

known nitroarene - 4–NP, yields 4–aminophenol (4–AM). 4–AM is an important compound in many 

applications such as being used as a corrosion inhibitor, photographic developer and drying agent. 

Furthermore, 4–AM is an intermediate for acetaminophen synthesis [206]. The method frequently 

used for 4–NP conversion to 4–AM involves NaBH4 as electron donor and TMNPs as a catalyst. 

However, TMNPs, in some cases, may not work as catalysts. Therefore, the functionalisation of the 

TMNPs’ surface can greatly enhance the activity of the catalyst. The surface functionalisation of 

TMNPs can be done using several substances, such as enzymes, natural extracts and polymers. For 
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instance, polyethylene glycol (PEG) is a well know stabiliser of TMNPs. Seo and co–workers [207] 

used a double hydrophilic block copolymer (polyethylene oxide–block–polyacrylic acid) to enhance 

the catalytic performance of Au nanoparticles, reporting a turnover frequency of 800 h-1 through 

the hydrogenation of nitroarenes. In addition, Asharani et al. [208] investigated the use of PEG 

core dendrimer having hydroxyl groups for the production and catalytic use of silver nanoparticles. 

Among the biopolymers, chitosan found wide applications in this field. In recent work, Zhu 

et al. [209] reported the use of chitosan as a reducing/stabilizing agent for the synthesis of gold 

nanoparticles with different shapes. These nanoparticles were used for the catalytic hydrogenation 

of 4–NP, showing enhanced properties. 

 As already mentioned, TMNPs can also be used for the activation of various oxidants, such 

as hydrogen peroxide [210] and persulfates [37] for the generation of free radicals. The radicals 

produced this way can be employed for the degradation of water contaminants like dyes and 

pharmaceuticals. In this scenario, several nanomaterials can be used; however, one of the most 

studied is nZVI. Indeed, in addition to its surface reactions, nZVI may be used as a slow–releasing 

supply of ferrous iron. Therefore, the impressive number of works related to nZVI + oxidant is not 

surprising, especially for the activation of persulfate (PDS). The main reactions involved in the 

formation of free radicals from PDS are reported in Eqs. (2–8). 

4Fe0 + S2O8
2- + 3O2 + 12H+ → 4SO4

•− + 6H2O + 4Fe3+                           (2) 

Fe0 + 2S2O8
2- → 2SO4

2- + 2SO4
•− + Fe2+                           (3)    

Fe0 + S2O8
2- → Fe2+ + 2SO4

2-                 (4) 

S2O8
2− + Fe2+ → SO4

•− + SO4
2− + Fe3+                  (5) 

H2O + SO4
•− → •OH + SO4

2− + H+                        (6) 

Fe0 → Fe2+ + 2e−                           (7) 

Fe3+ + e− → Fe2+                           (8) 

However, in this case, surface functionalisation also plays a key role in boosting the 

activation of, for example, PDS and getting more free radicals. For instance, Toshima [211] points 

out that proper stabilisation of TMNPs can enhance the catalytic activity and selectivity of the 

materials. 
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RESULTS AND DISCUSSION 
During my PhD studies, I published a total of 25 articles of which 3 reviews (in addition, 1 is 

under review and 5 more are in preparation). Furthermore, I was directly involved in the 

development of a new method for persulfate determination. This method has been patented. From 

the scientific papers, four were selected for this thesis. All published manuscripts not selected for 

this thesis are attached for informational purposes.  

As mentioned above, polymers are widely used for the stabilisation and synthesis of 

nanoparticles. Chitosan and PHB are both non–soluble in water, therefore finding a solution to this 

problem could increase their use. In addition, authors reported enhanced properties of copolymers 

compared with homopolymers [212]. Furthermore, the development of a polymer conjugate with 

enhanced properties of each of its constituents could find applications in different fields [212]. 

Aforementioned, chitosan and PHB have water solubility deficiencies, which limit their use. 

Therefore, the first part of the work focused on the literature search to find possible ways to 

conjugate these polymers. From the literature search, it was found that a previous method was 

reported by Yalpani [132]. In this work, the research team was able to conjugate chitosan and PHB; 

however, the proposed method uses toxic solvents such as dichloromethane. Once Yalpani's work 

was found, my research focused on a greener version of this method that avoids use of toxic 

solvents. In order to reach this goal, several conditions were tested. Different ratios of chitosan to 

PHB were examined (4.16:1 to 1:1), as well as the influence of the type of acids and their 

concentration were tested (acetic acid, hydrochloric acid or nitric acid). In addition, the influence 

of time, temperature and ultrasounds were evaluated. It was found that under optimised 

conditions [pH 2.3, ratio 4.16:1 (chitosan:PHB), ultrasound 30 min at 80 °C], PHB formed a soluble 

conjugate with chitosan. 

Chitosan–polyhydroxybutyrate conjugate (Cs–PHB) was characterised by several 

techniques, such as FTIR, 1H NMR, 13C NMR and gel permeation chromatography (GPC), which 

confirmed the successful conjugation process. Furthermore, a theoretical approach – density 

functional theory (DFT) model – verified our hypothesis on successful conjugation (Fig. 5). The DFT 

model shows the presence of C–H (~2930 cm-1) on Cs–PHB spectra, which indicate the increased 

PHB content as was stated for experimentally obtained FTIR (increase in intensity of the stretching 
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C–H vibration band). Furthermore, the typical peak of PHB (ester group, 1720 cm-1) was recorded 

in Cs–PHB spectra obtained by the DFT model (similarly to the experimentally obtained data). 

 

Fig. 5 Density functional theory (blue) and FTIR (green) of Chitosan, PHB and Cs–PHB conjugate. 

(DFT wavenumbers were shifted by –100 cm-1). The structures/frequencies (example shown in Fig. 

6) were examined (with ORCA software [213]) by DFT calculations at the B3LYP/def2SVP level. Data 

were elaborated by Multiwfn software [214]. 

The theoretical model is in good agreement with the experimental data and confirms that the 

amino groups of the chitosan reacted with the ester groups of the PHB forming the amide bond 

(Fig. 6).  
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Fig. 6 Cs–PHB conjugate model (structure optimized with the ORCA software [213], at the 

B3LYP/def2SVP level). Represented are elements C (grey balls), O (red balls), N (blue balls), and H 

(white balls). The molecule was visualized with the Avogadro program [215]. 

 Once the Cs–PHB conjugate was obtained, it was used for the greener synthesis of 

several TMNPs, such as gold, silver and bimetallic platinum–palladium. In addition, the bio–

conjugate was used to stabilize nZVI.  

The obtained nanoparticles were tested for catalytic nitroarene hydrogenation (gold, silver 

and bimetallic) and for PDS activation (nZVI).  
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A poly(3–hydroxybutyrate)–chitosan polymer conjugate for the synthesis of safer 

gold nanoparticles and their applications 
 

Abstract: A facile and eco–friendly approach is developed for the synthesis of a poly(3–

hydroxybutyrate)–chitosan (PHB–chit) polymer conjugate, which is an ideal material for the 

synthesis of safer gold nanoparticles (nAu). The synthesized products are characterized by various 

electron–based, optical and spectroscopic techniques including the catalytic activity and the 

stability/toxicity of nAu. In contrast to the conventional synthesis approaches, the use of PHB–chit 

results in generation of a highly stable and size–controlled nAu material that exhibits important 

catalytic activity towards the reduction of 4–nitrophenol (4–NP) to 4–aminophenol (4–AM), and at 

the same time shows no toxicity against living bacterial systems such as Escherichia 

coli or Staphylococcus aureus. The synthesis route reported herein would inspire future 

developments that circumvent toxicity issues of relevance to living systems while performing 

common catalytic experimentation. 

 

Citation: Silvestri, D.; Wacławek, S.; Sobel, B.; Torres-Mendieta, R.; Novotný, V.; Nguyen, N.H.A.; 

Ševců, A.; Padil, V.V.T.; Müllerová, J.; Stuchlík, M.; et al. A poly(3-hydroxybutyrate)-chitosan 

polymer conjugate for the synthesis of safer gold nanoparticles and their applications. Green Chem. 

2018, 20, 4975–4982. 

Impact Factor: 11 (2021), citations 29 (WOS 25.01.2023) 
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The use of a biopolymer conjugate for an eco-friendly one-pot synthesis of 

palladium-platinum alloys 
 

Abstract: Raising health and environmental concerns over the nanoparticles synthesized from 

hazardous chemicals have urged researchers to focus on safer, environmentally friendlier and 

cheaper alternatives as well as prompted the development of green synthesis. Apart from many 

advantages, green synthesis is often not selective enough (among other issues) to create shape–

specific nanoparticle structures. Herein, we have used a biopolymer conjugate and Pd and Pt 

precursors to prepare sustainable bimetallic nanoparticles with various morphology types. The 

nanoparticles were synthesized by a novel green approach using a bio–conjugate of chitosan and 

polyhydroxybutyrate (Cs–PHB). The bio–conjugate plays the simultaneous roles of a reducing and 

a capping agent, which was confirmed by attenuated total reflection Fourier transform infrared 

spectroscopy (ATR–FTIR) and energy dispersive X–ray spectrometry (EDS) analysis, proving the 

presence of a Cs–PHB layer on the surface of the prepared nanoparticles. The EDS profile also 

revealed the elemental structure of these nanoparticles and confirmed the formation of a Pd/Pt 

alloy. TEM morphological analysis showed the formation of star–like, octahedron or decahedron 

Pd/Pt nanoparticles, depending on the synthesis conditions. The bimetallic Pd/Pt nanoparticles 

synthesized with various Pd/Pt molar ratios were successfully applied for the catalytic reduction of 

4–nitrophenol to 4–aminophenol by borohydride. The calculated κc values (ratio of kapp to the 

concentration of the catalyst) revealed that the decahedron nanoparticles (size of 15 ± 4 nm), 

synthesized at the molar ratio of 2:1 (Pd/Pt), temperature of 130 °C, 10 g/L of Cs–PHB conjugate 

and time of 30 min, exhibited excellent catalytic activity compared to other bimetallic 

nanoparticles reported in the literature. 

 

Citation: Silvestri, D.; Wacławek, S.; Ramakrishnan, R. K.; Venkateshaiah, A.; Krawczyk, K.; Padil, 

V.V.; Sobel, B.; Černík, M. The Use of a Biopolymer Conjugate for an Eco-Friendly One-Pot Synthesis 

of Palladium-Platinum Alloys. Polymers 2019, 11, 1948. 
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Synthesis of Ag nanoparticles by a chitosan-poly(3-hydroxybutyrate) polymer 

conjugate and their superb catalytic activity 
 

Abstract: This work describes an eco–friendly and sustainable technique for the synthesis of silver 

nanoparticles (nAg), where chitosan–poly(3–hydroxybutyrate) polymer conjugate (Chit–PHB) acts 

as a reducing and stabilizing material. The ensuing nanoparticles show an exceptional catalytic 

activity in the reduction of 4–nitrophenol to 4–aminophenol. nAg were characterized by several 

techniques, SEM and TEM–EDX, to confirm their production, size and morphology. Furthermore, 

infrared spectroscopy analysis proved the presence of a Chit–PHB coating on the nAg. The excellent 

catalytic properties of the nAg–Chit–PHB was discernible when the activity parameter (κc) 

normalized by the specific surface area (SSA) of the nanoparticles was taken into consideration; 

normalization of κc by the SSA is a vital parameter for the assessment of the accessibility to the 

surface area of particles. Herein synthesized Ag nanoparticles, as far as we know, exhibited the 

fastest reaction kinetics of 4–nitrophenol reduction compared to the silver nanoparticles reported 

in the literature. 

 

Citation: Silvestri, D.; Wacławek, S.; Venkateshaiah, A.; Krawczyk, K.; Sobel, B.; Padil, V.V.T.; Černík, 

M.; Varma, R.S. Synthesis of Ag nanoparticles by a chitosan-poly(3-hydroxybutyrate) polymer 

conjugate and their superb catalytic activity. Carbohydr. Polym. 2020, 232, 115806  

Impact Factor: 10.7 (2021), citations 19 (WOS 25.01.2023) 
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Modification of nZVI with a bio-conjugate containing amine and carbonyl functional 

groups for catalytic activation of persulfate 
 

Abstract: Although the catalytic activation of persulfate by iron is now common in environmental sciences, 

there are still several obstacles, including the non–selectiveness and high cost of the production of the iron 

catalyst. Therefore, it is essential to develop fast and easy methods for producing an iron catalyst that 

exhibits high surface area properties and rapid catalytic activation of persulfate. In the present work, a 

chitosan–poly(3–hydroxybutyrate) conjugate (CS–PHB) was used to improve the synthesis of nanoscale 

zero–valent iron (nZVI). CS–PHB possesses among others two functional groups (carbonyl and amine) that 

are desirable for catalytic applications, including heterogeneous persulfate activation. The produced CS–

PHB–nZVI particles showed an extensive surface area (113 m2/g) and, at the same time, superior activity in 

heterogeneous catalysis, which was tested and compared with others persulfate activation methods (heat, 

Fe2+, commercial nZVI). The most suitable activation conditions for complete degradation of 0.15 mM of the 

model pollutant (methyl orange; MO) were determined (i.e., a pH of 7, persulfate and CS–PHB–nZVI 

concentrations of 2 mM and 50 mg/L, respectively). The role of temperature in MO oxidation was evaluated 

by the Arrhenius equation, and the results showed that the estimated activation energy (Ea) was 

27.1 kJ/mol. The MO degradation may be attributed to the generation of SO4
− in the system as a result of 

scavenging tests. A magnet can be used to easily separate the remaining catalyst. It is believed that due to 

it having several advantages over traditionally used nZVI, CS–PHB–nZVI may be successfully applied for 

catalytic remediation of contaminants that are reactive towards sulfate radicals. 
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72 
 



73 
 



74 
 



75 
 



76 
 



77 
 



78 
 



79 
 



80 
 



81 
 



82 
 

 



83 
 

CONCLUSIONS 
My work demonstrated the feasibility of conjugating chitosan and PHB in a greener procedure 

under certain conditions. Cs–PHB conjugate was characterised by several techniques. In addition, 

Cs–PHB was employed for the greener synthesis of several nanostructures. Furthermore, the 

synthesis conditions were studied by investigating the influence of parameters, such as the 

concentrations of Cs–PHB and metal salt precursors, as well as temperature. From this 

investigation, results emerged that Pd/Pt nanoparticles can change shape under certain conditions 

by varying the synthesis procedure. Data on degradation kinetics using TMNPs reveal that the 

nanoparticles coated by Cs–PHB exhibit extraordinary behaviour through 4–NP hydrogenation. 

Parameters such as pseudo–first order kinetics, activity parameter and specific surface area were 

used to describe the catalytic performance of nano–catalysts. Furthermore, Cs–PHB–nZVI, due to 

the large surface area recorded by Brunauer–Emmett–Teller theory, was used as a persulfate 

activator for the degradation of a model pollutant with extraordinary results. As a long-term 

impact, it is belived that the Cs–PHB polymer conjugate can find application in other fields such as 

greener food packaging. 
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