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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 puL/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,



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~?, activity parameter = 151 L g™ s™! and activity parameter/specific surface
area = 11.6 L m™2 s7%). 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.



Abstract

Biopolymery vzbuzuji zdjem kvali rdznym charakteristikam, vcetné biokompatibility,
antibakteridlnich vlastnosti a stabilizace rliznych nanostruktur. Kromé toho, nékteré mohou také
pusobit jako redukéni Cinidlo pro syntézu nanocastic. Nékolik biopolymerU je navic také biologicky
odbouratelnych, coz? je dulezity bod pro vyvoj nezdvadnych produktl. Mezi biopolymery pfitahly
chitosan a polyhydroxybutyrdt (PHB) zajem mnoha vyzkumnik( po celém svété. Vzhledem k
nékterym jejich vlastnostem je vsak pouziti téchto biopolymer( v nékterych oblastech, jako je
katalyza a syntéza nanostruktur, omezené. Jeden z hlavnich problémU souvisi s rozpustnosti téchto
dvou polymerd ve vodé pfi neutrdlnim pH. Chitosan je rozpustny za kyselych podminek, zatimco
PHB potfebuje organicka rozpoustédla, jako je chloroform, aby byl solubilizovan. Nalezeni Setrného
enviromentalniho zpUsobu, jak konjugovat chitosan a PHB a ucinit polymerni konjugat rozpustnym
ve vodé v Sirokém rozmezi pH, by tak mohlo otevfit nové perspektivy ve vyzkumu. Prikladem by
mohlo byt pouziti pro zelenou syntézu a stabilizaci nanocastic, a pro zlepsSeni jejich katalytického
chovani. Prvni Cast prace je proto zaméfend na ziskani polymerniho konjugatu chitosan—
polyhydroxybutyratu (Cs—PHB). Konjugat byl ziskan za pouZiti postupu pro konjugaci chitosanu s
kyselinou listovou. Cilem bylo minimalizovat pouZiti toxickych rozpoustédel. Pro syntézu Cs—PHB
byla totiz jako rozpoustédlo pouZita pouze okyselena voda (kyselina dusi¢nd, 310 pL/100 mL). Pro
potvrzeni Uspésné konjugace byly chitosan, PHB a Cs—PHB charakterizovany rdznymi technikami,
jako je nukledrni magnetickd rezonance, gelova permeacni chromatografie a infracervena
spektroskopie s Fourierovou transformaci. Pfiznivy vysledek konjugacniho postupu byl navic
potvrzen také teorii funkce hustoty.

Dal$im dosazenym cilem bylo vyuziti konjugatu Cs—PHB pro syntézu rdznych kovovych a
bimetalickych nanocastic. Nejprve byly syntetizovany zlaté nanocastice podle postupu zelené
syntézy. Konjugat byl pouZit jako zelené redukcni/uzaviraci Cinidlo. Cs—PHB—Au vykazovaly vyssi
katalytickou aktivitu prostfednictvim hydrogenace nitroaren(l nez nanocastice zlata syntetizované
pouze za pouziti chitosanu jako redukéniho/uzavieného Cinidla (asi 0 20 % vyssi). Déle je pomoci
konjugatu Cs—PHB mozné modulovat tvar nanocastic, jak bylo prokdzano pfi syntéze bimetalickych
nanocastic Pd/Pt. Upravou syntézy byly ziskdny nano&astice tfi riiznych tvard. Kromé toho, rlizné

ziskané bimetalické nanocastice vykazuji odliSnou katalytickou aktivitu ve srovnani s 4-



nitrofenolem. Dale bylo také moZné syntetizovat stfibrné nanocastice podle zeleného pfistupu.
Postup vyvinuty s ohledem na postupy uvadéné v literatufe (syntéza nanocastic stfibra pomoci
chitosanu) ma radu vyhod, jako je zkraceni doby a nizsi teplota syntézy. Nanocastice stribra
syntetizované pomoci Cs—PHB jako redukcéniho/uzavieného cinidla navic vykazovaly mimoradné
vysledky pro hydrogenaci 4—NP (zddnliva kineticka konstanta prvniho fadu = 0,921 min™, parametr
aktivity = 151 L g! s™* a parametr aktivity / mérny povrch = m™ s71). Nakonec byl Cs—PHB poufzit
jako zelené kryci Cinidlo pro stabilizaci nZVI a zvySeni jeho katalytickych vlastnosti. Vysledky
naznacuji, Ze vysledky oxidace modelového polutantu (jako oxidant byl pouzZit persiran) Ize pficist
pfitomnosti funkénich skupin na povrchu Cs—PHB—NZVI.

Tato prace ukazuje potencidlni pouzitelnost biokonjugdtu ziskaného bez pouziti toxickych
rozpoustédel jako ucinného redukéniho/uzaviraciho Cinidla rznych nanostruktur. Syntetizované

nanocastice vykazovaly zvySenou katalytickou aktivitu v redukénich i oxidacnich procesech.

Kli¢ova slova: Bio—konjugat, Nanocastice, Katalyzatory, Redukce, Oxidace.



Contents

ABBREVIATIONS. ... ettt ettt ettt ettt st sttt ettt e b e s bt e s ae e s ae e et e e beeebeesheesaeesate et e enbe e beenbeesaeeenseentean 10
INTRODUCTION ....etteitesiteeite ettt ettt sttt sttt e bt e s b e s bt e sat e sat e et e e b e e bt e sbeesbeesateeate e beesbeesseesaresmnesabeeneenes 11
(1 110 PRSP 14
(01T o Y- o B PP T PV P ST PPTOTOPRRPP 15
CITOSEN USE «.nttieitte ettt ettt et ettt ettt e st e st e e bt e e s bt e e sab e e sabeesabeeesubeesasbeesabeesabeeesabeesaseeesnteesnenesareesn 20
Use of chitosan in Nanomaterial SYNTNESIS c...uuiiiii et s e e e raae e e e rarae e e s ssaeeeeas 20
ChitoSan MOITICATION .eeuteetieetieeie ettt ettt sttt b e bt e s beesaeesae e et e ebeesbeesbeesanenas 23
POlYNYArOXYAIKANOGEES ...vviiiieiiiee ittt ettt s e s st e e e sate e e e s abe e e e s abaeeesataeeeensaeeeennsaeeeennseaaenns 25
o1V 1Yo 10D AV o TU LY =Y TSP 26
PolyhydroxXybutyrate appliCation i e e s e e e rrae e e e ae e e esrraeeean 26
Use of polyhydroxybutyrate in nanomaterial SYNthesiS. ... iiie i 27
Polyhydroxybutyrate MoOdifiCatioN.......cucuiei it e e e e e e e earae e e e eabaeeesenaeeeean 29
(07 1= LY USSR 32
RESULTS AND DISCUSSION ...ttt ssssnsnsnnns 35

A poly(3—hydroxybutyrate)—chitosan polymer conjugate for the synthesis of safer gold nanoparticles
] alo R daT=ITr=Yo] o] [ or=) dlo] o L3RRS 38

The use of a biopolymer conjugate for an eco-friendly one-pot synthesis of palladium-platinum alloys 47

Synthesis of Ag nanoparticles by a chitosan-poly(3-hydroxybutyrate) polymer conjugate and their

0] o 1T o or= ) €= 1 VAt (ol ot V1 Y AP UPR 62
Modification of nZVI with a bio-conjugate containing amine and carbonyl functional groups for catalytic
a1V Y d o a W o) A o T=] EYU L] = USSR 71
CONGCLUSIONS ...ttt ettt ettt et s a et e s bt e at e bt e st emeesbeeatesbesh e e beebeeme e bt eatensesaeenteebeentensesaeeneesneeneas 83
ATEACIMENTS ..ttt s e st st et e e bt e bt e s he e st s r e e n e bt e r e reeeaeeeareene s 84



ABBREVIATIONS
PHB — Polyhydroxybutyrate

TMNPs — Transition metal nanoparticles

4—NP — 4—nitrophenol

4—AM — 4—aminophenol

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

10



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.

Jons 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' (WQOS 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 | Reference
(nm)
Top— Gold Ball milling Gold powder was milled (4, 8, 12, 16, and 20 h) using tungsten 22 [15]
down carbide (10 mm) and zirconia balls (3 mm).
methods
Gold Laser ablation A gold plate was placed in sodium dodecy! sulfate aqueous 1-5 [16]
solution (10 mL). Then, the gold was irradiated by laser (1064
nm or 532 nm at 10 Hz).
Platinum Laser ablation A platinum plate was placed in sodium dodecyl sulfate aqueous | 1-7 [17]
solution (10 mL). Then, the gold was irradiated by laser (1064
nm or 532 nm at 10 Hz).
Bottom— | Gold Physical vapor Deposition was carried out by a custom—built DC magnetron ~1.5 [18]
up deposition sputterer (2.5 mTorr, Argon).
methods

TiO2 Sol gel method | A solution containing 0.3 mL anhydrous ethanol, 0.15 mL 5-10 [19]
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.

Iron Chemical FeCls:6H20 (1g) was dissolved in ethanol (50 mL), then, a ~80 [20]
reduction sodium borohydride solution (1 g, 50 mL D.l.) was added
dropwise.
Silver Hydrothermal Silver nitrate solution (15 mL 3.40 g) was added to glucose 45-65 | [21]
synthesis 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).

Gold Solvothermal HAuUCls (50 ulL 30 wt %) acidic solution was added to oleylamine | 7-9 [22]
method 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.

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

13



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 (B—(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 a— and B—chitin. While, the existence of y—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].

a—chitin is the most abundant form of chitin found in fungi, insects, crustacea and yeast.
While, B—chitin occur in Siboglinidae, squid pens and some worms to form microtubules [52]. The
crystal structure of a—chitin consists of two antiparallel molecules per unit cell, whereas B—chitin
has only one molecule per unit cell, in a parallel arrangement [53]. Both a— and B—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 a— and B—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 HCI 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 (C2H30)

and the formation of the amino group (NH.) (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%.

a) _

CH,OH CH0H
o o

OH Oon

\O

i |
NH NH
1 |

o=c o=c
| |
CH3 CH;

Deacetylation

b)

CH,OH CH,0OH
o) o
OH OH
| |
NH; NH2

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 a— and B—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), tH-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™ (amide 1) and 3450 cm™ (hydroxyl groups) are the

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

DDA % = 100 — 21652 115 (1)

3450

Where Aigsy refers to the peak absorbance at 1652 cm™ and Assso to the peak absorbance at 3450
cm™. With equation 1 it is understandable that the lower the peak of amide | (1652 cm™), 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 cmtand 3450 cm™ 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, *H-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
Ni?*, Zn?*, Co?*, Fe?*, Mg?* and Cu?*, 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. Coliand 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 microorganismes.

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 TMINPs 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 HAuCls 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 Fes30s/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 y—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 isironinits zero valent form. Therefore, it not surprising that there is a large amount
of work reported in literature.

Ferreira et al. [114] synthesised chitosan/Fe®/Fe;03 and used as an H,0, 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
Fe30a 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

guantum—dots

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.

remarkable effectiveness for the
nucleation and stabilisation of
CdS—NPs in agueous solution

Substance Synthesis Annotations Application Ref.
Chitosan and Chitosans of different molecular weight The activity of caffeic acid— Antioxidant [126]
Caffeic acid were dissolved in acetic acid (1% w/w), then | chitosan is strongly dependent on

caffeic acid and consequently carbodiimide the phenolic group

hydrochloride were added to the solution.
Chitosan and Film was produced by solvent casting The structure of the film is Antioxidant [127]
Lignin method. Chitosan was dissolved in lactic weakened due to the presence of

acid solution (1% w/w, 24 h, 20 °C) while lignin (week interaction between

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

Chitosan and lignin solution were mixed (24 | aggregates formation.) Lignin

h at 20 °C), then Chitosan—Lignin solution adds scavenging properties to the

was dyed (24 h, 25 °C, relative humidity 40 film (highest result achieved with

%) 20% of lignin).
Chitosan and Lignin was dissolved in water (48 h, room The introduction of lignin shows Tissue engineering | [128]
Lignin temperature) then, acetic acid and chitosan | changes in the morphology of the

were added to lignin solution and stirred film’s surface. Cell proliferation

(24 h, 20 °C). The Chitosan—Lignin solution was facilitated by the film’s

was dried in air (Room temperature). characteristics (porosity and

texture).

Chitosan and The gelatin solution (300 mg/L) was Chitosan and gelatin were bound Bio—medical [129]
Gelatin dissolved by heating and then allowed to by covalent bond to genipin.

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

Then, the gelatin—genipin solution was could be due to nucleophilic ring—

added to the chitosan—genipin acid solution | opening reaction.

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

150 mg/L) and kept at room temperature.
Chitosan and Quercetin (150 mg) was dissolved in NaOH Chitosan is grafted onto quercetin | Bio—medical [130]
Quercetin (15 mL, 0.33 M), subsequently, H202 (1 mL, with a functionalisation degree of

3.5 %) was added to the solution (2 h, dark). | 0.275 g/g (gram of quercetin /

After that, chitosan solution (20 mL, 25 g/L, gram of conjugate)

acetic acid 1%) was added to the solution

and stirred for 24 h.
Chitosan and N,N,N—-trimethyl—chitosan, was prepared by | N,N,N-trimethyl—chitosan shows Bio—sensor [131]
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N,N,N—trimethyl—chitosan was produced
after 48 h at room temperature.

Chitosan— Chitosan solution (26—32 mM, acetic acid— First report of PHB—Chitosan Not mentioned [132]
Polyhydroxybuty | DMSO, 150 mL, 1:14) was add to PHB conjugation.
rate 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

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

stabilization

Environmental
remediation

discussed separately.

Pharmaceutical
industry

Food industry

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. Diez—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, Diez—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. Wactawek 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 foricariin. 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

lignin

mixed by Haake minilab
twin screw. The
temperature was kept at
175 °C for 2 min.

required, 100 °C for 12
h, 175 °C for 2 min.

the PHB overall
thermal stability.
Intermolecular
interactions between
soda lignin and PHB
were favoured at
concentration of 40%
of lignin.

Polymers Material | Synthesis Sustainability Annotations Application | Ref.
type
PHB and Film Film was obtained by | Increased water vapor The effect of different Not reported [186]
Glycerol thermo—compression permeability, glycerol-based
method using a hydraulic | Decreased barrier additives on PHB films
press at 190 °C and 5 kg | property was investigated
cm2, for 15 min.
PHB and Film Solvent—casting methods Use of toxic solvent Melt reaction in Not reported [187]
Epoxidised [1% (w/w) solution of such as chloroform PHB/ENR-50 blends
natural rubber PHB/ENR-50 in occur during
(ENR-50) chloroform], Evaporation isothermal annealing
(24 h at room (temperature range
temperature, dried under 184 to 199°C). The
vacuum (48 h at 40 °C) heat of reaction
increases as the PHB
and ENR-50 content
increases
PHB, Chitin and Film Films were produced by Use of toxic solvent The degree of Not reported [188]
Chitosan solution—cast method, such a Hexafluoro—2— crystallinity of PHB
using Hexafluoro—2— propanol. decreased upon
propanol as solvent. PHB, | Biodegradable blending with
chitin and chitosan were polymer blend polysaccharides. PHB
dissolved separately. blends with chitosan
Once obtained, show significant
homogenised solution suppression of PHB
chitin and chitosan were crystallisation.
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.
PHB and Soda Pellets Lignin and PHB were High temperature Soda lignin improve Not reported [189]
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PHB and starch Film PHB and starch were Use of toxic solvent, Films had a single glass | Bioplastic [190]
mixed with hot such as chloroform transition temperature
chloroform and film was for all the proportions
produced by solvent— of PHB:starch tested.
casting method.
The PHB:starch ratio
0.7:0.3, was found to
be optimal to enhance
the tensile strength.
PHB and Sheets PLA and PHB were mixed Required 20-ton lab PLA can improve the Not reported [191]
Polylactic acid in a Haake polylab torque | press and high mechanical properties
rheometer (175 °C 10 temperature of PHB. The blend
min). Then, the material shows improved
was hot—pressed (180 °C) tensile properties
(compared to PLA).
The biodegradability of
blends correlated this
PHB content.
PHB, Polylactic Fibres The solutions for Biodegradable fibres. Oligomeric lactic acid Agricultural
acid and electrospinning were Use of toxic solvents, at concentration of 15
Oligomeric lactic prepared in a mixture of such as chloroform wt% and 20 wt% affect
acid solvents (chloroform and and N,N—dimethyl— the interaction
N,N—dimethyl— formamide between PLA and PHB
formamide ratio 80:20) at by forming uniform
80 °Cfor2 h. crystals.
PHB and Film PHB was dissolved in Use of toxic solvent, By increasing cellulose Packaging [192]
Cellulose Dimethylformamide at such as nanocrystals
nanocrystals 116°C, and mixed with Dimethylformamide concentration, tensile
cellulose nanocrystal strength and Young's
solution (2, 4 and 6wt% modulus are
in Dimethylformamide). enhanced.
Then the mixed solution
was kept at 80°C for 12h. The film showed
reduced water vapor
permeation compared
to pure PHB. Improved
UV barrier properties.
PHB and Wood Film PHB—Wood waste fibres Use of a hot press The composite showed | Not reported [193]
waste fibres composite was obtained (175 °C, 10 MPa) improved thermal
using a Brabender stability, higher
LabStation (165 °C, crystallinity and a shift
8 min). Then the film was in the glass transition
obtained using a two—roll to higher
mill (130 °C). temperatures
PHB and Chitin Film PHB/Chitin nanocrystals Use of toxic solvent, Pristine chitin Not reported [194]

nanocrystals

composite was obtained
by mixing PHB and Chitin
nanocrystals in
chloroform (60 °C). The
sample was vacuum
dried.

such as chloroform

nanocrystals was
found to be a good
nucleation agent for
the crystallization of
PHB.
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PHB and n— Scaffolds Test was performed Use of solvent and High fibroblasts Medical [195]

hydroxyethyl under vacuum, 0.35 g of gamma-—ray source adhesion and survival
acrylamide PHB were mixed in 2.5 (®°Co) was promoted by
mL of and n—hydroxyethyl amine group

acrylamide and dissolved
in a solvent. The sample
was irradiated by
gamma-—ray (1.5 kGy/h)

PHB and agave Sheets The material was Use of waste material PHB thermal property Not reported [196]
fibre prepared using mixer (waste of tequila was not affected (fibre
Haake Rheomix (6 min at production) addition). While
180 °C). The blend was crystallinity and Tm
dried in oven (8 h at 60 were enhanced adding
°C) fibres
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™ 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, TMINPs 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 Egs. (2—8).

4Fe® + 5,082 + 30 + 12H* —> 4504° + 6H,0 + 4Fe3* (2)
Fe© + 25,082 —> 25042 + 2504°~ + Fe?* (3)
Fel + S;08% — Fe?™ + 2S504% (4)
$208%" + Fe?" — SO4°™ + S04 + Fe?* (5)
H20 + S04°~ — "OH + SO4%~ + H* (6)
Fe® > Fe?" +2e” (7)
Fe* +e > Fe?* (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, | published a total of 25 articles of which 3 reviews (in addition, 1 is

under review and 5 more are in preparation). Furthermore, | 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, TH NMR, 3C 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™) 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™) was recorded

in Cs—PHB spectra obtained by the DFT model (similarly to the experimentally obtained data).
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Fig. 5 Density functional theory (blue) and FTIR (green) of Chitosan, PHB and Cs—PHB conjugate.

(DFT wavenumbers were shifted by =100 cm™). 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).

36



O 55
b - e, @
o,

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.
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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, 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

Received 7th August 2018,
Accepted 24th September 2018

DOI: 10.1039/c8gc02495b

rsc.li/greenchem catalytic experimentation.

Polymers, the macro-molecules that are formed by concate-
nated sub-units, are present in many materials of daily use
and it is not surprising that the development of new techno-
logies is causing their continuous buildup. However, intensive
research on the manufacturing of polymers should be
accompanied by socially responsible development of clean and
sustainable greener processes that should lead to the
production of desirable materials devoid of environmentally
detrimental effects." In this context, two polymers have
garnered the attention from the scientific society: chitosan
and poly(3-hydroxybutyrate) (PHB).

Chitosan, a linear polymer of a1 — 4)-linked 2-amino-2-
deoxy-p-n-glucopyranose (Fig. 1a), is a naturally occurring
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abundant cationic polymer mainly extracted from shrimps,
crawfish and crabs,” and besides being antimicrobial® and bio-
compatible,® it has shown a remarkable ability for the removal
of chromium,” arsenic,® copper,’ lead,' and oil from water,""
including usage in drug delivery’” and biomedical appli-
cations."® However, chitosan has a major solubility problem; it
is soluble only under acidic pH conditions and not in a
neutral/basic medium, thus restricting its use. Additionally, it
can only be dissolved in specific organic acids including
acetic, citric, formic, lactic, propionic and succinic acids, and
in a few inorganic ones, ie. hydrochloric, phosphoric and
nitric acids.™

PHB, a member of the group of polyhydroxyalkanoates
(Fig. 1b), formed as a carbon reserve in a wide variety of bac-
teria (prokaryotes and eukaryotes),'” and under suitable
growing conditions, can be sustainably extracted on a large
scale from waste materials (e.g. waste activated sludge);'**® it
exhibited outstanding potential for in  situ  bio-
remediation.’”" Likewise, due to its compatibility with the
blood and tissues of mammals,* it has great potential to
address current issues in the food packaging industry and
pharmacology, micro-capsule manufacturing or in the syn-
thesis of materials for cell and tablet packaging often deployed
in therapy or drug delivery. For all the aforementioned appli-
cations, it is inevitable to solubilize PHB in water or other eco-
friendly solvents. Unfortunately, PHB is completely insoluble

Green Chem.,, 2018, 20, 4975-4982 | 4975
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Fig. 1 Structure (in mildly acidic medium) of (a) chitosan, (b) poly(3-
hydroxybutyrate) and (c) PHB—chit conjugate.

in water,” but soluble in several chlorinated organic solvents
such as chloroform,**?® dichloromethane, and 1,2-dichlor-
oethane, among others,*® which are mostly toxic and not envir-
onmentally friendly.?”2°

In the present work, the conjugation of both the polymers
is envisioned which addresses both drawbacks at the same
time, overlapping the different polymer properties and
enabling its use as a non-toxic reducing/stabilizing agent for
the synthesis of metal nanoparticles (NPs).

Polymer conjugates have been successfully used in many
applications where their properties have been widely exploited,
e.g. in materials science,’® waste water treatment,’ and drug
delivery systems® and in the synthesis and stabilization of
nanoparticles.”® The polymer conjugates or electrolytic com-
plexes with chitosan are feasible because under acidic con-
ditions, chitosan has a positive charge and inter alia the posi-
tive charge can generate conjugates with polymers that have a
negative charge,* which is the case for PHB.

Although the synthesis of gold nanoparticles with chitosan
as a reducing® ™ and stabilizing**™** agent is known, hitherto
the unprecedented greener synthesis of nanoparticles using a
PHB-chit conjugate (Fig. 1c) brings forth interesting properties
namely high nanoparticle stability, enhancement of catalytic
activity, and importantly products with reduced toxicity.
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The as-synthesized nAu were thoroughly characterized
using Transmission Electron Microscopy (TEM) images,
Energy-Dispersive X-ray spectroscopy (EDX) spectra, size distri-
bution, surface charge, plasmon resonance frequency, conju-
gate formation kinetics and toxicity to both Gram-negative
(Escherichia coli) and Gram-positive (Staphylococcus aureus)
bacteria. Additionally, its catalytic activity was evaluated,
the major factors influencing being the size, shape and
stability.">** Furthermore, the surface functional groups of
the stabilizing agent can also influence the -catalytic
behaviour.”*® Therefore, in our present work, the various
sizes of the nAu and the diverse functional groups (chitosan,
PHB) were tested for the catalytic reduction of 4-nitrophenol to
4-aminophenol.

Materials and methods
Reagents and solution

Chitosan (physical form 75-85% deacetylated, low molecular
weight: 50-190 kDa), HAuCl, (99.999%), 4-nitrophenol
(ReagentPlus >99%) and sodium borohydride (98%) were pur-
chased from the Sigma-Aldrich company. Polyhydroxybutyrate
(PHB, Biomer P209) was purchased from Biomer (Krailing,
Germany). Nitric acid (65%), acetic acid (98%) and hydro-
chloric acid (37%) were purchased from Lach-Ner. Deionised
water (18.2 MQ cm, ELGA, Veolia Water, Marlow, UK) was used
in all experiments. Bacterial strains of Gram-negative
Escherichia coli (E. coli CCM3954) and Gram-positive
Staphylococcus aureus (S. aureus CCM3953) were obtained from
the Czech Collection of Microorganisms (CCM, Masaryk
University, Brno, Czech Republic).

Analytical methods

Attenuated total reflection Fourier transform infrared spec-
troscopy (ATR-FTIR) spectra were acquired at 4000-700 cm™"
(with a resolution of 4 em™) using a germanium ATR crystal
(NICOLET 1710, Thermo Scientific, USA) equipped with a
single reflection angle 45° horizontal ATR accessory. An ultra-
violet-visible spectrometer (UV-Vis; Hach Lange DR 3900)
with matched 1 cm cuvettes was employed for recording the
absorption spectra. Transmission electron microscopy (TEM)
investigations were undertaken with a field-emission trans-
mission electron microscope (FEI Titan 80300 TEM/STEM
from FEI Company) with a super twin lens operated at 300 kV
and equipped with an annular dark-field detector. The energy-
dispersive X-ray spectroscopy (EDX) analysis was conducted to
determine the presence of various elements in the synthesized
nanoparticles, using an EDX system (Oxford Instruments,
AZtec) with an X-Max detector attached to a Scanning Electron
Microscope (SEM; model UHR FESEM Carl Zeiss ULTRA Plus).
The differential centrifugal sedimentation (DCS) technique
was used for the particle size distribution analysis
(DC24000UHR, CPS Instruments Inc., USA). The DCS measure-
ments were made at a disc rotation speed of 24 000 rpm and in
an 8-24% (w/w) sucrose density gradient. Prior to each sample

This journal is © The Royal Sodety of Chemistry 2018
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measurement, the instrument was calibrated using the PVC
nanosphere standard (238 nm). The zeta potential was deter-
mined in a freshly prepared suspension using a Zetasizer ZS
(Malvern Instruments Ltd, UK). Measurements were performed
with autocorrelation functions of 10 seconds; each result was
the average of triplicate measurements.

Bacterial viability assay (‘spot test’)

The maintenance and preparation of bacterial strains before
the experiment were conducted in accordance with Darwish
et al*” The ‘spot test’, described in detail, by Aruoja et al.*®
was used to evaluate the ability of the toxicant-exposed bac-
teria to form colonies on agar after 24 h exposure to the nano-
particles. Briefly, 100 pl of the bacterial suspension was added
to 100 ul of polymer/nanoparticle solutions with various con-
centrations in a diluted soya nutrient broth (Sigma Aldrich;
3 g I'") in 96-well microplates (Immunoplate, SPL Life
Sciences). Bacteria exposed to both nAu dispersions were incu-
bated in 96-well microplates for 24 h at 37 °C without shaking.
Each bacterial strain was analyzed in each microplate to elim-
inate cross-contamination. After 24 h of exposure, 5 pl of the
cell suspension from each microplate well was pipetted as a
‘spot’ onto plate count agar (Bio-Rad) and the inoculated
agar plates were incubated for 24 h at 37 °C. The minimal
inhibitory concentration (MIC) of the tested material was
determined as the lowest tested nominal concentration of a
material, which completely inhibited the ability of the cells to
form visible colonies.

Preparation of reagents and NPs

A chitosan solution was prepared by adding 0.5 g of chitosan
in 100 ml of deionized water at pH 2.3 (for solubilization and
partial depolymerization of chitosan) and stirred with a mag-
netic stirrer for one hour; the pH was adjusted with nitric,
acetic or hydrochloric acid and the type of acid did not cause
any significant changes in the solubility of polymers nor in the
conjugation process.

The chitosan stock solution was mixed with PHB in the
ratio of 4.16:1 (w/w) in a 200 ml volume glass vessel. The
conjugation of PHB-chit was achieved by using a modified
method for the conjugation of chitosan with folic acid.*’ First,
the chitosan solution was stirred for 5 min with a magnetic
stirrer and then PHB was introduced. Afterwards, this solution
was stirred (in the dark) for 16 hours, being sonicated before
and after this period (Autotune 750 W, Bioblock Scientific;
equipped with a probe and operating at a frequency of 20 kHz)
for 30 min (at 80 °C), to facilitate the synthesis process.’® The
PHB-chit conjugate was completely soluble and after filtration,
dialysis (Sigma-Aldrich, MWCO 12 kDa) and lyophilization, it
was stored in a refrigerator for further use. The molecular
weights of PHB and PHB-chit were determined by gel per-
meation chromatography (GPC) to be 3 and 260 kDa, respect-
ively (Fig. S1 and S27).

The nAu were synthesized with chitosan (nAu-chit) in
accordance with the procedure described by Huang et al.’” The
chitosan solution was added to HAuCl, in a closed vial at

This journal is © The Royal Society of Chemistry 2018
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80 °C and the sample was obtained by performing centrifu-
gation 4 times at 13 500 rcf for one hour. Similarly, nAu were
prepared with PHB-chit (nAu-PHB-chit) via the addition of
the PHB-chit solution to HAuCl, in a closed glass vial, and at
different time intervals, the sample was obtained by centrifu-
gation (4 times, 13500 rcf for one hour) as reported by
Robertson et al.;”" the effects of the synthesis time, the dose of
the gold precursor, and the use of the PHB-chit conjugate
were then evaluated.

Testing the catalytic effect

The catalytic properties of nAu-PHB-chit were assessed for the
reduction of 4-nitrophenol (0.1 mM) to 4-aminophenol by
NaBH, (0.03 M) in 1.5 ml cuvettes (reaction mixture volume:
1 ml). For clarification, the addition of 1 nmol of Au (atoms)
corresponds to a Au concentration of 1.97 x 10™* g 17" in the
volume of the reaction mixture; the Au concentration in the
samples was determined by ICP-MS (Elan 6000, PerkinElmer,
USA). The 4-nitrophenol concentration was determined from
the absorbance (UV-Vis) at 401 nm in a continuous measure-
ment. The reaction rate was fitted by the pseudo-first order
kinetic model.**

Results and discussion
Dissolution of PHB in chitosan under acidic conditions

Due to the insolubility of PHB in water, PHB was dissolved by
mixing with chitosan to form the PHB-chit conjugate. To
attain the optimal conditions, various chitosan doses (2-5
g 17"), PHB doses (1-2 g 17"), chitosan to PHB ratios (4.16: 1 to
1:1), pH (2.3 to 6.0) and acids used (acetic acid, hydrochloric
acid or nitric acid) were evaluated to obtain a transparent solu-
tion without any sediment; appropriate amounts of acetic,
hydrochloric and nitric acids were chosen in accordance with
the literature.*** It was found that under optimized con-
ditions, PHB formed a soluble conjugate with chitosan
(1.2 g1 of PHBand 5 g 17" of chitosan).

Fig. 2 shows PHB sediments due to its insolubility in water
(Fig. 2b), in contrast to the sample containing the PHB-chit
conjugate in which the precipitates were not observed (Fig. 2c).
These conditions were used in the entire study.

Fig. 2 (a) Chitosan solution (5 g ™), (b) sedimented PHB (1.2 g 1), (c)
PHB~-chit conjugate solution (1.6 g 1%, and (d) nAu synthesized and
stabilized with the PHB—chit conjugate.
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Optimal parameters for nAu-PHB-chit preparation

One of the main goals of this research work was to assess the
PHB-chit conjugate as a reducing agent for the preparation of
gold NPs. The nAu have remarkable optical properties
(Fig. S31) due to their typical surface plasmon resonance (SPR)
frequency. The absorption (determined by UV-Vis spec-
troscopy) and the evaluation of the NP size (determined with
DCS, Fig. S41) were used to determine the influence of several
parameters on the synthetic performance. The synthesis time
was varied from 1 to 90 min and the amount of PHB-chit con-
jugate from 0.2 to 3.0 g 17! at two concentrations of HAuCl,
(either 0.25 or 0.50 mM).

The increase in the absorption of light at 530 nm confirmed
the formation of nAu; the enhancement of the absorption
value occurs with the reaction time increments indicating the
nAu concentration. In the case of HAuCl, with an initial con-
centration of 0.25 mM, the absorption increases almost line-
arly with time, but for the more concentrated precursor, the
curve has an S-shape, a sigmoidal curve, exhibiting the degree
of functionalization on the material’s surface.”” In this
context, from 0 to 35 min, there is no evidence of attachment
of molecules to the NP surface, and from 45 min and beyond,
the NP surface is saturated with molecules.

Based on the UV-Vis and DCS results, an optimum syn-
thesis time of 45 min was selected for further experiments,
because of a narrow size distribution of ensued small NPs
(below 25 nm), which could be synthesized on a larger scale.
The concentrations of PHB-chit and the HAuCl, precursor
(Fig. S5 and S67) were chosen to be 1.6 g 1! and 0.25 mM,
respectively, for the ideal outcome.

nAu-PHB-chit characterization

To ascertain the functional groups, present in chitosan, PHB,
PHB-chit conjugate and the composite, nAu-PHB-chit, a
detailed ATR-FTIR analysis was carried out (Fig. 3).

In the PHB spectrum, the band at 1724 cm™' was deter-
mined as the most relevant peak ascribable to the ester group
(0O-C=0) of PHB. The spectrum of chitosan showed various
bands: the first one can be seen at ~3300 cm™', representing
O-H and N-H bonds, the band at ~2900 cm™ is compatible
with symmetric or asymmetric -CH,~ stretching vibrations, the
band at ~1600 cm™" represents the NH, group, and the band
at 1100 cm™ ' represents the -C-O-C- glycosidic linkage.

This analysis agrees with the literature documentation.
The spectra of the PHB-chit conjugate showed a decrease in
the characteristic absorption peak at ca. 1600 cm™ (NH,)
while the absorption peak (amide type II) at 1555 cm™
increased in intensity, confirming that the amino groups on
chitosan reacted with the ester groups of PHB to form the
amide bond (Fig. 3 and S7A7).**

Moreover, an increase in the intensity of the C-H stretching
vibration band at 2930 em™" can further affirm an increased
PHB content when compared to the chitosan alone. These
results are in accordance with recent reports concerning chito-
san derivatives®®*” and 'H NMR and ">C NMR analyses have

56,57
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Fig. 3 ATR-FTIR analysis of (a) PHB, (b) chitosan, (c) PHB—chit conju-

gate, and (d) nAu—PHB—chit (the areas marked by dashed squares are
shown in Fig. S77).

provided additional proof of PHB-chit conjugation (Fig. S8
and S9,T respectively).®

On the other hand, the spectrum of the organics found on
the surface of nAu-PHB-chit shows significant changes, when
compared to the precursor materials. The peak at 3440 cm™
probably corresponds to the secondary amide stretching. As
can also be observed, the ester group of PHB (1724 cm™') has
significantly changed. Moreover, the varying weak intensity of
chitosan bands in the fingerprint (<1500 cm™") region may be
explained in view of its small amount on the nAu surface. It
can be discerned that the hydroxyl groups of the PHB-chit con-
jugate are most likely used in the process of gold salt reduction
as stated previously’*>®" and the chitosan part of the conju-
gate is consumed. This hypothesis was further validated as it
was found that formic acid is generated during the nAu syn-
thesis corroborating previous reports by Pestov et al®* and
Nazirov et al.*®

The micrographs from TEM and energy-dispersive X-ray
spectroscopy show spherical and aspherical NPs with relatively
homogeneous sizes (Fig. 4).

Moreover, the selected area electron diffraction (SAED) pat-
terns, acquired for nAu-PHB-chit, exhibit a ring structure,
which is typical of polycrystalline gold nanoparticles.
According to the data sheets of the Joint Committee on
Powder Diffraction Standards (JCPDS) for face centered cubic
(fec) Au crystals (JCPDS: 04-0784), the rings were indexed to
[111], [200], [220] and [311] as reflections of fcc Au for the
corresponding d-spacings of 0.235 nm, 0.203 nm, 0.144 nm
and 0.123 nm.

The particle size distributions obtained by TEM and DCS
were found to be very similar, which confirms the high pre-
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a)

Fig. 4 (a) and (b) TEM images of nAu—PHB~—chit with the median par-
ticle sizes of 23 and 41 nm (synthesized by two different approaches), (c)
size distribution of nAu-PHB-chit (with the median particle size of
23 nm) and (d) EDX analysis of nAu—PHB—chit; the inset of (a) shows the
selected area electron diffraction (SAED) pattem for nAu—PHB—chit.

cision measurement using the DCS instrument (Fig. S4f).
Furthermore, the EDX analysis (Fig. 4d) shows the presence of
gold, carbon, oxygen and nitrogen which confirms the pres-
ence of protective PHB-NH- layers on the surface of nAu-
PHB-chit. The bond between the amino group of chitosan and
the carboxyl terminal of PHB was previously observed by
Yalpani et al®® However, herein, this conjugate was exploited
to utilize chitosan as a reducing agent and PHB as a stabilizer
which is normally difficult to achieve due to the insolubility of
PHB in nontoxic solvents. The amide groups comprising PHB-
chit molecules can coordinate with Au ions via a weak covalent
linkage as reported by Leff et al®* and Priyadarshini et a
The creation of the nAu-NH- bond can impart electrostatic
stabilization to the synthesized particles.”” Additionally, the
negatively charged PHB can provide stronger electrostatic
repulsion, thus stabilizing the particles and preventing their
agglomeration.

165

Colloidal stability of nAu-PHB-chit

The zeta potential is an important parameter characterizing
inter alia the stability of colloids and can be used to assess the
NP aggregation capability. In accordance with Honary et al.,*®
the zeta potential above +30 mV produces good stability, while
that around +20 mV gives only short-term stability and a value
smaller than +5 mV indicates fast aggregation. In our case, the
analysis of NP zeta potential revealed a large difference
between NPs synthesized with chitosan alone and with PHB-
chit conjugates; the zeta potential of nAu synthesized with
chitosan is —4.4 + 0.5 mV, whereas the zeta potential of nAu-
PHB-chit is —27.4 + 0.1 mV. Therefore, the nAu-chit tends to
agglomerate rather quickly, while nAu-PHB-chit presents this
tendency in a much slower manner.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Toxicity of nAu—chit and nAu—PHB—chit conjugate to bacteria,
Escherichia coli and Staphylococcus aureus. Toxicity was assessed by
the colony—forming ability of the bacteria after contact with the nano-
particles for 24 h. The red circle with crosses shows the minimum inhibi-
tory concentration (MIC).

Table 1 The effects of chit, PHB, PHB—chit, nAu—chit and nAu—-PHB-
chit on the growth of E. coli and S. aureus®

Tested concentration  E. coli S. aureus

Sample (mg1™) MIC (mg1™") MIC (mgl™)
Chit 3.12-50 25 =

PHB 3.12-50 = =

PHB-chit 3.12-50 — —

nAu-chit 3.12-50 6.25 12.5
nAu-PHB-chit  3.12-50 - -

“The tested concentration was chosen in the application range. ‘~": no

effect of bacterial growth. The different observed effect is in accord-
ance with the results from Regiel-Futyra et al.®”

Testing for toxicity

The 24 h ‘spot’ assay clearly showed that nAu-chit inhibited
the growth of E. coli and S. aureus at a very low concentration,
6.25 and 12.5 mg 17", respectively, whereas the nAu-PHB-chit
conjugate instigated no such effect against bacteria at concen-
trations up to 50 mg 17" (Fig. 5 and Table 1). Our study agrees
with the previous report showing that nAu synthesized with
chitosan inhibited S. aureus ATCC 25923 and P. aeruginosa
ATCC 27853 when the Au precursor concentration was
10 mM.*” Engineered particles are designed to meet a wide
range of desired properties for varied applications in diverse
fields. If they are toxic by design, they can be modified again
to be safer in terms of environmental or health hazard or can
be used as biocide or additive materials; nAu are generally con-
sidered safe for many applications,®®® although our results
clearly point out the importance of the stabilization agent in
terms of toxicity. In this respect, herein, we report for the first
time that the stabilization of nAu with PHB-chit can generate
a safer and biodegradable material with no negative effects
against the Gram-positive and Gram-negative bacteria; several
applications namely the detection of hormones and proteins
in the blood, bone implants, drug or vaccine delivery, and
tumor therapy can be envisioned, among others.

Catalytic effect of nAu towards the reduction of 4-NP

Both samples, nAu-chit and nAu-PHB-chit, were evaluated for
the catalytic reduction of 4-nitrophenol to 4-aminophenol by
catalytic hydrogenation (using NaBH, as the hydrogen donor).
The determined rate constants of the 1** order kinetics (k) are
different for both types of nAu exhibiting a linear behavior
over time (Fig. 6a); while k is 0.57 min™" for nAu-chit, it is
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Fig. 6 (a) Pseudo-first-order model (solid lines) for the catalytic
reduction of 4-nitrophenol to 4-aminophenol using nAu—-PHB-chit and
nAu—chit catalysts, (b) comparison of the rate constants of 4-nitro-
phenol reduction with catalysts synthesized using nAu—PHB—chit and
nAu—chit, and (c) the change in the activity and conversion of nAu—
PHB—chit (data taken after 5 min of the reaction time) with 5 repeated
cycles. The concentrations of nAu (nAu-PHB-chit and nAu-chit) and
4-NP are the same in all experiments — 2.74 x 1072 g I™* (139 nmol) and
0.1 mM, respectively; the standard deviation between the measurements
is less than <5%.

about 20% higher for nAu-PHB-chit (0.739 min"). The evalu-
ation of nAu-PHB-chit was also conducted for various sizes of
nAu to seek the correlation between their size and the rate con-
stants, the highest being exhibited for the smallest sized par-
ticles in the tested range of —23 nm (Fig. S10af). Fig. 6b shows
a comparison between k constants for both samples at their
highest performance level, and nAu-PHB-chit shows the
highest values; the influence of the nAu-PHB-chit dose on k
can be found in Fig. S10b.{ Based on this, it can be concluded
that the use of the conjugate plays a key role in the catalytic
reduction of 4-nitrophenol.

Since the concentration and the particle size distribution of
both catalysts were the same, it could be safely concluded that
the enhanced reaction kinetics (of 4-NP reduction) could be
rationalized in terms of different functional groups on the sur-
faces of these particles.”” The activity and reusability are both
of significant value for an effective catalyst. With the intention
of examining nAu-PHB-chit reusability, the same material was
used repeatedly up to 5 times for the reduction of 4-nitro-
phenol. As can be seen in Fig. 6¢, the conversion % stayed
roughly unaffected, while the catalyst’s activity reduced to 81%
with the 5™ use. The NP activity was determined based on the
reduction of the reaction rate constants in comparison with
the initial one. The decline in the catalytic efficacy could be
due to the loss of smaller nAu-PHB-chit during the retrieval
of the catalysts by centrifugation.

Conclusions

The current research presents a prospect of conjugating two
green polymers (PHB and chitosan) and their application in
the synthesis and stabilization of gold nanoparticles. The inso-
lubility of both polymers (especially PHB) in water could be cir-
cumvented as their conjugate under determined optimum con-
ditions is readily soluble and can be used for the reduction of
the gold salt and the stabilization of the ensuing nano-
particles. Gold nanoparticles were synthesized from the pre-
cursor salt, HAuCl,, and the optimal synthetic conditions

4980 | Green Chemn., 2018, 20, 4975-4982
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(synthesis time of 45 min, precursor concentration of
0.25 mM, PHB-chit conjugate of 1.6 g 1"*) were chosen based
on UV-Vis and size distribution (DCS) analyses.

Furthermore, the high stability of nAu-PHB-chit was con-
firmed by zeta potential analysis. A 24 h ‘spot’ assay clearly
showed that nAu-chit inhibited the growth of E. coli and
S. aureus at very low concentrations of 6.25 and 12.5 mg 17},
respectively, while nAu-PHB-chit caused no harm to these
bacteria at the tested concentrations up to 50 mg 17"
Moreover, both nAu-chit and nAu-PHB-chit were assessed for
the catalytic reduction of 4-nitrophenol by NaBH,. The deter-
mined rate constants of the 1** order kinetics showed that the
use of the conjugate improves the catalysis by 20%. The results
reported herein provide newer perspectives for the greener syn-
thetic approaches applicable to other nanoparticles that may
improve conventional catalysis via the creation of bio-
degradable and recyclable catalysts, which are not harmful to
the living systems in the environment.
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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 kc 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.
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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 kc 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.

Keywords: green synthesis; biopolymers; bimetallic nanoparticles; catalytic reduction; 4-nitrophenol

1. Introduction

The raising health and environmental concerns over nanoparticles synthesized from hazardous
chemicals, which are also often economically unfeasible, have urged researchers to focus on safer,
environmentally-friendlier and cheaper alternatives. These reasons have prompted the development
of green nanoparticle syntheses, which are safe and adhere to the green chemistry approach [1].
Biopolymers, which are abundantly available and easily biodegradable, are promising materials for
providing an environmentally-benign synthesis of nanomaterials. These natural polymers have been

Polymers 2019, 11, 1948; doi:10.3390/polym11121948 www.mdpi.com/journal/polymers
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successfully used as reducing, stabilizing and capping agents in the synthesis of nanoparticles [2—4],
allowing alterations in the nanoparticle size [5] and shape [6]. Furthermore, the different functional
groups present in these biopolymers can actively contribute to the improvement of metallic nanoparticle
catalytic reactions [7,8]. A typical example of a simple monometallic and bimetallic nanoparticle
synthesis is the one-step reduction and stabilization of Au and Ag nanoparticles [9,10].

Chitosan is considered one of the most studied biopolymers in the literature, and has been
successfully used in different applications such as the synthesis and stabilization of various different
nanoparticles [11-13], bio-medical applications [14], drug delivery [15], water treatment [16] and many
other uses [17-19]. Chitosan is obtained from chitin, which is mainly extracted from crustacean shell
wastes [20]. While its non-toxicity for mammals and biodegradability make it popular, its insolubility
in water is one of its drawbacks.

Another biopolymer that is starting to gain interest in different scientific fields is
poly(3-hydroxybutyrate) (PHB), which can be produced by different bacteria [21] and also from
waste materials [22,23]. It is usually used as a carbon source in in-situ bioremediation [24], a drug
delivery carrier [25], a biodegradable bioplastic [26], and a stabilizing agent for nanoparticles [27].
However, difficulties such as the solubility of PHB in only organic solvents, which are toxic to both
humans and the environment [28,29], need to be addressed to achieve good dispersions for synthesis.

Motivated by the above situation, our group developed a water-soluble conjugate of chitosan
and PHB, which was successfully applied to control not only the growth and aggregation of the Au
nanoparticles but also their surface properties [30].

Due to interactions between two metals and their unique and more flexible surface structures
in comparison to monometallic nanoparticles, bimetallic nanoparticles have gained precedence over
traditional heterogeneous catalysts due to their excellent catalytic activity [31]. The nanoparticle
surface area plays a key role in heterogeneous catalysis because it is directly correlated to the catalyst
active sites on which the catalytic reactions are taking place. Moreover, the nanoparticles are often
easily recovered from the reaction medium, and they possess steric environments within their active
sites, both features that can positively influence the catalytic activity [32]. Among the noble metals,
both palladium (Pd) and platinum (Pt) are well known for their unique characteristics, and both are
used successfully in different scientific fields, including catalysis [33-38]. Due to the fact they have
similar face-centred cubic (fcc) crystal structures and a high lattice match (lattice mismatch of 0.77%),
palladium and platinum are highly miscible [39,40].

We propose a one-pot, quick and green synthesis of decahedral Pd/Pt using solely Pd and Pt
precursors and a Cs-PHB bio-conjugate as a reducing reagent. Based on our previous studies, we
hypothesize that Cs-PHB cannot only help to control the growth and aggregation of the nanoparticles
but also to tailor their catalytic activity. To the best of our knowledge, this is the first report to use
Cs-PHB for the green synthesis of bimetallic nanoparticles. In addition, we believe in the simplicity of
this procedure for obtaining decahedron Pd/Pt bimetallic nanoparticles. The synthesized nanoparticles
were characterized by ATR-FTIR, TEM, and EDS, and successfully tested on the standard reduction
reaction of the 4-nitrophenol (4-NP) to 4-aminophenol (4-AP).

2. Materials and Methods

2.1. Reagents and Solutions

Chitosan (low My, of 50-190 kDa, 75%-85% deacetylated), sodium borohydride (98%),
4-nitrophenol (ReagentPlus, >99%), K,PdCly (98%), PtCly (96%) were purchased from Sigma—-Aldrich
(Saint Louis, MO, USA); polyhydroxybutyrate (PHB, Biomer P209) from Biomer (Krailing, Germany);
nitric acid (65%) from Lach-ner (Neratovice, Czech Republic). Deionized water (DI; 18.2 MQ-cm™!,
ELGA, Veolia Water, Marlow, UK) was used in all of the experiments.
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2.2. Analytical Methods

ATR-FTIR spectra were recorded at a resolution of 4 cm™! over the 4000~700 cm™ range using a
NICOLET 17210 spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with a germanium
ATR crystal and a single reflection angle 45° horizontal ATR accessory. The UV-Vis spectroscopic
analysis was performed using a DR 3900 UV-Vis spectrophotometer (Hach Lange, Loveland, CO, USA)
equipped with 1 cm quartz cuvettes. High-resolution transmission electron microscopy (HR-TEM)
analysis was carried out using transmission electron microscopy/scanning transmission electron
microscopy (TEM/STEM) system (Titan 80-300, FEI, city, state abbrev if USA, country) with a super
twin-lens operated at 300 kV and equipped with an annular dark field detector. The presence of various
elements in the obtained nanoparticles was analysed using energy-dispersive X-ray spectroscopy (EDX,
Aztec, Oxford Instruments, Abingdon, UK). ICP-MS (Elan 6000, Perkin Elmer, Waltham, MA, USA)
was used to determine the Pd/Pt concentration.

2.3. Preparation of Cs-PHB Conjugate

The conjugate was prepared following the procedure reported previously by our group [30].
Briefly, a chitosan solution was made by adding chitosan (0.5 g) to acidified deionized water (100 mL)
and stirring to obtain a homogeneous solution. Subsequently, PHB (0.12 g) was added to the mixture
and stirred overnight at 80 °C. The resulting solution was sonicated for 30 min at 80 °C, purified by a
dialysis tube, and finally freeze-dried.

2.4. Synthesis of Bimetallic Nanoparticles

Pd/Pt bimetallic nanoparticles were synthesized following a modified co-reduction method of
Lim et al. [41]. Briefly, K,PdCly and PtCly were dissolved in DI to get two (Pd and Pt) stock solutions
with a concentration of 10 mM each. Both solutions were stirred for 5 minutes in order to dissolve the
salts. Cs-PHB was dissolved in DI to get a stock solution of 20 g/L. Subsequently, a certain amount
of palladium and platinum precursor stock solutions (0.5 mL of Pd and 0.5 mL of Pt precursor stock
solution for the Pd:Pt ratio of 1:1; 0.25 mL of Pd and 0.5 mL of Pt precursor stock solution for the Pd:Pt
ratio of 1:2; 0.5 mL of Pd and 0.25 mL of Pt precursor stock solution for the Pd:Pt ratio 2:1) were added
to the Cs-PHB solution (2.5 mL), the volume was raised to 5 mL by adding DI. The reactor was heated
(130-150 °C) for 30 min following the procedure reported by Venkateshaiah et al. [42]. The reaction
was stopped by cooling down the samples in cold water. The obtained nanoparticles were washed
three times with deionized water and stored in a refrigerator (4 °C) for future use.

2.5. Catalytic Test

The catalytic test of 4-NP reduction to 4-AP by NaBH, was carried out in a standard 1 cm path
length quartz cuvette. The procedure was reported previously by Baruah et al. [43]. A typical test
involves the mixing of 24 pL of 4-NP (5 mM), and an excess of NaBHj (120 uL of 0.1 M) in an Eppendorf
tube (1.5 mL). A certain amount of nanoparticles was added, and the volume was adjusted to 1 mL
using DI water. Then the solution was immediately transferred into a quartz cuvette and the absorbance
was recorded by UV-Vis at regular intervals. All of the tests were carried out at room temperature
(25 °QC) in triplicate. An excess of NaBH, (12 mM of NaBH, and 0.12 mM of 4-NP) was used in the
reduction process.

3. Results and Discussion

Pd/Pt nanoparticles were synthesized under different conditions (temperature from 130 to 150 °C)
and using different ratios of Pd and Pt precursors (from 1:2 to 2:1). The resulting particles were
characterised by ATR-FTIR, HR-TEM and EDS. Three types of nanoparticles synthetized at a constant
temperature but at different metallic ratio were also compared for their catalytic activity.
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3.1. Characterization of the Nanoparticles

3.1.1. ATR-FTIR

An ATR-FTIR analysis was performed to examine the functional groups located on the Pd/Pt
bimetallic nanoparticles (Figure 1). The peak observable at ~1724 cm™! in the PHB spectrum (Figure 1a)
may be attributed to the ester group present in the PHB. The chitosan spectrum shows a peak at
~3300 cm™! due to the O-H and N-H bonds, whereas the peak at ~2900 cm™! may be ascribed to the
symmetric or asymmetric CHj stretching vibrations. The peak at ~1600 cm™~! may be assigned to the
NH groups, while at ~1380 cm™! the peak may be ascribed to CH; symmetrical deformations [44]. The
last representative peak at ~1100 cm ™! may be attributed to C-O-C glycosidic linkage. The conjugate
spectrum (Figure 1c) shows differences when comparing the PHB (Figure 1a) to the chitosan (Figure 1b)
spectra. A decrease in the intensity of the NH, group at ~1600 cm™' [30] was observed, while an
increase in the intensity at ~1555 cm ™! was observed, which may correspond to the amide type Il bond
formation [30]. This suggests that the amino group of chitosan reacts with the C-O-C group of PHB to
form the amide bond.

a) !

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm’')

Figure 1. ATR-FTIR analysis of (a) PHB, (b) chitosan, (c) Cs-PHB, (d) Pd/Pt ratio 1:1 (zoom on the
region of the 4000~1500 cm™! spectrum part is available in Figure S1 in Supplementary Materials),
(e) Pd/Pt ratio 1:2 and (f) Pd/Pt ratio 2:1 (synthesis temperature of Pd/Pt: 130 °C).

The ATR-FTIR spectra of Pd/Pt nanoparticles (Figure 1d-f) showed several bands. The first one
(~3330 cm™1) may be attributed to the NH/OH bond, whereas the one at ~2926 em™! is compatible
with asymmetric or symmetric CH, stretching vibration. The peak at 1724 cm™! may be related to
the ester group, while the one at ~1555 cm™! to the amide type IT bond. The hydroxyl groups present
in the conjugate may assist in the reduction of the precursor as reported by Dang et al. [45] and by
Dorjnamijin et al. [46], while the rest of the polymer may coat the nanoparticles. The differences in
intensity between the variously synthesized Pd/Pt nanoparticles may indicate different amounts of
organic and inorganic material that could be found in samples. For example, Pd/Pt = 1:1 nanoparticles
were synthesized with the highest ratio of metal precursors concentration (2 mM overall) to the polymer
conjugate concentration, and in the low frequencies (<1500 cm™!) their spectrum exhibits a (high
absorbance) baseline sloping down to the left (typical for some metal nanoparticles; similar phenomena
could be observed e.g. in the work of Hu et al. [47]).
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3.1.2. HR-TEM

In order to obtain more information about the morphology of the synthesized Pd/Pt nanoparticles,
a HR-TEM analysis was performed. Figure 2 shows the different shapes obtained by altering the
synthesis temperature (from 130 to 150 °C) and Pd/Pt molar ratio (1:1, 1:2 and 2:1).

Figure 2. HR-TEM images of characteristic Pd/Pt nanoparticles synthesized with different molar ratios
and temperatures (a) Pd/Pt 1:1 at 150 °C, (b) 1:1 at 140 °C, (c) 1:1 at 130 °C, and (d) 2:1 at 130 °C; (e) 1:2
at 130 °C and (f) SAED pattern of Pd/Pt (2:1). For all of the samples, the scale bar stands for 5 nm.
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The sample synthesized at 150 °C and with a molar ratio 1:1 (Pd/Pt) (Figure 2a) shows a star-like
structure, while lowering the temperature of synthesis to 140 °C (Figure 2b) changed the morphology of
the nanoparticles to an octahedron. An additional decrease of temperature to 130 °C (Figure 2c) caused
a synthesis of smaller nanoparticles with a surface characterized by different, randomly-orientated
faces. Moreover, when the molar ratio changed to 2:1 and 1:2 (Pd/Pt) at the remaining temperature
(130 °C), nanoparticles with decahedral morphology were observed (Figure 2d,e). The decahedral
shape of the nanoparticles occurs only under strict conditions [48]. When certain conditions are applied,
the ions specifically interact to form a Cs-PHB/precursor complex, which determines the formation of
decahedron shapes upon reduction. However, when the conditions and the ratios vary, other shapes
are formed. Zhang et al. [49] reported that hydroxyl groups may affect the shape of the nanoparticles.
Ghosh et al. [50] showed the possibility of obtaining flower-shaped zero-valent iron by controlling the
amount of hydroxyl groups during the synthesis process, which suggests that the presence of hydroxyl
groups may influence the formation of decahedral morphology. The SAED pattern for a Pd/Pt ratio of
2:1 indicates the polycrystalline nature of an as-synthesized Pd/Pt bimetallic alloy (Figure 2f). The
SAED analysis identified (111), (220) and (311) planes of fcc. For this sample, the nanoparticle size
distribution was calculated from TEM micrographs, and the mean size of these nanoparticles was
found to be 15 + 4 nm (Figure S2 in Supplementary Materials).

The various synthesis strategies used to obtain bimetallic Pd/Pt nanoparticles with varying
morphologies are shown in Table 1. As stated earlier, changes to the synthesis procedure may result in
the formation of structurally different nanoparticles, e.g. nanocubes are obtained by reduction with
poly(vinylpyrrolidone) (PVP) while nanotetrahedra are formed when Na;C,04 and formaldehyde
are used [39]. Conventionally for these kind of reactions, high temperatures [51] and prolonged
synthesis times [52,53] are required. Very often the reducing agents used are hazardous, e.g. sodium
borohydride [44,45].

Table 1. Synthesis procedures reported in the literature for obtaining Pd/Pt nanoparticles with

different shapes.
Shape Solvent Precursors MO}::‘?:/H Rji;i?g Tem}zcecr:;\ture TSI i?;l(l];sii:) Reference
Cube DMF I\i?zzgt‘g:‘* 11 - 130 300 [54]
Nanosponges Water 1_1122 l;ﬁccll: 1:1 NaBHy4 temlz(;;nture ~5 [55]
Tetrahedron Water I\IT(E‘ZZII;E(;:Q 11 HCHO 180 120 [56]
Octahedron Water I\Il—?zzlgde(l:? 1:1 Glycerol 100 180 [57]
o e SO s S
Daifiaeri‘f?:gike Water I\II?ZZII;‘;%CIE14 L7 AS:coigbiC temI;(ﬁzlure 30 155]
Nanocages Water ﬁ:;}t?}r:s 1:2 As:gl(;llaic temlz(;;nture 480 [40]
P:;;ef:ﬁén Water Kﬁgﬁl‘* 11 Cs-PHB 130 30 This work
Decahedron Water Ki}:élﬁl“ 12 Cs-PHB 130 30 This work
Decahedron Water K%I:gﬁh 2:1 Cs-PHB 130 30 This work

Wang et al. [59] reported the possibility to synthesize decahedral Pd/Pt, wherein the synthesis
procedure can be divided into two steps: the first is to obtain Pd decahedraln structures, followed by
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the platinum deposition. Nano star-shaped Pd/Pt particles were reported by Lim et al. [41] using a

co-reduction method involving Na;PdCly and K, PtCly in a PVP aqueous medium at 80 °C for 18 h.

Another example of shape-specific synthesis of Pd/Pt was a seeded growth method using palladium
truncated octahedral seeds for the synthesis of Pd/Pt nanodendrites [60].

3.1.3. EDS, Mapping and Profile

The EDS analysis of the bimetallic nanoparticles shows that all of the samples contain both
palladium and platinum metals (Figure 3). Moreover, carbon and oxygen were also present in all of the
analysed samples. The presence of both C and O may be attributed to the existence of a conjugate on
the surface of these nanoparticles, which may act as a stabilizing agent.

a) Pt Pd s
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Figure 3. EDS analysis of Pd/Pt nanoparticles synthesized at different temperatures and molar ratios
(a) 150 °C and 1:1, (b) 140 °C and 1:1, (¢) 130 °C and 1:1, (d) 130 °C and 2:1, and (e) 130 °C and 1:2.

The EDS mapping analysis of the bimetallic nanoparticles (molar ratio of Pd/Pt of 2:1 and
temperature of 130 °C) clearly shows the presence of both metals ubiquitously on the surface of the
nanoparticle (Figure 4a,b). The EDS mapping also determined the presence of Pd/Pt alloy. The EDS
profile analysis (Figure 4c) shows the presence of carbon (due to the presence of the conjugate), and
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it is in accordance with the previous ATR-FTIR analysis (see above). The profile also confirmed the
predominant presence of Pd in almost all of the particle regions due to the initial Pd/Pt ratio of 2:1.

a) c) 1

= Pt-M

= Cu-K
= CK

40

Counts

204>

Paosition (nm)

Figure 4. EDS mapping of (a) Pd and (b) Pt, and (c) EDS profile analysis of Pd/Pt nanoparticles
(synthesis condition: Pd/Pt ratio 2:1, 10 g/L of Cs-PHB and temperature of 130 °C).

3.2. Catalysis

The catalytic performance of the Pd/Pt nanoparticles was proven by employing the reduction of
4-NP to 4-AP by NaBH, as a model [61]. The aqueous 4-NP solution shows a maximum absorption at
~317 nm, which upon addition of sodium borohydride shifts to 401 nm, indicating the formation of
4-nitrophenolate, and the solution turns from pale yellow to bright yellow. The reduction does not
take place in the absence of a catalyst (kinetic barrier), which was verified by the unchanged intensity
of the maximum absorption at 401 nm in the absence of the catalysts for 40 min (data not shown).

When the Pd/Pt nanoparticles were added to the solution, the intensity at 401 nm gradually
decreased until it disappeared. Because an excess of NaBH, was used, the pseudo first-order kinetics
model was applied to evaluate the catalytic performance of the Pd/Pt nanoparticles [62]. Due to
the fact that the absorbance at 401 nm was linearly dependent on the 4-NP concentration (through
4-nitrophenolate), the rate constant k of the reaction can be calculated from the linear plot of In(A¢/Ag)
versus the reaction time ¢(min) [63-67]:

In(Ai/Ag) = _kappt (€8]

where A and Ay is absorbance at time ¢ and 0, respectively. The pseudo-first-order kinetic rate
constants (kapp) of the 4-NP reduction calculated based on Equation (1) for the various concentrations
of nanoparticles synthesized with different molar (Pd/Pt) ratios of 1:1, 1:2 and 2:1, respectively are
summarized in Table 2.

The reduction of 4-NP to 4-AP with borohydride catalysed by Pd/Pt nanoparticles may be
explained by an electrochemical reaction, where the nanoparticles facilitate the electron transfer from
BH,~ to 4-NP. The mechanism is divided into the following steps: first both borohydride and 4-NP are
adsorbed on the surface of the Pd/Pt nanoparticles, then electrons are transferred from BHy ™ to the
nanoparticles with the formation of a negatively charged layer on their surface, later the electrons are
transferred to 4-NP with a consequent formation of reduced products (Figure 5).
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Table 2. The pseudo-first-order kinetic rate constants (kapp) of Pd/Pt synthesized in different ratios and
ke value obtained by linear approximation of kapp (s71) vs concentration of catalysts (g/L).

Catalysts Tem?:::l:‘:::s(oc) Con(c:‘l;t/nljtion (nfiarll’fl) (L s*ﬁcg—l)
0.379 0.038

Pd/Pt (1:1) 130 0.757 0.546 12+4
1.515 0.897
0.147 0.066

Pd/Pt (1:2) 130 0.293 0.152 9+1
0.586 0.305
0.202 0.198

Pd/Pt (2:1) 130 0.404 0.424 51+11
0.809 1.967

Figure 5. Electron transfer mechanism for reduction of 4-NP to 4-AP.

4-NP is often used for testing the catalytic activities of nanoparticles; nevertheless, catalytic
performance compatisons are not easy. Most studies report only the kapp, but the kapp is strongly
dependent on the concentration of reactants and the catalyst used for the reaction. Increasing the
amount of catalyst in the reactor increases the total surface area available for the reaction, which means
that a higher reaction rate is facilitated, and the time needed for reduction is shortened. Also, it was
not possible in our study to add the same amounts of catalysts at different Pd/Pt ratios during the

experiments. To overcome this, the activity parameter (k.) was employed to compare the efficiencies.

This was determined by calculation of the slope of kapp (s71) as a function of the catalyst concentration
(g/L) [65].

To the best of our knowledge, k. is the most appropriate parameter for comparing the catalytic
activity of catalysts reported in the literature [65,67]. The k. values were calculated for these three
different Pd/Pt ratios and, therefore, different morphologies. While for the same Pd/Pt ratio (1:1) and
excess of Pt (1:2), the k. value is approximately 10, for the excess of Pd (2:1), the k. value of 51 is
significantly higher. This is probably caused by a higher Pd ratio and not by morphology, since both
excesses of one of the metals (1:2 and 2:1) have the same morphology of a decahedron, but significantly
different k. values (Figure 6).
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21 11
Pd:Pt (ratio)

Figure 6. Comparison between the k. values of nanoparticles obtained by different ratios of Pd and Pt
precursors (the red error bars represent the slope error).

Table 3 shows a comparison of the k. values obtained by different bimetallic catalysts for the
reduction of 4-NP. The value determined by this study for a Pd/Pt ratio of 2:1 is one of the highest
known to-date.

Table 3. Comparison of different bimetallic catalysts on the reduction of 4-NP reported in the literature.

Catalyst 4-NP NaBH,
Catalysts Concentration Concentration Concentration kaPP (s71) @ s:C -1 Ref.
(mg/L) mM) (mM) &
Pd/Au 8 0.07 21 0.258 32 [68]
AussPdyz/graphene 0.06 0.05 5 0.014 240 [69]
nanosheets
Cu/Ag 0.48 0.096 112 0.0003 7.18 [70]
PdCuY 20 0.72 1.5 0.002 0.12 [71]
Pd/Pt nanotubes 3.4 0.09 100 0.008 25 [72]
Pd/Pt (2:1) 0.809 0.12 12 0.033 51+11 This work
Pd/Pt (1:1) 0.757 0.12 12 0.009 12+4 This work
Pd/Pt (1:2) 0.586 0.12 12 0.005 9+1 This work

4. Conclusions

The present research describes a facile mediated green synthesis of bimetallic Pd/Pt nanoparticles
of various morphologies. The nanoparticles were synthesized from K;PdCly and PtCly precursor
salts by a co-reduction with a Cs-PHB conjugate. Depending on the temperature and metal ratio,
nanoparticles with a star-like structure, and octahedral or decahedral morphology were formed.
The optimal conditions to obtain a decahedral shape were found to be: (Pd/Pt) molar ratio of 2:1,
synthesis temperature of 130 °C, 10 g/L of Cs-PHB conjugate and time of 30 min. While ATR-FTIR and
EDS confirmed the presence of a Cs-PHB layer on the surface of the nanoparticles, EDS verified the
formation of a Pd/Pt alloy. TEM analysis confirmed the different shapes and sizes of the nanoparticles
by changing the temperature and molar metal ratio. The decahedral bimetallic nanoparticles prepared
at a molar ratio of 2:1 show an excellent catalytic performance for the catalytic reduction of 4-NP by
borohydride. The pseudo-first-order kinetic constant for the nanoparticles synthesized with molar
ratios (Pd/Pt) of 1:1, 1:2 and 2:1 were found to be 0.898 min~! (catalyst concentration: 1.515 mg/L), 0.305
min~! (0.586 mg/L) and 1.968 min~! (0.809 mg/L), respectively. Compared with the other bimetallic
nanoparticles, the (2:1) decahedral Pd/Pt nanoparticles exhibit excellent catalytic performance, which
is demonstrated by the high k. value (51 + 11 Ls™! g™1).
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/12/1948/s1,
Figure 51 FTIR analysis of Pd/Pt ratio 1:1, Figure 52: Size distribution of Pd/Pt synthesized at 130 °C and molar
ratio 2:1 (Pd:Pt), Figure S3: pseudo-first-order kinetics of sample synthesized with molar ratio of 1:1 with differet
concentration of nanoparticles (a) 0.379 mg/L (R2 0.993), (b) 0.757 mg/L (R2 0.992), (c) 1.515 mg/L (R2 0.982) and (d)
HRTEM image of Pd/Pt decahedron nanoparticle (molar ratio 1:1 (Pd/Pt) 130 °C), Figure 54: pseudo-first-order
kinetics of sample synthesized with molar ratio of 1:2 with differet concentration of nanoparticles (a) 0.147 mg/L (R
0.992), (b) 0.293 mg/L (R? 0.998), (c) 0.586 mg/L (R? 0.984) and (d) HRTEM image of Pd/Pt decahedron nanoparticle
(molar ratio 1:2 (Pd/Pt) 130 °C), Figure S5: pseudo-first-order kinetics of sample synthesized with molar ratio of
2:1 with different concentration of nanoparticles (a) 0.202 mg/L (R? 0.997) (b) 0.404 mg/L (R? 0.986) (c) 0.809 g/L
(R? 0.979) and d) HRTEM image of Pd/Pt decahedron nanoparticle (molar ratio 2:1 (Pd/Pt) 130 °C).
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ARTICLE INFO ABSTRACT

Keywords:
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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 ma-
terial. The ensuing nanoparticles show an exceptional catalytic activity in the reduction of 4-nitrophenol to 4-
aminophenol. nAg were characterized by several techniques, i.e. SEM and TEM-EDX, to confirm their produc-
tion, 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 (x.) normalized by the specific surface area (SSA) of the nanoparticles was taken into consideration;
normalization of k. 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.

1. Introduction

Over the past twenty years, the green synthesis of nanomaterials has
attracted enormous attention within the scientific community. The
main reason behind this is the need to reduce or at least minimize the
use of materials/substances and methods that present a potential threat
to humans and the environment, e.g. the use of aqueous media instead
toxic solvents (Rafique, Sadaf, Rafique, & Tahir, 2017).

Due to their remarkable properties, silver nanoparticles (nAg) are
used in several scientific fields such as catalysis (Dong, Gao, Yang,
Zhang, & Xu, 2015), medicine (Burdusel et al., 2018) and surface-en-
hanced Raman scattering (SERS) (Zhang, Li, Sun, & Li, 2005). In the
medical field, nAg have garnered considerable interest owing to their
inherent antimicrobial properties (Rai, Yadav, & Gade, 2009) on a wide
range of microorganisms (Jadhav et al., 2018). The mechanism of re-
action involves an interaction between the nanoparticles and the cell
walls. After uptake, the nanoparticles can interact with DNA and pro-
teins (Woo et al., 2008). Therefore, it is not surprising to see their major
applications in medical devices (Marassi et al., 2018), dental materials
(Noronha et al., 2017), textile fabrics (Tang et al., 2012), plastics and

* Corresponding authors.

food packaging (Carbone, Donia, Sabbatella, & Antiochia, 2016). Their
efficacy to induce apoptosis in cancer cells has also been reported
(Sanpui, Chattopadhyay, & Ghosh, 2011).

Catalysts, classified as being either heterogeneous, homogeneous or
biological (Wang, Li, & Zhang, 2018), are frequently used in a wide
range of industrial processes to increase the rate of reactions. In order to
be effective as a heterogeneous catalyst, the used material has to be
stable at high temperatures and pressures (nAg meet both of these
conditions) and presents active sites on the surface. Therefore, the
surface area and accessibility to such active sites is a key point in
heterogeneous catalysis. Moreover, to be suitable for full-scale appli-
cations, the catalyst must be affordable, which favours nAg over other
precious catalysts [e.g., palladium, platinum, gold, and rhodium
(Akbayrak, Genctiirk, Morkan, & Ozkar, 2014; Stephen, Rees,
Mikheenko, & Macaskie, 2019)].

Many studies have reported the synthesis of silver nanoparticles by
assorted approaches such as chemical reduction (Wang, Qiao, Chen, &
Ding, 2005), sonochemical (Li, Qin, Li, & Cui, 2018), photochemical
(Giocondi & Rohrer, 2001), electrochemical (Rodriguez-Sénchez,
Blanco, & Rodri, 2000), microwave irradiation (Hebbalalu, Lalley,

E-mail addresses: daniele.silvestri@tul.cz (D. Silvestri), stanislaw.waclawek@tul.cz (S. Wactawek), abhilash.venkateshaiah@tul.cz (A. Venkateshaiah),
kamil krawczyk@tul.cz (K. Krawczyk), bartlomiej.sobel@polsl.pl (B. Sobel), vinod.padil@tul.cz (V.V.T. Padil), miroslav.cernik@tul.cz (M. Cernik),

Varma.Rajender@epa.gov (R.S. Varma).

https://doi.org/10.1016/j.carbpol.2019.115806

Received 14 November 2019; Received in revised form 28 December 2019; Accepted 29 December 2019

Available online 30 December 2019
0144-8617/ © 2019 Elsevier Ltd. All rights reserved.

63



D. Silvestri, et al.

Nadagouda, & Varma, 2013; Nadagouda, Speth, & Varma, 2011),
physical methods [pulsed laser ablation (Machmudah, Sato,
Wahyudiono, Sasaki, & Goto, 2012), spray pyrolysis (Brayner et al.,
2010), ball milling (Khayati & Janghorban, 2012) and others (Lee &
Jun, 2019)] and by biological approaches deploying fungi (Mukherjee
et al., 2001), bacteria (Hebbalalu et al., 2013), plant extracts (Moulton
et al.,, 2010; Nadagouda & Varma, 2008; Nadagouda et al., 2014), en-
zymes or biopolymers (Virkutyte & Varma, 2011). Of the reported ap-
proaches to obtaining silver nanoparticles, chemical reduction by so-
dium borohydride is one of the most sought-after owing to its versatility
(Van Hyning & Zukoski, 1998) although it is considered a hazardous
material for both the environment and humans. To overcome the threat
posed by such harmful chemicals and to obtain nanoparticles with high
catalytic activity, researchers have turned their focus to their greener
synthesis. The use of sustainably synthesized nanoparticles in reduction
is often hindered by their low efficiency arising from the less available
surface area and consequently lower catalytic performance due to a
limitation in the number of active sites present on the catalysts surface.

Since nanoparticles tend to agglomerate, polymers can be grafted
onto their surface in order to improve their dispersion. Homogeneous
dispersion leads to a narrow particle size distribution and as the size
decreases the specific surface area of the particles increases, which
improves their reactivity and makes them better catalysts material
(Kango et al., 2013; Sharma, Yngard, & Lin, 2009). Particle size, re-
activity, stability and solubility also depend on the concentration and
type of polymer deployed (Jin et al., 2001; Tolaymat et al., 2010).
Another important point in the synthesis of nanoparticles concerns the
synthesis time. Furthermore, as a reduction in the synthesis time is
associated with lower production costs, finding the appropriate synth-
esis conditions can render the whole process more economically fea-
sible and sustainable (Cinelli et al., 2015).

Chitosan is one of the most abundant biopolymers in nature and can
be produced primarily via deacetylation of chitin from the shells of
crustaceans. It is used in several different fields, including medicine
(Logithkumar et al., 2016), food packaging (de Moraes Crizel et al.,
2018), synthesis and stabilization of nanomaterials (Tiwari, Mishra,
Mishra, Arotiba, & Mamba, 2011) and others (Xu, Hein, Loo, & Wang,
2008). The main reason for chitosan being very popular and useful
among biopolymers is its low-toxicity towards mammals (Landriscina,
Rosen, & Friedman, 2015), as well as its good antibacterial properties
(Kong, Chen, Xing, & Park, 2010). It is also considered as a biode-
gradable polymer and is, therefore, also used as a biopesticide (Masood,
Randhawa, Butt, & Asghar, 2016), drug delivery material (Bernkop-
Schniirch & Diinnhaupt, 2012), scaffold for cell proliferation (Cai, Li,
Weihs, & Wang, 2017) and for bone implants (Ho et al., 2015). The
main limitations of chitosan polymers are related to their low solubility
in water at neutral or basic pH values. Therefore, in order to solubilize
chitosan, the pH value of the solution needs to the substantially de-
creased or non-sustainable and hazardous solvents are required.

Polyhydroxybutyrate (PHB) is one of the most popular and widely
used members of the polyhydroxyalkanoates family. It is synthesized by
various bacterial strains (Huang & Reusch, 1996; Poirier, Somerville,
Schechtman, Satkowski, & Noda, 1995) and can be accessed from waste
material (Hilliou et al., 2016; Nielsen, Rahman, Rehman, Walsh, &
Miller, 2017; Rodriguez-Perez, Serrano, Pantién, & Alonso-Farifas,
2018; Silva et al., 2017; Valentino et al., 2017). Owing to its properties,
PHB has been used as a drug delivery agent (Michalak, Marek,
Zawadiak, Kawalec, & Kurcok, 2013), stabilizing agent (Wactawek
et al., 2017), bioplastic (Getachew & Woldesenbet, 2016), and as a
carbon source/electron donor in in-situ bioremediation (Baric, Pierro,
Pietrangeli, & Papini, 2014; Petrangeli et al., 2016). PHB is hydro-
phobic and soluble only in few organic solvents (e.g. chloroform),
which are toxic to humans or the environment (Rannug, 1980;
Torkelson, Oyen, & Rowe, 1976).

To overcome the aforementioned solubility problems, chitosan
(basic) and PHB (acidic) were simply admixed to generate a polymer
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conjugate (Chit-PHB) with enhanced solubility in water at a neutral pH;
its use has been demonstrated for the successful green synthesis of safer
gold nanoparticles (Silvestri et al., 2018).

The synthesis of nAg using chitosan as a reducing agent has been
documented in the literature (Cinteza et al., 2018; Praveenkumar,
Rabinal, Kalasad, Sankarappa, & Bedre, 2013) and a typical preparation
requires around 10—12h (Kalaivani et al., 2018; Regiel-Futyra et al.,
2017). Twu et al. reported a fast synthesis of nAg by using chitosan;
however, the temperatures employed during the reaction were ex-
tremely high (600 °C) (Twu, Chen, & Shih, 2008).

The present work investigates the possibility of producing nAg with
enhanced catalytic activities by an eco-friendly and facile method. The
use of the Chit-PHB conjugate was explored for the synthesis and sta-
bilization of silver nanoparticles by this conjugate (nAg-Chit-PHB) with
high catalytic activity. These synthesized nAg were then carefully
characterized and tested for their catalytic prowess for the reduction of
4-nitrophenol (4-NP) to 4-aminophenol (4-AP). To the best of our
knowledge, this is the first time a Chit-PHB conjugate has been em-
ployed to obtain stable nAg colloidal solutions.

2. Material and methods
2.1. Reagents and solution

Silver nitrate (=99 %), sodium borohydride (=96 %), 4-ni-
trophenol (=99 %) and chitosan (low MW 50-190 kilo dalton, 75-85 %
deacetylated) were purchased from Sigma-Aldrich. Nitric acid (65 %)
was purchased from Lach ner. Polyhydroxybutyrate (Biomer® P209,
PHB) was bought from Krailing, Germany. Deionised water [ELGA,
Veolia Water (UK); 18.2 MQ-cm ~ '] was used in all of the tests.

2.2. Analytical

Absorption spectra were analysed in a UV-vis spectrophotometer
(Hach Lange DR 3900) with matched 1 cm quartz cuvettes.

Fourier-transform infrared spectroscopy (FTIR) spectra (resolution
of 4em ™! at 4000-700 cm ™) were acquired with a germanium ATR
crystal (NICOLET 1Z10, Thermo Scientific, USA) equipped with a single
reflection angle 45° horizontal ATR accessory.

Transmission electron microscope [field emission; Titan 80-300
TEM/STEM, (FEI Company)] was used for transmission electron mi-
croscope (TEM) analyses, equipped with a super twin lens (operated at
300kV) and an annular dark-field detector. A scanning electron mi-
croscope (UHR FE-SEM Carl Zeiss ULTRA Plus, Germany) working at an
acceleration V of 0.5-2.5kV was used to observe the nanoparticle’s
structure.  Energy-dispersive X-ray spectroscopy (EDX, Oxford
Instruments AZtec) analyses were performed to observe the occurrence
of different elements.

A Zetasizer ZS (Malvern Instruments Ltd, UK) was operated for the
zeta potential measurements prepared in a fresh suspension. The ana-
lyses were performed with ten-second autocorrelation functions.
Triplicate measurements were made, and each result is the average of
the three.

2.3. Preparation of the conjugate

The conjugate was prepared employing the method described pre-
viously by us (Silvestri et al., 2018). Briefly, the solution of chitosan
was made by adding 1 g of chitosan in 200 mL of acidified water and
was stirred to obtain a homogeneous solution. A total of 0.24 g of PHB
was added to this solution and was kept overnight at 80°C under
continuous stirring. Subsequently, the obtained solution was sonicated
for 30 min at 80 °C. After sonication, the solution was purified by a
dialysis tube and then freeze-dried.
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2.4. Preparation of nanoparticles

nAg-Chit-PHB was synthesized by adding 0.1 g of Chit-PHB con-
jugate to a closed vial containing 9 mL of DI water and stirring at 90 °C
to obtain a homogeneous solution. A total of 1 mL of silver nitrate so-
lution was added (dropwise) to the Chit-PHB mixture at 90 °C under
dynamic stirring. Subsequently, the vial was tightly closed and stirred
continuously until the end of the reaction. To find optimal parameters
for the synthesis, preparation of nAg-Chit-PHB was also carried out
under various conditions such as: different Chit-PHB concentration
(from 1 to 30 g/L), silver precursor concentration (from 0.25 to 4 mM)
and reaction time (from 30— 300 min).

2.5. Catalytic test

The catalytic test for the reduction of 4-NP to 4-AP by NaBH4 was
performed in a standard quartz cuvette (1 cm path length) and was
adapted from previously reported work by Baruah, Gabriel, Akbashev,
& Booher (2013). Briefly, the test was conducted by adding 24 uL of 4-
NP (5 mM) into Eppendorf tube (1.5 mL) and mixed with 12 pL of nAg-
Chit-PHB. This was followed by the addition of 120 pL of NaBH,4 (0.1 M)
as a reducing agent and the volume was raised to 1 mL by adding DI
water. After mixing, the solution was immediately transferred to a
quartz cell, and the absorbance was recorded by UV-vis (Hach Lange
DR 3900) at regular intervals. All of the tests were performed at room
temperature (25 °C).

3. Results and discussion
3.1. nAg preparation

The main aim of this work was to use the Chit-PHB conjugate as a
reducing and stabilizing agent for the greener synthesis of mono-
disperse nAg, and to study their activity in the catalytic reduction of 4-
NP. It is well recognised that some metal nanoparticles show special
optical properties; nAg in particular can be easily detected by UV-vis
due to their characteristic plasmon resonance frequency (around
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415 nm). Therefore, UV-vis was used to determine the influence of
different parameters on the performance of synthesis (Fig. 1).

The absorption peak at 415nm found in all of the samples con-
firmed the formation of nAg. The intensity of this absorption peak was
observed to be proportional to the reaction time (Fig. 1a and b). This
suggests that there is a linear relationship among the concentration and
the reaction time of nAg. From the results obtained by UV-vis analysis
(highest intensity/narrowest peak without visible nanoparticles ag-
gregation; aggregation was observed for samples reacting more than
240 min), it was deduced that 240 min is the optimum reaction time
and was maintained in all of the subsequent experiments.

After obtaining the optimum reaction time, we then varied the Chit-
PHB conjugate concentration from 1 to 30 g/L to determine the ideal
concentration of the polymer conjugate (Fig. 1¢). The UV-vis spectra of
nAg-Chit-PHB suggest the formation of nAg for all of the studied con-
centrations of the conjugate. In addition to obtaining the nanoparticles,
it was observed that at lower conjugate concentration of 1, 2 and 5 g/L,
the concentration of the obtained particles was also lower. Besides the
main peak in the UV-vis spectra, another peak at ~535nm was ob-
tained for these low concentrations of conjugates which can be ascribed
to the lack or overdose of conjugate resulting in particle agglomeration
(Dang, Dang, & Fribourg-Blanc, 2014; Ziegler, Klose, Voitekhovich,
Gaponik, & Eychmiiller, 2011), e.g. a lack of the stabilizing agent; the
nanoparticles aggregation was also confirmed based on the TEM par-
ticle size distribution (data not shown). In the samples made at a con-
jugate concentration of 10 g/L, this peak disappeared, indicating no (or
low) agglomeration. For the highest conjugate concentrations (20 and
30 g/L), the spectra dramatically changed, which indicated probable
agglomeration (moreover, a sediment on the bottom of the reactor was
visible). Subsequently, a conjugate concentration of 10 g/L was selected
as being ideal for obtaining large amounts of nanoparticles without
their aggregation.

The influence of the precursor (AgNOs3) concentration confirmed
that nanoparticles were formed in all of the precursor concentrations
(from 0.25 to 4 mM) (Fig. 1d). At the lowest concentration (0.25 mM),
the UV-vis spectrum showed a broad peak with low intensity, sug-
gesting minimum nanoparticle formation. However, when the

Fig. 1. UV-vis spectra determined by various
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Wavenumber (cm™)

Fig. 2. FTIR analyses of a) PHB, b) chitosan, ¢) Chit-PHB conjugate, d) nAg-
Chit-PHB. The dashed rectangles identify the regions of the spectra where 1)
peaks of O—H and N—H bonds, 2) symmetric or asymmetric CH, stretching, 3)
ester groups, 4) amide type II and amine functional groups could be identified.

concentration increased to 0.5mM, the absorption peak narrowed
down indicating successful synthesis of nanoparticles without extensive
agglomeration.

The optimum synthesis conditions were: a synthesis time of
240 min, Chit-PHB conjugate concentration of 10g/L, and initial

Counts

00 Energy (keV) 3
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precursor concentration of 0.5 mM.

3.2. FTIR analysis

An FTIR analysis was conducted in order to obtain more information
about the functional groups present on the surface of nAg-Chit-PHB.
The PHB spectrum in Fig. 2a shows a peak at ~1724cm™"' corre-
sponding to the ester group. On the other hand, the chitosan spectrum
in Fig. 2b exhibits a band at ~3300 cm ™!, which could be linked to the
N—H and O—H bonds. The peak at ~2900 cm ™' is ascribable to the
symmetric or asymmetric CH, stretching vibration, while the peak at
~1600cm ! is present due to the NH, group. The last representative
peak at ~1100 cm ~! can be ascribed to C—O—C glycosidic linkage. The
conjugate spectrum in Fig. 2c shows significant differences compared to
PHB and chitosan spectra alone, the NH, group at ~1600 cm ™! has a
lower intensity than the chitosan sample, but the peak intensity as-
signed to the amide type II (~1555cm ™) is higher, indicating a re-
action between the amino group of chitosan with the ester group of PHB
and the formation of an amide linkage (Santos et al., 2015). On the
other hand, the FTIR spectrum of nAg (stabilized by conjugate)
(Fig. 2d) shows several bands. The first one (~3330 cm™') can be as-
cribed to NH / OH functional groups, the one at ~2926cm ™' to the
asymmetric or symmetric CH, stretching vibration, while the NH, and
secondary amide functional groups can be found at ~1620cm ™' and
~1558 cm ™!, respectively. The hydroxyl groups present on the con-
jugate may reduce the silver ions as reported by Dang Nguyen Vo,
Kowandy, Dupont, and Coqueret (2015) and Dorjnamjin, Ariunaa, and
Shim (2008). Due to the high concentration of conjugate (10 g/L) used
in the synthesis process, an excess of the hydroxyl groups was clearly

Counts
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Fig. 3. a) HRTEM, b) TEM, c) EDX and d) particle size distribution of nAg-Chit-PHB (Chit-PHB: 10 g/L, AgNOs: 0.5 mM, temperature: 90 °C).
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visible in the FTIR analysis. Moreover, FTIR showed the presence of the
conjugate layer on the surface of the nAg [ester group ~1724 cm ™!
(Fig. 2: dashed rectangle 3) and amide type I ~1555cm ™! (Fig. 2:
dashed rectangle 4)]. The presence of the conjugate on the surface of
the nanoparticles is slightly different than for gold nanoparticles
(Silvestri et al., 2018), which can be assigned to the different reaction
pathways of silver and gold with the conjugate. One possible explana-
tion of this phenomenon could be that the gold precursor is more prone
to be reduced due to a higher standard reduction potential [vs standard
hydrogen electrode (E° = +1.4V)] than the silver precursor (E° =
+0.8V). For example, recently Chit-PHB was used for the synthesis of
bimetallic Pd/Pt nanoparticles (standard reduction potentials of pla-
tinum and palladium precursors are similar to the silver one and range
from 0.726 to 0.915V) and the organic functional groups on their
surface were similar to the ones reported herein, suggesting the pre-
sence of the conjugate on the surface (Silvestri et al., 2019).

3.3. TEM/EDX analysis

Morphological analysis is fundamental for studying the structure
and state of nanomaterials. Fig. 3a and b show HRTEM and TEM images
of nAg-Chit-PHB, respectively. The analyses demonstrated a quasi-
spherical shape of nAg. Moreover, based on the TEM micrographs, the
particle size distribution oscillated around 45nm with a relatively
narrow distribution (Fig. 3d). EDX analysis (Fig. 3c) confirmed the
presence of nAg, carbon and oxygen atoms on their surface, which is in
accordance with the FTIR analysis, and it confirmed the existence of the
conjugate layer on the nAg surface.

3.4. Catalytic tests

Nitroaromatics are often used in the synthesis of drugs, dyes and
pesticides; however, they are reported to manifest toxicity for bacteria,
plants, oceanic fauna and humans (Albukhari, Ismail, Akhtar, & Danish,
2019). Consequently, we explored the use of prepared nAg as a catalyst
for the reduction of 4-NP to 4-AP (Fig. 4). The highest absorption peak
of the 4-NP solution was shown at 317 nm. By adding sodium bor-
ohydride to the solution, the absorption peak shifted from ~317 nm to
401 nm due to the generation of 4-nitrophenolate; the colour of the
suspension changed to bright yellow. In the absence of catalysts, the
absorption at 401 nm remained stable for 40 min (data not shown). This
implies that the reduction to 4-AP did not proceed without the catalyst
due to a high kinetic barrier. The nAg catalyst acts by borohydride

!
H B

NO,

Fig. 4. Reduction of 4-NP to 4-AP by the electron transfer mechanism.
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anions and 4-NP being adsorbed on the surface of the nAg. The zeta
potential of +17.2 = 0.6mV of the nAg-Chit-PHB surface can help
speed up the reaction due to the attraction of a negative charge of
BH, . Then, BH, transfers an electron to nAg, forming a negative
charge layer on the surface of the nAg. Nanoparticles serve as an
electron relay, transferring the received electron to the 4-NP, whereby
reducing it (Silvestri et al., 2019).

The reductive reaction in the presence of the catalyst (nAg-Chit-
PHB) can be monitored by measuring the decrease in 4-nitrophenolate
(the absorbance at 401 nm). The reaction kinetics were fitted using the
pseudo-first-order kinetic model to reveal the catalytic performance of
nAg (Stumm & Morgan, 2012). The absorbance is equivalent to the
concentration of 4-NP in the solution. Eq. (1) was used to calculate the
kinetic rate constants:

A,
In| — | = =k
n[Ao) ant m

where A and A, are the initial measured absorbance (t = 0) and at time
t (proportional to the 4-NP concentration), respectively, and kap,, is an
apparent rate constant of the first order. The concentration of the na-
noparticles used affects their catalytic activity. By increasing the con-
centration of the nanoparticles, k., also increases due to an increase in
the total surface area, resulting in more active sites available for the
reaction. The k.p, of the 4-NP reduction was determined to be
0.041 min~ !, 0.147min" ', 0.206 min~! and 0.921 min~", for the
concentrations of nAg-Chit-PHB of 0.021, 0.028, 0.042 and 0.088 mg/L,
respectively (Fig. 5).

Because previous authors, e.g. Lara et al. (2015) or Késtner and
Thiinemann (2016) have already reported the linear correlation be-
tween k,pp and the catalyst concentration, we have also used the slope
of the linear regression line between k,,, and the nanoparticles con-
centration to determine the activity parameter (k.). The value de-
termined for our study (151 + 17L g ' s~ ! with R® = 0.93) was
compared to other reported values (Table 1).

For a better understanding of the catalytic activities of nano-
particles, it is not possible to ignore the specific surface area and ac-
cessibility. In our opinion, to obtain nanoparticles with enhanced cat-
alytic activity, it is mandatory to have high accessibility to active sites
on the surface of the nanoparticles. For this reason, normalizing the k.
values with the specific surface area (SSA) can provide important in-
formation on the reactivity of the nanoparticles. Based on the fact that
the nanoparticles have the same density as a bulk material (Késtner &
Thiinemann, 2016), the SSA of nanoparticles was estimated [basing on
the equation: SSA = 6000/dp; Where d is the diameter (nm) and p is the

[ }-0.021 mg/L
0.028 mg/L
:8:0 042 mg/L
= ~0.088 mg/L
0.04 ﬁ—m;@:g—%—m—m—m-m
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Fig. 5. Kinetic of 4-NP reduction for different nAg-Chit-PHB catalyst con-
centrations [conditions: 25 °C, 4-NP: 0.12 mM and NaBH,: 1.2 mM; the standard
deviation between the measurements is less than < 5 % (n = 3)].
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Table 1
Comparison of different nanocatalysts reported in the literature for the reduction of 4-NP.
Catalyst Catalyst concentration (10°* Ky, (1077 Ke Diameter SSA (m”g~") k./SSA (L m~? Reference
a/L) sec” 1) (sec™1: g/L)  (nm) s7h
nAg-Chit-PHB 0.021-0.088 0.7-15 151 = 17 45 13 1.6 = 1.3 This work
Ag-PAA 0.035 15 436 6 95 458 (Kastner & Thiinemann, 2016)
AgNP-PG-5K 4 5.5 1.4 18 31 0.044 (Baruah, Gabriel, Akbashev, & Booher,
2013)
AgNP@PGMA-SH 0.9 3.9 4.4 19 30 0.146 (Zhang, Sun, & Zhang, 2015)
nAg-hydroxyapatite 2 7.3 3.6 15 38 0.096 (Das, Ganguly, Bhawal, Mondal, & Das,
2018)
AuNBCs 1.989 28 1.4 5 62 0.022 (Das, Dickinson, Lafir, Brougham, &
Marsili, 2012)
TAC-Ag 1.33 5.2 3.9 - - - (Rashid & Mandal, 2007)
AgNPs@MWCNTs 0.84 7.9 9.4 191 0.049 (Alshehri et al., 2016)
density of nanoparticles (g cm )] to be 13 m” g™ and then the specific Acknowledgements
surface area normalized k. value (k. / SSA) was calculated to be
11.6 = 1.3L m 2 s~ . With respect to the above values, the nano- This research was supported by the SGS (Student Grant

particles synthesized using the Chit-PHB conjugate are more than two-
times more active as the most efficient nanoparticles (used for catalysis)
reported in the literature (Kidstner & Thiinemann, 2016). Such out-
standing catalytic properties of nAg-Chit-PHB can be due to a positive
zeta potential and the specific functional groups present on the surface
of the particles. Also, the N-functional groups present on the nAg-Chit-
PHB can affect the kinetics of the reaction. In example, Xiong et al.
(2018) reported the possibility of enhancing the catalytic activities of
Mo,C-C by incorporating N-functional groups.

4. Conclusion

The present work describes the use of Chit-PHB to enhance the
catalytic properties of silver nanoparticles. Compared to chitosan, the
conjugate had better properties for the synthesis of nAg, especially
exhibited dramatic shortening of the synthesis time (by several hours);
optimum synthesis time determined for the nAg being four hours with
the optimum synthesis temperature of 90 °C. By applying the data ob-
tained from the UV-vis analysis, further optimum synthesis conditions
were Chit-PHB concentration of 10g/L and AgNOz; of 0.5mM. The
obtained nanoparticles were analysed with FTIR to understand the
functional groups present on them, which affirmed the presence of a
Chit-PHB layer on the surface of the nAg. TEM analysis made it possible
to appreciate the quasi-spherical shape of the nanoparticles with a
mean size of approximately 45 nm.

Furthermore, the produced nanoparticles showed incredible cata-
lytic activity in the reduction of 4-NP. The enhanced catalytic activity
was due to the existence of N-functional groups present on the surface
of these nanoparticles and a positive zeta potential (+17.2 = 0.6 mV),
which helped the electron transfer process.

The nAg-Chit-PHB were tested as catalyst for the reduction of 4-NP
to 4-AP. The apparent first-order kinetic constant k,, was estimated to
be 0.921 min "~ for a nAg-Chit-PHB concentration of 0.088 mg/L. The
activity parameter k. was calculated in order to compare with other
nanomaterials reported in the literature. The k. value was found to be
1511 g~' s, which is significantly higher than for other silver na-
noparticles. To further analyse the catalytic performance of nAg-Chit-
PHB, the k. value was normalized by SSA. To the best of our knowledge,
a value of 11.6 L. m~? s™" is the highest value reported for silver na-
noparticles.

Declaration of Competing Interest

The authors declare that they have no conflict of interest.

Competition) project at the Technical University of Liberec in 2019.
Moreover, we also acknowledge the assistance provided by the Ministry
of Education, Youth and Sports in the framework of the targeted sup-
port of the OPR&DI project “Extension of CXI facilities” (CZ.1.05/
2.1.00/19.0386), the Research Infrastructures NanoEnviCz (Project No.
LM2015073) and the project Pro-NanoEnviCz (Reg. No. CZ.02.1.01/
0.0/0.0/16_013/0001821) supported also by the European Union -
European Structural and Investments Funds in the frame of Operational
Programme Research Development and Education.

References

Akbayrak, S., Genctiirk, S., Morkan, 1., & Ozkar, S. (2014). Rhodium(0) nanoparticles
supported on nanotitania as highly active catalyst in hydrogen generation from the
hydrolysis of ammonia borane. RSC Advances, 4(26), 13742-13748. https://doi.org/
10.1039/C4RA00469H.

Albukhari, S. M., Ismail, M., Akhtar, K., & Danish, E. Y. (2019). Catalytic reduction of
nitrophenols and dyes using silver nanoparticles @ cellulose polymer paper for the
resolution of waste water treatment challenges. Colloids and Surfaces A,
Physicochemical and Engineering Aspects, 577, 548-561. https://doi.org/10.1016/j.
colsurfa.2019.05.058.

Alshehri, S. M., Almugati, T., Almugqati, N., Al-Farraj, E., Alhokbany, N., & Ahamad, T.
(2016). Chitosan based polymer matrix with silver nanoparticles decorated multi-
walled carbon nanotubes for catalytic reduction of 4-nitrophenol. Carbohydrate
Polymers, 151, 135-143. https://doi.org/10.1016/j.carbpol.2016.05.018.

Baric, M., Pierro, L., Pietrangeli, B., & Papini, M. P. (2014). Polyhydroxyalkanoate (PHB)
as a slow-release electron donor for advanced in situ bioremediation of chlorinated
solvent-contaminated aquifers, New Biotechnology, 31(4), 377-382, https://doi.org/
10.1016/§.nbt.2013.10.008.

Baruah, B., Gabriel, G. J., Akbashev, M. J., & Booher, M. E. (2013). Facile synthesis of
silver nanoparticles stabilized by cationic polynorbornenes and their catalytic ac-
tivity in 4-nitrophenol reduction. Langmuir, 29(13), 4225-4234. https://doi.org/10.
1021/1a305068p.

Bernkop-Schniirch, A., & Diinnhaupt, S. (2012). Chitosan-based drug delivery systems.
European Journal of Pharmaceutics and Biopharmaceutics, 81(3), 463-469. https://doi.
org/10.1016/j.ejpb.2012.04.007.

Brayner, R., Iglesias, R., Truong, S., Beji, Z., Felidj, N., Fiévet, F., ... Aubard, J. (2010).
Surface-enhanced raman scattering on silver nanostructured films prepared by spray-
deposition. Langmuir, 26(22), 17465-17469. https://doi.org/10.1021/1a102722v.

Burdusel, A.-C., Gk 0., Gr A M., M 4, L., Ficai, A., Andronescu, E.,
... Andronescu, E. (2018). Biomedical applications of silver nanoparticles: An up-to-
date overview. Nanomaterials, 8(9), 681. https://doi.org/10.3390/nanc8090681.

Cai, S.-J., Li, C.-W., Weihs, D., & Wang, G.-J. (2017). Control of cell proliferation by a
porous chitosan scaffold with multiple releasing capabilities. Science and Technology
of Advanced Materials, 18(1), 987-996. https://doi.org/10.1080/14686996.2017.
1406287.

Carbone, M., Donia, D. T., Sabbatella, G., & Antiochia, R. (2016). Silver nanoparticles in
polymeric matrices for fresh food packaging. Journal of King Saud University - Science,
28(4), 273-279. https://doi.org/10.1016/J.JKSUS.2016.05.004.

Cinelli, M., Coles, S. R., Nadagouda, M. N., Blaszezynski, J., Stowinski, R., Varma, R. S, ...
Kirwan, K. (2015). A green chemistry-based classification model for the synthesis of
silver nanoparticles. Green Chemistry, 17(5), 2825-2839. https://doi.org/10.1039/
C4GC02088J.

Cinteza, L. 0., Scomoroscenco, C., Voicu, S. N., Nistor, C. L., Nitu, S. G., Trica, B., ... Petcu,
C. (2018). Chitosan-stabilized ag nanoparticles with superior biocompatibility and
their synergistic antibacterial effect in mixtures with essential oils. Nanomaterials,
8(10), https://doi.org/10.3390/nano8100826.

Dang, M. C., Dang, T. M. D., & Fribourg-Blanc, E. (2014). Silver nanoparticles ink

68



D. Silvestri, et al.

synthesis for conductive patterns fabrication using inkjet printing technology.
Advances in Natural Sciences Nanoscience and Nanotechnology, 6(1), 015003. https://
doi.org/10.1088/2043-6262/6,/1/015003.

Dang Nguyen V6, K., Kowandy, C., Dupont, L., & Coqueret, X. (2015). Evidence of chit-
osan-mediated reduction of Au(Ill) to Au(0) nanoparticles under electron beam by
using OH and e-aq scavengers. Chemical C ications, 51(19), 4017-4020.
https://doi.org/10.1039/c4cc09346a.

Das, S. K., Dickinson, C., Lafir, F., Brougham, D. F., & Marsili, E. (2012). Synthesis,
characterization and catalytic activity of gold nanoparticles biosynthesized with
Rhizopus oryzae protein extract. Green Chemistry, 14(5), 1322, https://doi.org/10.
1039/c2gc16676c.

Das, T. K., Ganguly, S., Bhawal, P., Mondal, §., & Das, N. C. (2018). A facile green
synthesis of silver nanoparticle-decorated hydroxyapatite for efficient catalytic ac-
tivity towards 4-nitrophenol reduction. Research on Chemical Intermediates, 44(2),
1189-1208. https://doi.org/10.1007/511164-017-3161-7.

de Moraes Crizel, T., de Oliveira Rios, A., Alves, V. D., Bandarra, N., Moldao-Martins, M.,
& Hickmann Fléres, S. (2018). Active food packaging prepared with chitosan and
olive pomace. Food Hydrocolloids, 74, 139-150. https://doi.org/10.1016/j.foodhyd.
2017.08.007.

Dong, X.-Y., Gao, Z.-W., Yang, K.-F., Zhang, W.-Q., & Xu, L.-W. (2015). Nanosilver as a
new generation of silver catalysts in organic transformations for efficient synthesis of
fine chemicals. Catalysis Science & Technology, 5(5), 2554-2574. https://doi.org/10.
1039/C5CY00285K.

Dorjnamjin, D., Ariunaa, M., & Shim, Y. K. (2008). Synthesis of silver nanoparticles using
hydroxyl functionalized ionic liquids and their antimicrobial activity. International
Journal of Molecular Sciences, 9(5), 807-820. https://doi.org/10.3390/ijms9050807.

Getachew, A., & Woldesenbet, F. (2016). Production of biodegradable plastic by poly-
hydroxybutyrate (PHB) accumulating bacteria using low cost agricultural waste
material. BMC Research Notes, 9(1), 1-9. https://doi.org/10.1186/513104-016-
2321-y.

Giocondi, J. L., & Rohrer, G. S. (2001). Spatially selective photochemical reduction of
silver on the surface of ferroelectric barium titanate. Chemistry of Materials, 13(2),
241-242. https://doi.org/10.1021/cm000890h.

Hebbalalu, D., Lalley, J., Nadagouda, M. N., & Varma, R. S. (2013). Greener techniques
for the synthesis of silver nanoparticles using plant extracts, enzymes, bacteria,
biodegradable polymers, and microwaves. ACS Sustainable Chemistry & Engineering,
1(7), 703-712. https://doi.org/10.1021/5c4000362.

Hilliou, L., Machado, D., Oliveira, C. S. S., Gouveia, A. R., Reis, M. A. M., Campanari, S., ...
Majone, M. (2016). Impact of fermentation residues on the thermal, structural, and
rheological properties of polyhydroxy(butyrate-co-valerate) produced from cheese
whey and olive oil mill wastewater. Journal of Applied Polymer Science, 133(2),
https://doi.org/10.1002/app.42818.

Ho, M. H., Yao, C. J., Liao, M. H., Lin, P. L, Liu, S. H., & Chen, R. M. (2015). Chitosan
nanofiber scaffold improves bone healing via stimulating trabecular bone production
due to upregulation of the Runx2/osteocalcin/alkaline phosphatase signaling
pathway. International Journal of Nanomedicine, 10, 5941-5954. https://doi.org/10.
2147/1JN.S90669.

Huang, R., & Reusch, R. N. (1996). Poly(3-hydroxybutyrate) is associated with specific
proteins in the cytoplasm and membranes of Escherichia coli. The Journal of Biological
Chemistry, 271(36), 22196-22202. https://doi.org/10.1074/jbc.271.36.22196.

Jadhav, K., Deore, S., Dhamecha, D., H R, R., Jagwani, S., Jalalpure, S., ... Bohara, R.
(2018). Phytosynthesis of silver nanoparticles: Characterization, biocompatibility
studies, and anticancer activity. ACS Biomaterials Science & Engineering, 4(3),
892-899. https://doi.org/10.1021 /acsbiomaterials.7b00707.

Jin, R., Cao, Y., Mirkin, C. A,, Kelly, K. L., Schatz, G. C., & Zheng, J. G. (2001).
Photoinduced conversion of silver nanospheres to nanoprisms. Science, 294(5548),
1901-1903. https://doi.org/10.1126/science.1066541.

Kalaivani, R., Maruthupandy, M., Muneeswaran, T., Hameedha Beevi, A., Anand, M.,
Ramakritinan, C. M., ... Kumaraguru, A. K. (2018). Synthesis of chitosan i

Carbohydrate Polymers 232 (2020) 115806

48, 127-135. https://doi.org/10.1016/j.ultsonch.2018.05.016.

Logithkumar, R., Keshavnarayan, A., Dhivya, S., Chawla, A., Saravanan, S., &

Selvamurugan, N. (2016). A review of chitosan and its derivatives in bone tissue
ineering. Carbohydrate Polymers, 151, 172-188. https://doi.org/10.1016/j.
carbpol.2016.05.049.

Machmudah, S., Sato, T., Wahyudiono, Sasaki, M., & Goto, M. (2012). Silver nano-
particles generated by pulsed laser ablation in supercritical CO, medium. High
Pressure Research, 32(1), 60-66. https://doi.org/10.1080,/08957959.2011.649277.

Marassi, V., Di Cristo, L., Smith, S. G. J., Ortelli, S., Blosi, M., Costa, A. L., ... Prina-Mello,
A. (2018). Silver nanoparticles as a medical device in healthcare settings: A five-step
approach for candidate screening of coating agents. Royal Society Open Science, 5(1),
171113. https://doi.org/10.1098/r505.171113.

Masood, S., Randhawa, M. A., Butt, M. S., & Asghar, M. (2016). A potential of biopesti-
cides to enhance the shelf life of tomatoes (Lycopersicon esculentum Mill.) in the
controlled atmosphere. Journal of Food Processing and Preservation, 40(1), 3-13.
https://doi.org/10.1111/jfpp.12550.

Michalak, M., Marek, A. A., Zawadiak, J., Kawalec, M., & Kurcok, P. (2013). Synthesis of
PHB-based carrier for drug delivery systems with pH-controlled release. European
Polymer Journal, 49(12), 4149-4156. https://doi.org/10.1016/j.eurpolymj.2013.09.
021.

Moulten, M. C., Braydich-Stolle, L. K., Nadagouda, M. N., Kunzelman, S., Hussain, S. M.,
& Varma, R. S. (2010). Synthesis, characterization and biocompatibility of “green”
synthesized silver nanoparticles using tea pelyphenols. Nanoscale, 2(5), 763-770.
https://doi.org/10.1039/c0nr00046a.

Mukherjee, P., Ahmad, A., Mandal, D., Senapati, S., Sainkar, S. R., Khan, M. L, ... Sastry,
M. (2001). Fungus-mediated synthesis of silver nanoparticles and their immobiliza-
tion in the mycelial matrix: A novel biological approach to nanoparticle synthesis.
Nano Letters, 1(10), 515-519. https://doi.org/10.1021/n10155274.

Nadagouda, M. N., Iyanna, N., Lalley, J., Han, C., Dionysiou, D. D., & Varma, R. S. (2014).
Synthesis of silver and gold nanoparticles using antioxidants from blackberry, blue-
berry, pomegranate, and turmeric extracts. ACS Sustainable Chemistry & Engineering,
2(7), 1717-1723, https://doi.org/10.1021/5¢500237k,

Nadagouda, M. N., Speth, T. F., & Varma, R. 8. (2011). Microwave-assisted green
synthesis of silver nanostructures. Accounts of Chemical Research, 44(7), 469-478.
https://doi.org/10.1021/ar1001457.

Nadagouda, M. N., & Varma, R. S. (2008). Green synthesis of silver and palladium na-
noparticles at room temperature using coffee and tea extract. Green Chemistry, 10(8),
859. https://doi.org/10.1039,/b804703k.

Nielsen, C., Rahman, A., Rehman, A. U., Walsh, M. K., & Miller, C. D. (2017). Food waste
conversion to microbial polyhydroxyalk es. Microbial hnology, 10(6),
1338-1352. https://doi.org/10.1111/1751-7915.12776.

Noronha, V. T., Paula, A. J., Durén, G., Galembeck, A., Cogo-Miiller, K., Franz-Montan,
M., ... Durdn, N. (2017). Silver nanoparticles in dentistry. Dental Materials, 33(10),
1110-1126. https://doi.org/10.1016/J.DENTAL.2017.07.002.

Petrangeli, M., Majone, M., Arjmand, F., Silvestri, D., Sagliaschi, M., Sucato, S., ... Pierro,
L. (2016). First pilot test on the integration of GCW (Groundwater Circulation Well)
with ENA (enhanced Natural Attenuation) for chlorinated solvents source remedia-
tion. Chemical Engineering Transactions, 49, 91-96. https://doi.org/10.3303/
CET1649016.

Poirier, Y., Somerville, C., Schechtman, L. A., Satkowski, M. M., & Noda, 1. (1995).
Synthesis of high-molecular-weight poly([R]-(-)-3-hydroxybutyrate) in transgenic
Arabidopsis thaliana plant cells. International Journal of Biological Macromolecules,
17(1), 7-12. https://doi.org/10.1016,/0141-8130(95)93511-U.

Praveenkumar, K., Rabinal, M. K., Kalasad, M. N., Sankarappa, T., & Bedre, M. D. (2013).
Chitosan capped Silver nanoparticles used as Pressure sensors. IOSR Journal of
Applied Physics, 5(5), 43-51. https://doi.org/10.9790,/4861-0554351.

Rafique, M., Sadaf, I., Rafique, M. S., & Tahir, M. B. (2017). A review on green synthesis of
silver nanoparticles and their applications. Artificial Cells, Nanomedicine, and

silver nanoparticles (Ag NPs) for potential antimicrobial applications. Frontiers in
Laboratory Medicine, 2(1), 30-35. https://doi.org/10.1016/j.flm.2018.04.002.

Kango, S., Kalia, S., Celli, A., Njuguna, J., Habibi, Y., & Kumar, R. (2013). Surface
modification of inorganic nanoparticles for development of organic-inorganic
nanocomposites—A review. Progress in Polymer Science, 38(8), 1232-1261. https://
doi.org/10.1016/j.progpolymsci.2013.02.003.

Késtner, C., & Thiinemann, A. F. (2016). Catalytic reduction of 4-nitrophenol using silver
nanoparticles with adjustable activity. Langmuir, 32(29), 7383-7391. https://doi.
org/10.1021/acs.langmuir.6b01477.

Khayati, G. R., & Janghorban, K. (2012). The nanostructure evolution of Ag powder
synthesized by high energy ball milling. Advanced Powder Technology, 23(3),
393-397. https://doi.org/10.1016/J.APT.2011.05.005.

Kong, M., Chen, X. G., Xing, K., & Park, H. J. (2010). Antimicrobial properties of chitosan
and mode of action: A state of the art review. International Journal of Food
Microbiology, 144(1), 51-63. https://doi.org/10.1016/j.ijfoodmicro.2010.09.012.

Landriscina, A., Rosen, J., & Friedman, A. J. (2015). Biodegradable chitosan nanoparticles
in drug delivery for infectious disease. Nanomedicine, 10(10), 1609-1619. https://
doi.org/10.2217/nnm.15.7.

Lara, L. R. 8., Zottis, A. D., Elias, W. C., Faggion, D., Maduro De Campos, C. E., Acuna, J. J.
S., ... Domingos, J. B. (2015). The catalytic evaluation of in situ grown Pd nano-
particles on the surface of Fe;04@dextran particles in the p-nitrophenol reduction
reaction. RSC Advances, 5(11), 8289-8296. https://doi.org/10.1039/c4ral6440g.

Lee, S., & Jun, B.-H. (2019). Silver nanoparticles: Synthesis and application for nano-
medicine. I7 ional Journal of Molecular Sciences, 20(4), 865. https://doi.org/10.
3390/ijms20040865.

Li, J.-X., Qin, Z.-B., Li, Y.-H., & Cui, G.-H. (2018). Sonochemical synthesis and properties
of two new nanostructured silver(I) coordination polymers. Ultrasonics Sonochemistry,

gy, 45(7), 1272-1291. https://doi.org/10.1080,/21691401.2016.
1241792.

Rai, M., Yadav, A., & Gade, A. (2009). Silver nanoparticles as a new generation of anti-
microbials. Biotechrology Advances, 27(1), 76-83. https://doi.org/10.1016/j.
biotechadv.2008.09.002.

Rannug, U. (1980). Genotoxic effects of 1,2-dibromoethane and 1,2-dichloroethane.
Mutation Research - Reviews in Genetic Toxicology, 76(3), 269-295. https://doi.org/10.
1016/0165-1110(80)90020-2.

Rashid, M. H., & Mandal, T. K. (2007). Synthesis and catalytic application of nanos-
tructured silver dendrites. The Journal of Physical Chemistry C, 111(45),
16750-16760. https://doi.org/10.1021/jp074963x.

Regiel-Futyra, A., Kus-Liskiewicz, M., Sebastian, V., Irusta, S., Arruebo, M., Kyziot, A, ...
Stochel, G. (2017). Development of noncytotoxic silver-chitosan nanocomposites for
efficient control of biofilm forming microbes. RSC Advances, 7(83), 52398-52413.
https://doi.org/10.1039/c7ra0835%a.

Rodriguez-Perez, S., Serrano, A., Pantion, A. A., & Alonso-Farifias, B. (2018). Challenges
of scaling-up PHA production from waste streams. A review. Journal of Environmental
Management, 205, 215-230. https://doi.org/10.1016/j.jenvman.2017.09.083,

Rodriguez-Sénchez, L., Blanco, M. C., & Rodri, L. (2000). Electrochemical synthesis of
silver nanoparticles. The Journal of Physical Chemistry B, 104(41), 9683-9688.
https://doi.org/10.1021/jp001761r.

Sanpui, P., Chattopadhyay, A., & Ghosh, S. S. (2011). Induction of apoptosis in cancer
cells at low silver nanoparticle concentrations using chitosan nanocarrier. ACS
Applied Materials & Interfaces, 3(2), 218-228. https://doi.org/10.1021/am100840c.

Santos, J. C. C., Moreno, P. M. D, Mansur, A. A. P., Leiro, V., Mansur, H. S., & Pégo, A. P.
(2015). Functionalized chitosan derivatives as nonviral vectors: Physicochemical
properties of acylated N,N,N-trimethyl chitosan/oligonucleotide nanopolyplexes. Soft
Matter, 11(41), 8113-8125. https://doi.org/10.1039/C55M01403D.

69



D. Silvestri, et al.

Sharma, V. K., Yngard, R. A., & Lin, Y. (2009). Silver nanoparticles: Green synthesis and
their antimicrobial activities. Advances in Colloid and Interface Science, 145(1-2),
83-96. https://doi.org/10.1016/].cis.2008.09.002.

Silva, F., Campanari, S., Matteo, S., Valentino, F., Majone, M., & Villano, M. (2017).
Impact of nitrogen feeding regulation on polyhydroxyalkanoates production by
mixed microbial cultures. New Biotechnology, 37, 90-98. https://doi.org/10.1016/j
nbt.2016.07.013.

Silvestri, D., Wactawek, S., Ramakrishnan R, K., Venkateshaiah, A., Krawczyk, K., Padil,
V. V. T, ... Cernik, M. (2019). The use of a biopolymer conjugate for an eco-friendly
one-pot synthesis of palladium-platinum alloys. Polymers, 11(12), 1948. https://doi.
0rg/10.3390/polym11121948.

Silvestri, D., Wactawek, S., Sobel, B., Torres-Mendieta, R., Novotny, V., Nguyen, N. H. A.,
... Varma, R. 8. (2018). A poly(3-hydroxybutyrate)-chitosan polymer conjugate for
the synthesis of safer gold nanoparticles and their applications. Green Chemistry,
20(21), 4975-4982. htips://doi.org/10.1039/c8gc02495b.

Stephen, A. J., Rees, N. V., Mikheenko, L., & Macaskie, L. E. (2019). Platinum and pal-
ladium bio-synthesized nanoparticles as sustainable fuel cell catalysts. Frontiers in
Energy Research, 7, 66. https://doi.org/10.3389/fenrg.2019.00066.

Stumm, W., & Morgan, J. J. (2012). Aquatic chemistry : Chemical equilibria and rates in
natural waters. New York: Wiley.

Tang, B., Zhang, M., Hou, X., Li, J., Sun, L., & Wang, X. (2012). Coloration of cotton fibers
with anisotropic silver nanoparticles. Industrial & Engineering Chemistry Research,
51(39), 12807-12813. https://doi.org/10.1021/ie3015704.

Tiwari, A. D., Mishra, A. K., Mishra, S. B., Arotiba, O. A., & Mamba, B. B. (2011). Green
synthesis and stabilization of gold nanoparticles in chemically modified chitosan
matrices. I ional Journal of Biological Macr lecules, 48(4), 682-687. https://
doi.org/10.1016/J.1JBIOMAC.2011.02.008.

Tolaymat, T. M., El Badawy, A. M., Genaidy, A., Scheckel, K. G., Luxton, T. P., & Suidan,
M. (2010). An evidence-based environmental perspective of manufactured silver
nanoparticle in syntheses and applications: A systematic review and critical appraisal
of peer-reviewed scientific papers. The Science of the Total Environment. https://doi.
org/10.1016/j.scitotenv.2009.11.003.

Torkelson, T. R., Oyen, F., & Rowe, V. K. (1976). The toxicity of chloroform as determined
by single and repeated exposure of laboratory animals. American Industrial Hygiene
Association Journal, 37(12), 697-705. https://doi.org/10.1080/0002889768507551.

Twu, Y. K., Chen, Y. W., & Shih, C. M. (2008). Preparation of silver nanoparticles using
chitosan suspensions. Powder Technology, 185(3), 251-257. https://doi.org/10.1016/
j.powtec.2007.10.025.

Valentino, F., Morgan-Sagastume, F., Campanari, S., Villano, M., Werker, A., & Majone,
M. (2017). Carbon recovery from wastewater through bioconversion into

Carbohydrate Polymers 232 (2020) 115806

biod dable pol New Biotechnology, 37, 9-23. https://doi.org/10.1016/j.nbt.
2016.05.007.

Van Hyning, D. L., & Zukoski, C. F. (1998). Formation mechanisms and aggregation be-
havior of borohydride reduced silver particles. Langmuir, 14(24), 7034-7046.
https://doi.org/10.1021/1a980325h.

Virkutyte, J., & Varma, R. S. (2011). Green synthesis of metal nanoparticles:
Biodegradable polymers and enzymes in stabilization and surface functionalization.
Chemical Science, 2(5), 837-846. https://doi.org/10.1039/c0sc00338g.

Wactawek, S., Chronopoulou, L., Papini, M. P., V.T.P, V., Palocci, C., Kup¢ik, J., & Cernik,
M. (2017). Enhancement of stability and reactivity of nanosized zero-valent iron with
polyhydroxybutyrate. Desalination and Water Treatment, 69, 302-307. https://doi.
org/10.5004/dwt.2017.0704.

Wang, A, Li, J., & Zhang, T. (2018). Heterogeneous single-atom catalysis. Nature Reviews
Chemistry, 2(6), 65-81. https://doi.org/10.1038/541570-018-0010-1.

Wang, H., Qiao, X., Chen, J., & Ding, S. (2005). Preparation of silver nanoparticles by
chemical reduction method. Colloids and Surfaces A, Physicochemical and Engineering
Aspects, 256(2-3), 111-115. https://doi.org/10.1016/j.colsurfa.2004.12.058.

Woo, K. J., Hye, C. K., Ki, W. K., Shin, S., So, H. K., & Yong, H. P. (2008). Antibacterial
activity and mechanism of action of the silver ion in Staphylococcus aureus and
Escherichia coli. Applied and Environmental Microbiology, 74(7), 2171-2178. https://
doi,org/10.1128/AEM.02001-07.

Xiong, K., Zhou, G., Zhang, H., Shen, Y., Zhang, X., Zhang, Y., ... Li, J. (2018). Bridging
Mo, C-C and highly dispersed copper by incorporating N-functional groups to greatly
enhance the catalytic activity and durability for carbon dioxide hydrogenation.
Journal of Materials Chemistry A, 6(32), 15510-15516. https://doi.org/10.1039/
C8TA04096F.

Xu, D., Hein, S., Loo, S. L., & Wang, K. (2008). The fixed-bed study of dye removal on
chitosan beads at high pH. Industrial & Engineering Chemistry Research, 47(22),
8796-8800. https://doi.org/10.1021/ie800387z.

Zhang, J., Li, X., Sun, X, & Li, Y. (2005). Surface enhanced Raman scattering effects of
silver colloids with different shapes. The Journal of Physical Chemistry B, 109(25),
12544-12548, https://doi.org/10.1021/jp050471d.

Zhang, W., Sun, Y., & Zhang, L. (2015). In situ synthesis of monodisperse silver nano-
particles on sulfhydryl-functionalized poly(glycidyl methacrylate) microspheres for
catalytic reduction of 4-nitrophenol. Industrial & Engineering Chemistry Research,
54(25), 6480-6488. https://doi.org/10.1021/acs.iecr.5b01010.

Ziegler, C., Klose, M., Voitekhovich, S. V., Gaponik, N., & Eychmiiller, A. (2011).
Synthesis and agglomeration of silver nanoparticles stabilized with 5-R-tetrazoles.
Zeitschrift Fiir Physikalische Chemie, 225(3), 363-371. https://doi.org/10.1524/zpch.
2011.0049.

70



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 m?/g) and, at the same time, superior activity in
heterogeneous catalysis, which was tested and compared with others persulfate activation methods (heat,
Fe?*, 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 (E.) was
27.1 kJ/mol. The MO degradation may be attributed to the generation of SO4s~ 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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ARTICLE INFO ABSTRACT

Keywords: Although the catalytic activation of persulfate by iron is now common in environmental sciences, there are still
Persulfate several obstacles, including the non-selectiveness and high cost of the production of the iron catalyst. Therefore,
nZVI

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
m?/g) and, at the same time, superior activity in heterogeneous catalysis, which was tested and compared with
others persulfate activation methods (heat, Fe?t , 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
(Eg) was 27.1 kJ/mol. The MO degradation may be attributed to the generation of SO} 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.

Catalytic activation
Functionalization
Remediation

1. Introduction reduce contaminants, e.g., perchloroethylene, trichloroethylene and

dichloroethylene. In addition, nZVI can enhance the oxidative (cata-

Nanoparticles of zero-valent iron (nZVI) are very widely used in
environmental applications, because it is considered a rather strong
reducing agent able to reduce a broad contaminants range [1], and
capable of migrating from the application point towards the contami-
nation plume. nZVI may be obtained by different methods, such as
chemical reduction of Fe>*, ball milling, thermal reduction of goethite
or hematite precursors, electrochemical methods, and others [2]. Not
only the preparation methods but also modifications are essential for
nZVI properties. The most common methods for nZVI modification are
emulsification [3], coating the surface [4] and the creation of bimetallic
particles [5]. Due to its excellent characteristics, it can be used in both
reduction and oxidation treatment. One of its most common uses is to

* Corresponding author.
E-mail address: stanislaw.waclawek@tul.cz (S. Wactawek).
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lytic) treatment by donating electrons to peroxides, e.g., for the degra-
dation of 4-nitrophenol [6], chloramphenicol [7] and acid orange 7 [8].

The main negative issue concerning nZVI utilization in catalysis (and
groundwater remediation) is particle agglomeration, which causes a
reduction in the active surface area, a key parameter in the heteroge-
neous catalysis. Therefore, finding a way to reduce the catalyst particle
size while at the same time preventing their aggregation, especially with
green chemicals, is one of the leading research areas in environmental
nanochemistry. Various natural chemicals have been tested for nZVI
stabilization, e.g. carboxymethyl cellulose [9], gum karaya [10], chi-
tosan [11], poly(3-hydroxybutyrate) (PHB).

Chitosan is a well-known biopolymer used in different scientific
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fields and was also utilized as a coating for various catalysts [12-14].

Although PHB has shown extraordinary properties for ZVI stabili-
zation [15,16], it has a significant drawback due to its low solubility,
which forces the use of non-green solvents for the synthesis of the
product [17].

A way of overcoming this obstacle is to use chitosan (CS) to form a
CS-PHB conjugate [18].

Indeed, in addition to its surface reactions, nZVI may be used as a
slow-releasing supply of ferrous iron for activation of hydrogen peroxide
[19] or persulfate [20] to generate free radicals. In addition to
commonly known advanced oxidation processes (relying on hydroxyl
radical reactions [21,22]), persulfate or peroxymonosulfate have been
used with success to treat different contaminants in water; however,
they often requires activation to enhance its reaction rates with pollut-
ants, which often relies on the formation of free radicals. The most
common persulfate activators are heat (Eq. (1)), UV (Eq. (2)), alkaline
(Eq. (3)) and in particular Fe**, which rapidity produces free radicals
[23].

The reactions involved in the formation of free radicals are described
in Eqgs. (4), (5), and (6) (from which the reaction shown in Eq. (6) is very
slow, and considered irrelevant under standard conditions).

$,03~ + heat — 2505 )
$,08” + UV — 2507 @
$,08” + HO3 — SOy + SOF™ + H' +05 3
Fe’ + 5,05~ — Fe?* 4 2507~ &)
$,08 + Fe** — SO + S0F~ + Fe*+ (5)
H0 + SO — "OH + SOi~ + H* (6)
Fe’ — Fe’* + 2e~ (7)
Fe** + e — Fe?t 8)

nZVI may not only be considered as a Fe?* source (Eq. (7)) but may
also regenerate ferrous ions from Fe>* (Eq. (8)) by donating electrons.
This, among other things, makes nZVI an interesting material for per-
sulfate activation. Some of the already studied systems based on the
persulfates/nZVI include: 4-chlorophenol degradation in an ultrasound/
peroxymonosulfate/nZVI system [24], peroxymonosulfate activated by
nZVI for textile wastewater decolorization [25] and persulfate activated
by nZVI for brilliant blue degradation [26].

A CS-PHB conjugate has been used for the stabilization and synthesis
of different metal nanoparticles [18,27,28]. The nanomaterials pro-
duced from them have shown extraordinary catalytic activity ascribable
to the conjugate properties [18,27]. However, the role of a CS-PHB
conjugate has not yet been studied in the activation of persulfate.

The functional groups, especially the carbonyl group and amine
functional groups present on the surface of CS-PHB, may boost catalytic
persulfate activation. Toshima [29] reported that the appropriate sta-
bilization of metal nanoparticles may enhance catalytic activity and
selectivity of the material. Furthermore, Mahmoud et al. [30] noticed
that doping nZVI with amino groups may allow better attraction towards
the species with electron deficiency. In contrast, doping materials with
nitrogen functional groups may facilitate the electron transfer process
[31]. On the other hand, many authors have reported possible activation
of persulfates by organics and sp? carbons [32-34] containing the
carbonyl group [35,36]. On this basis, and due to the presence of both
carbonyl and amine groups, a CS-PHB conjugate was chosen as a suitable
nZVI capping agent for the enhancement of persulfate activation.

In this paper, CS-PHB-nZVI nanoparticles were synthesized, charac-
terized in various ways, such as: Brunauer-Emmett-Teller (BET),
Fourier-transform infrared spectroscopy (FTIR) analysis, scanning
electron microscopy [(SEM) and energy dispersive X-Ray analysis
(EDX)], transmission electron microscopy [(TEM) and selected area
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electron diffraction (SAED)], and subsequently used for the heteroge-
neous activation of persulfate. According to our knowledge, this is the
first work where such a modification of nZVI was performed and the
created iron nanoparticles evaluated for heterogeneous activation of
persulfate.

2. Materials and methods
2.1. Reagents and solutions

Chitosan (75-85%  deacetylated, low molecular weight
50,000-190,000 Da) and PHB (Biomer® P209) were purchased from
Biomer (Krailing, Germany). Nitric acid (65%), sodium persulfate
(99%), sodium chloride (99.5%), sodium sulfate (99%) and sodium
carbonate (99%) were purchased from Lach-Ner (Czech Republic). Iron
(111) chloride hexahydrate (98%), sodium borohydride (98%), potassium
bisulfate (99.99%), iron(Il) sulfate heptahydrate (99%), methanol
(99.8), tert-butyl alcohol (>99.5%; TBA), humic acid sodium salt, and
methyl orange were purchased from Sigma-Aldrich. Spherical and air-
stable zero-valent iron nanoparticles (NANOFER STAR) were obtained
from NANO IRON, s.r.0. (Czech Republic) and used as a reference ma-
terial in this study. The acidity of solutions was adjusted by a stock so-
lution of 1 M HCl or NaOH, prepared from the above-mentioned
reagents. In all tests, DI (Deionized water; 18.2 MQ-cm, ELGA, Veolia
Water, Marlow, UK) was used.

2.2. Nanoparticle characterization

The morphology and composition of CS-PHB-nZVI were studied by
SEM with an acceleration voltage: 0.02-30 kV (Everhardt-Thornley,
ZEISS, Ultra/Plus, Germany) coupled with an energy-dispersive X-ray
spectroscopy (EDX, OXFORD) for determination of the various elements
in the synthesized nanoparticles.

TEM (FEI Titan 80-300 TEM/STEM, FEI) examinations were per-
formed with a field-emission transmission electron microscope with a
super twin-lens operated at 300 kV and equipped with an annular dark-
field detector.

The amount of Fe® in the nZVI particles was determined by a nZVI
tester (NANO IRON, Czech Republic) with hydrogen liberation due to
the chemical reaction of Fe and KHSO4 according to the reaction (Eq.
(9)) [37]:

2KHSO, + Fe? — FeSOy4 + K250y + Hy [©)]

The surface area of the samples (BET) was verified by nitrogen
adsorption-desorption analysis using a Quantachrome Instruments
NOVA3200 analyser and NovaWin software.

Attenuated total reflection-FTIR spectra were obtained at 700-4000
cm ! (4 cm ! resolution) employing a Ge ATR crystal (NICOLET IZ10,
Thermo Scientific) equipped with a single reflection angle (45°) hori-
zontal attenuated total reflection accessory.

Nanofer STAR (nZVI commercial) characterization is reported in the
supplementary information (Fig. S1 and Tab. S1).

Dissolved iron concentration was checked by ICP-MS (Elan 6000,
Perkin Elmer, USA).

2.3. Preparation of reagents and synthesis of CS-PHB-nZVI

Following our previous research [18], the CS-PHB conjugate was
synthesized at a ratio of 4.16:1 (w chitosan: w PHB). Briefly, 5 g/L of
chitosan was dissolved in acidified water (pH ~ 2.3) and stirred for five
minutes. Then it was mixed with a similar volume of PHB solution (1.2
g/L), sonicated (Autotune 750 W, Bioblock Scientific; equipped with a
probe and operating at a frequency of 20 kHz) for 30 min (80 °C), fil-
trated and dialyzed (Sigma-Aldrich, MWCO 12 kDa). Finally, the
formed conjugates were freeze-dried and then stored in a refrigerator for
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future use.

The CS-PHB-nZVI nanoparticles were synthesized from a (FeCls)
precursor added to the CS-PHB solution at a CS-PHB to Fe** ratio (g/
mol) of between 1:2.5 and 1:40. The solution was stirred in a nitrogen
atmosphere for 15 min prior to continuous dropping of NaBH,4 to reduce
Fe3* to Fe® (zero-valent iron) (Eq. (10)):

2FeCls + 6NaBH, + 18H20 — 2Fe” + 6NaCl + 6B(OH); + 21H, 10)

After the addition of NaBHjy, the reaction ran for a further 10 min.
Subsequently, the CS-PHB-nZVI was washed three times in ethanol (still
under a nitrogen atmosphere). After the last wash, the CS-PHB-nZVI was
separated from the ethanol solution magnetically and freeze-dried for
further use.

2.4. Catalytic removal of methyl orange

Methyl orange (MO) was chosen as a model contaminant as it is often
reported in the literature [38-41]. An MO stock solution (0.3 mM) was
prepared in a volumetric flask by dissolving MO powder in deionized
water and stirring for 2 min. For the oxidation experiment, an appro-
priate volume of persulfate (100 mM) and CS-PHB-nZVI (1 g/L) from the
stock solution was added into the reactor to obtain the desired con-
centrations (0.15 mM of MO, 50 mg/L of CS-PHB-nZVI, and 2 mM of
persulfate). The solution was kept under vigorous stirring (200 rpm) for
the whole duration of the test (30 min). For the analysis, 1 mL of the
solution was taken, filtered by a syringe filter (0.22 um), and then the
samples were appropriately diluted for analysis by an ultraviolet-visible
spectrophotometer (Hach Lange DR 3900) at a wavelength of 464 nm in
a 1 cm cuvette, The wavelength and general procedure were adopted
from Xie et al. [42]. All of the tests were performed in duplicate, and
mean values and standard deviations were reported. The reaction rate
was fitted by the pseudo-first-order kinetic model [43], while the
degradation efficiency was calculated using the following equation (Eq.
an.

Cy—C,
Conversion of the pollutant(%) = C ! % 100 an
0
where Cp and C; are the initial MO concentration (mM) and at a
specific time, respectively.
Eq. (12) was used for calculation of the reaction stoichiometric ef-
ficiency (RSE).

AMO M
APersulfate

RSE is defined as the number of moles degraded of MO (AMO) versus
the number of moles consumed of persulfate (APersulfate) during the
reaction.

Persulfate determination was carried out by the modified iodometric
method [44,45].

The preliminary tests were performed to select the optimal CS-PHB
to Fe** ratio based on the highest MO degradation efficiency (Fig. 52).
From the analysis, the CS-PHB-nZVI synthesized at a ratio of 1:5 (g/mol)
was found to be the most effective and was subsequently used for further
tests.

To compare the catalytic activity of the prepared CS-PHB-nZVI with
other activation methods (heating at 50 °C, activation by the spherical
nZVI, and by ferrous iron Fe**), an MO degradation test was performed.
The concentrations of catalyst and persulfate were 50 mg/L and 2 mM,
respectively. They were selected as the minimum concentrations that do
not cause MO adsorption/degradation under the tested conditions
(Fig. $3). Typically, the nZVI amounts selected for the MO degradation
were higher [43,44].

Similar experiments were carried out for various concentrations of
CS-PHB-nZVI (from 6 to 50 mg/L) and persulfate (from 0.25 to 2 mM).

The effect of pH on the MO degradation was studied by changing the
initial pH of the solution from 3 to 11. The pH of the solution was

%RSE = 100 12)
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adjusted by adding HCI (1 M) or NaOH (1 M) drop by drop to the so-
lution until the desired pH was obtained.

To determine the influence of other inorganic anions on persulfate
activation and MO elimination, the reaction was carried out in the
presence of selected anions. The chloride, sulfate and carbonate ions
were added into the reactor vessel from the stock solutions (1 M) in an
amount from 0.05 to 1 mL to obtain the final concentrations of 5, 10, 25,
50 and 100 mM, and were mixed for a few minutes with the MO before
adding the CS-PHB-nZVI and persulfate to the reactor. All tests unless
otherwise noted, were carried out at were carried out at 25 £ 1 °C.

The total iron that was dissolved from the CS-PHB-nZVI was
measured by ICP-MS (Elan 6000, Perkin Elmer, USA).

The effect of the dissolved organic matter on the MO degradation
was studied by adding humic acid in the concentration of 10 to 80 mg/L
to the studied system. Humic acid was added into the reactor vessel from
the stock solutions (100 mg/L and 320 mg/L) to obtain the final con-
centrations of 10, 20, 40 and 80 mg/L. Then, the MO/humic acid so-
lutions were mixed for 10 min before the addition of the CS-PHB-nZVI
and persulfate to the reactor.

To obtain more knowledge on the mechanism of the MO elimination,
the reaction was run at various temperatures (laboratory, 40°, 50° and
60 °C) to reach the activation energy according to the Arrhenius equa-
tion [48].

2.5. Scavenger test

To obtain information about the radical mechanism of the reaction
and to identify the primary free radical involved in the MO degradation,
degradation tests were performed in excess of radical scavengers, i.e., in
tert-butyl alcohol (TBA) ("OH scavenger) and methanol (‘'OH and SO
scavenger) [49]. The scavenger tests were primarily based on the eval-
uation of differences in the rates of the reactions between the free radical
formed and the alcohols added, where sulfate and hydroxyl radicals
reacted differently. While, sulfate radicals react with pollutants mainly
by electron transfer reaction, hydroxyl radicals promote addition re-
actions [50]. MO (6.1 mM) was added to the reactor (0.25 mL) with
methanol to obtain a final concentration of 0.15 mM in methanol. After
filtration (0.22 pm) and appropriate dilution, the sample was analysed
with an ultraviolet-visible spectrophotometer (Hach Lange DR 3900) at
464 nm. The same procedure was performed for TBA [50]. All tests
unless otherwise noted, were carried out at were carried out at 25 + 1
°C.

3. Results and discussion
3.1. CS-PHB-nZVI characterization

To confirm the surface coating of nZVI, FTIR analysis of CS-PHB-
nZVI was carried out and was compared with the FTIR of the CS-PHB
conjugate. The CS-PHB spectrum (Fig. 1a) showed a band at ~3330
em™?, ascribed to functional groups amide/hydroxyl, a band at ~ 2930
cm™! of the symmetric or asymmetric methylene group stretching vi-
bration, and bands at ~ 1724 and ~ 1600-1520 cm " of the ester and
amino/amide groups, respectively. The CS-PHB-nZVI spectrum (Fig. 1b)
showed five significant bands in the same spectral range. The first two
bands may be ascribed to the asymmetric and symmetric methylene
group stretching vibration (~2920 e¢m™! and ~ 2850 cm™?, respec-
tively). A typical band appeared at ~ 1724 ecm™! is attributed to the
stretching of the carbonyl of the ester group [51,52], while a band at ~
1600-1530 cm ! denoted the presence of amino/amide. The last iden-
tified band was ascribed to CH; asymmetrical deformation [51]. The
presence of CHs, the ester group and amino/amide are good indicators
of the conjugate presence on the surface of the nZVI nanoparticles
[18,27].

Fig. 2 shows the electron microscopy-based SEM, TEM, SAED and
EDX characterization of CS-PHB-nZVI. SEM images (Fig. 2a) denoted the
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Fig. 1. FTIR spectra of (a) CS-PHB conjugate and (b) CS-PHB-nZVI.

presence of a double structure of spherical and flake shapes of the
nanoparticles. The nanoparticles have a chain-like structure attributed
to the magnetic effect between them. TEM images confirmed the
spherical and flake shapes of the nanoparticles and indicated the pres-
ence of a coating on their surface (Fig. 2b). The coating on the surface
was ascribed to the presence of CS-PHB, as suggested by the FTIR
analysis. SAED confirmed the presence of polycrystalline a-Fe (space
group Im-3 m, space group number 229, JCPDS 06-0696) [53] (Fig. 2c).
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There are no reflections from other phases, in particular from iron ox-
ides. The results of the EDX analysis (Fig. 2d), also confirmed the pres-
ence of Fe. Light elemental analysis (Z < 11) by EDX must be interpreted
with caution and the results obtained do not exclude the presence of
oxygen. Therefore, taking into account the morphology visible on the
TEM image, flake-shaped nanoparticles may be identified as amorphous
iron oxide [54]. Oxygen together with carbon were found as minor el-
ements by the EDX analysis (Fig. 2d).

The amount of Fe in the prepared nZVI particles was investigated by
the hydrogen liberation test (Fig. S4). There was no noteworthy differ-
ence in the Fe® content for nanoparticles synthesized at various ratios of
CS-PCB and Fe®*. The data fluctuate without a clear trend, so the mean
value was ~ 65% of Fe’, which is in the range of the commonly reported
content of elemental iron in nZVI [55].

On the other hand, the surface area of the CS-PHB-ZVI determined by
BET analysis was 113 m?/g, which is significantly higher than nZVI
synthesized by different approaches (Tab. S2). Such a phenomenon may
be due to the formation of a polymer-nanoparticle structure, with
peculiar nanoparticle shapes that are formed during the synthesis
(Fig. 2a,b).

3.2. Catalytic activation of persulfate for MO elimination

To study the effect of a high surface area on the catalytic activity of
CS-PHB-nZVI, persulfate activation by CS-PHB-nZVI was compared with
other commonly used activation methods, i.e. heating at 50 °C, activa-
tion by the commercial nZVI [56] and ferrous iron (Fe?*) all at the same
concentrations [50]. Subsequently, the persulfate activity was deter-
mined for the radical decomposition of MO [57]. Under the tested
conditions, CS-PHB-nZVI showed exemplary behaviour (Fig. 3). The

Acquire BF_

Energy (keV)

Fig. 2. (a) SEM and (b) TEM image, (c) SAED pattern and (d) EDX spectrum of CS-PHB-nZVI.
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degradation of MO after 10 min was ~ 93%. The differences with the
commercial iron tested were enormous. At 10 min, the recorded MO
degradation was only ~ 22% and ~ 33% at 30 min. Persulfate activated
by Fe* showed a much faster MO degradation at the beginning. The
immediate availability of Fe?* in the system, as opposed to much slower
activation in the CS-PHB-nZVI/persulfate/MO system, could explain this
phenomenon. This observation is in accordance with the work of Kim
etal. [20], who has determined that the sulfate radical yield per mole of
persulfate was more than two times higher in the persulfate/nZVI sys-
tem in comparison to the persulfate/Fe®" one. Persulfate activation by
heating degraded the MO by a maximum of ~ 69% after 30 min.

3.3. Influence of persulfate and CS-PHB-nZVI concentrations

To understand the CS-PHB-nZVI activation process of persulfate, the
influence of CS-PHB-nZVI and persulfate concentrations on MO degra-
dation was investigated. Increasing the persulfate concentration (from
0.25 to 2 mM) caused a higher degradation efficiency (Fig. 4a), and
faster MO removal (Fig. 4b). Calculated kinetic rate constants of the
pseudo-first-order kinetic model plotted against the persulfate concen-
trations showed a linear relation (inset of Fig. 4b). Similarly, increasing
the CS-PHB-nZVI concentration (from 6 to 50 mg/L) caused a higher
degradation efficiency (Fig. 4¢), and faster MO removal (Fig. 4d). Again,
a linear relationship occurred between the kinetic rate constants and the
amount of catalyst used.

To obtain information about the studied system, RSE was estimated.
Under the studied condition (0.15 mM of MO, 2 mM of persulfate, 50
mg/L of CS-PHB-nZVI, pH ~ 7 and 30 min of reaction time), the
calculated RSE was 23%. The obtained RSE value is in accordance with
the ones reported by other research groups [58]. Amasha et al. [59]
reported a maximum value of 33% for ketoprofen degradation.
Conversely, Ayoub and Ghauch [60] reported a significantly smaller
RSE value for sulfamethoxazole degradation. Persulfate and sulfate
radicals can react not only with the target contaminant but also
quenching (Eq. (13)), and other reactions may occur e.g., with the by-
products formed during the oxidation [59].

S04 + SO5 — S04 k=3.1 x 10°M ! 57! 13)

For calculating RSE, persulfate concentration was determined and
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Fig. 3. Comparison of MO degradation efficiency of persulfate activated by CS-
PHB-nZVI and commonly used methods (degradation time: 30 min, persulfate
concentration: 2 mM, CS-PHB-nZVI concentration: 50 mg/L, MO concentration:
0.15 mM, pH ~ 7, tests were carried out at 25 + 1 °G, deviation of duplicates
less than 5%). The symbols represent experimentally determined data, whereas
the solid lines show a model of the best-fit to the data (y = y, + Ae ™).
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shown in Figure S5. The persulfate concentration after 30 min of the
reaction was ~ 60% of the starting one.

3.4. Influence of solution pH

pH is an essential parameter in redox reactions because it determines
the forms and concentrations of the redox species involved and the
surface of the catalysts. For nZVI, the pH value significantly affects the
reaction rates, i.e., at a low pH, the corrosion of nZVI by the available
protons may occur, while at a high pH, the surface of nZVI may be
passivated by OH™ species [61]. Therefore, the effect of pH on MO
degradation was studied by changing the initial pH of the solution from
3to 11. The results confirmed that the initial pH significantly influenced
the MO degradation (Fig. 5). At a pH of 3 and 11, the degradation
significantly decreased compared to the other pH values due to the
previously mentioned rapid corrosion (and self-scavenging described
below) and surface passivation, respectively. Moreover, the type of free
radicals that are present in solution during the persulfate activation
depends on the pH. At a low pH, the sulfate radicals from the persulfate
are the predominant radical species, but their concentration is reduced
due to their self-scavenging (Eq. (13)) [62].

Instead, at a pH of 10 and higher, the primary free radical species
should be hydroxyl radicals [63]. Since the hydroxyl radicals are less
reactive in the higher pH [63] and have a shorter lifespan than SO}
[64], the dominating presence of hydroxyl radicals may decrease the
overall MO degradation efficiency. Taking all of this into account, the
highest value was determined for a neutral pH, when the redox activity
of Fe is highest and the persulfate activation is most rapid.

3.5. Influence of anions on persulfate activation for MO elimination

To determine the influence of inorganic anions on persulfate acti-
vation and MO elimination, the reaction was carried out in the presence
of different anions (chloride, carbonate and sulfate ions) in several
different concentrations up to 100 mM (Fig. 6). The MO degradation
efficiency significantly decreased with an increase in the concentration
of anions. The results clearly showed the negative effect of other anions
on the MO degradation process. The presence of ions in the reactor may
create competing side reactions, namely scavenging of the SO3 /"OH
radicals. The influence of chlorides may be explained by the following
equations (Egs. (14) and (15)) [65.66]:

SO, +ClI" =802 +Cl k=2.8 x 108 M 's71(14)

OH4ClI"2CIHO ™ k =6 x 10°M 157! (15)

Similarly, the carbonate ions may be have as a SO} /OH' scavenger
following equation (Egs. (16) and (17)) [66,67]:

SO; +C0% 2503 +C0; k=6.1 x 105 M ' 571 (16)

OH+COZ 20H +C0; k=39 x 108 M's71 (17)

These chloride and carbonate radicals often have slower reaction
rates with most organic compounds [50]. Moreover, sulfate ions may
destabilize the nZVI surface by corrosion, as reported by Pullin et al.
[68], whereby decreasing the formation rates of the radicals. Further-
more, sulfate jons could also affect the SO3 /SO3~ ORP system. Ghanbari
et al. [66] reported that a high concentration of sulfate ions could harm
dye removal efficiency. This conclusion was also supported in the work
of Wu et al. [69], by observing the sulfate ions influence on the tri-
chloroethene degradation.

As for the influence of the carbonate ions, they are well-known
scavengers of hydroxyl (mainly) and sulfate radicals. However, as it
was indicated in the work of Bennedsen et al. [70], the reactive car-
bonate species in a higher concentration can catalyze the propagation
reactions resulting in more sulfate radicals, which could cause a slightly
improved conversion of the pollutant with the increasing dose of car-
bonate ions.
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Fig. 4. Influence of persulfate and CS-PHB-nZVI concentrations on MO degradation by activated persulfate: (a) degradation efficiency for different persulfate
concentration, (b) kinetics and pseudo-first-order kinetic rate constants (kapp), (c) degradation efficiency for different CS-PHB-nZVI concentrations, (d) kinetics and
pseudo-first-order kinetic rate constants (degradation time: 30 min, persulfate concentration: 2 mM, CS-PHB-nZVI concentration: 50 mg/L, MO concentration: 0.15
mM, pH ~ 7, tests were carried out at 25 + 1 °C, deviation of duplicates less than 5%). The symbols represent experimentally determined data, whereas the solid lines
show a model of the best-fit to the data (y = a + bx).
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reaction after adding chloride and sulfate ions was ~ 7, while the starting pH
after adding carbonate ions was ~ 10 (for all the concentrations).

77



D. Silvestri et al.
3.6. Influence of the dissolved organic matter

The influence of dissolved organic matter on the oxidative degra-
dation of organic pollutants is of significant importance. In Fig. 7, the
effect of humic acid on the studied system is shown. The conversion of
the pollutant drops from ~ 99.4% to ~ 69%, in the presence of 80 mg/L
of humic acid. All humic acid concentrations investigated in this study
(10-80 mg/L) influenced the conversion of MO. Smaller conversion of
the pollutant indicates the competition of humic acid with MO for the
reaction with sulfate radicals. The dissolved organic matter is a known
scavenger of reactive oxygen species, as reported previously by Yao et al.
[71] and Ghanbari et al. [72].

Moreover, humic acid can interact with nZVI by coating its surface,
as reported by Giasuddin et al. [73], which can alter nZVI's physico-
chemical properties [74]. The adsorption of humic acid onto the nZVI
surface may harm persulfate activation and, in part, explain the reduc-
tion of the pollutant conversion. Yao et al. [71] reported a decrease of
the rhodamine B removal from 100% to 48% by increasing the con-
centration of humic substances (fulvic acid) from 0 to 80 mg/L. In
another study, Sun et al. [75] reported a substantial reduction of atra-
zine degradation by adding 10 mg/L of humic acid. Compared to these
studies, humic substances seem to have a marginal influence on our
studied system (CS-PHB-nZVI/persulfate/MO).

3.7. Calculation of activation energy

For a better comprehending of the catalytic reactions, it is essential
to determine the Arrhenius activation energy, i.e., the amount of energy
that the reactants have to acquire before reaching the transition state.
Therefore, similar experiments were carried out at 40°, 50° and 60 °C.
The pseudo-first-order kinetic model fitted the results, and the logarithm
of kinetic rate constants kap, was plotted against 1/T (Fig. 8). The
activation energy Eg, as a slope of the line, was found to be 27.1 kJ/mol.
This value is in a range of values determined by other authors (Tab. S3).

3.8. Radical scavenging tests

The reaction mechanisms of persulfate decomposition presuppose
the formation of two main types of radicals, hydroxyl and sulfate. To
obtain the proper radical mechanism, essential free radicals can be
identified by degradation tests performed in excess of different radical
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Fig. 7. Influence of humic acid on the MO degradation (degradation time: 30
min, persulfate concentration: 2 mM, CS-PHB-nZVI concentration: 50 mg/L,
MO concentration: 0.15 mM, pH ~ 7, tests were carried out at 25 £+ 1 °C, de-
viation of duplicates less than 5%).
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scavengers. Two types of scavengers were applied, namely TBA as an
'OH scavenger and methanol as both a SO and "OH scavenger [49]. The
reaction rates of alcohols with these free radicals depend on the presence
of the a-hydrogen in their molecule, because alcohols with a-hydrogen
(e.g., methanol) react with both radicals (hydroxyl and sulfate radicals),
while alcohols which do not possess a-hydrogen (e.g., TBA) react mainly
with hydroxyl radicals (Table 1). From the changes in the reaction rates
after the addition of a scavenger, it is possible to determine which
radicals are significant for the reaction (Fig. 9).

The scavenging tests showed that after the addition of methanol, the
MO concentration was almost unchanged from the initial concentration.
Following the addition of TBA, the system behaved similarly to the test
without the scavenger. After 10 min, the reaction stopped at ~ 76% of
the MO removed. The results with TBA, which is a scavenger for hy-
droxyl radicals only, suggested that the SO4 plays a vital role in the
degradation process of MO in the nZVI/ persulfate system under the
tested conditions. This is in accordance with previous studies, where the
main reactive oxygen species in the systems composed by persulfate and
metals in the zero oxidation state were sulfate radicals [77,78].

It should be also noted that the high TBA concentration used for
carrying out these tests can influence the sulfate radical reactions with
MO as well, which could explain the reaction interruption after 10 min.
Similar observations had Zhu et al. [79] and Wang et al. [77] that noted
a decrease of the removal efficiencies of the contaminants of concern by
sulfate radicals while increasing the TBA concentration (from 50 to 300
mM [79] and from 10 to 100 mM [77]).

Because sulfate and hydroxyl radicals react in a different way, where
hydroxyl radical promotes the addition reactions and sulfate radicals
react mainly by electron transfer reaction [50], the mechanisms of MO
removal is probably by a single electron transfer pathway.

3.9. Reusability of catalyst and iron leaching

nZVI reusability is considered an essential parameter for the evalu-
ation of its effectiveness. Therefore, the reusability of CS-PHB-nZVI was
evaluated in the MO/persulfate/CS-PHB-nZVI process. The easiness
through which the CS-PHB-nZVI can be separated from the solution
could be considered as an additional advantage of this catalyst (Fig. 10).

In Fig. 10a, the results obtained for MO degradation after four cycles
are shown. Reusing the catalyst causes a decrease in the conversion of
the pollutant in a linear way (R2 = 0.96). The conversion of the
contaminant, after the first use, was estimated to be ~ 97%. While for
the second and third cycles, the conversions of the pollutant were ~ 89%
and ~ 83%, respectively. At the forth reuse, the catalyst lost efficiency,
and the conversion of pollutant dropped to ~ 70%. The decrease in the
conversion of pollutants could be due to the passivation of the catalyst
surface, which is in agreement with the work of Xie et al. [80]. They
have also reported a loss of sulfamethoxazole removal up to the fourth
cycle. A similar trend was observed by Khunjan and Kasikamphaiboon
[81] for the decolorization of reactive black 5.

The concentration of total iron that has dissolved from the catalyst
was determined as well (Fig. 10b). After 30 s of the reaction, the dis-
solved iron in solution equaled 6 mg/L, while, after 30 min: 14 mg/L. An
increase of the catalyst dissolution after the persulfate addition can be
caused by the changes in the pH and ORP values in the system. The
dissolution of the iron in the persulfate/nZVI system is in agreement
with Du et al. [82]. However, it should be noted that our stabilization
resulted in reduced iron leaching after 30 min of the reaction (28% in
comparison to ~ 40% that was reported by Du et al. [82]).

For further assessment of the CS-PHB-nZVI passivation mechanism,
it was analyzed by FTIR after the reaction (Fig. S6). The nanoparticles
spectrum shows broadband ascribed to O-H vibration (—3250 cm ™).
The new bands at ~ 1110-1000 cm ™! could be attributed to the sulfate
ions presence [83]. Going to the lower wavenumbers, the newly formed
bands could be due to the presence of iron oxides in larger concentration
in the CS-PHB-nZVI catalyst after reuse. In general, the spectrum has
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Table 1
Rate constants (2nd order) of methanol and TBA with hydroxyl and sulfate
radicals [76].

Radical scavengers SOy — "OH
Methanol 32x10°M st 9.7 x 10°M st
TBA (4.0-9.1) x 10°M 157! (3.8-7.6) x 10° M 157!
100 A
60

B No Scavenger
@ MeOH
A TBA

Conversion of the pollutant (%)

20
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I T T T T T T T T J
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Fig. 9. Radical scavenging tests of MO elimination. No scavenger (degradation:
99.5%), in methanol (MeOH) (degradation: ~2%) and TBA (degradation:
~76%), (degradation time: 30 min, persulfate concentration: 2 mM, CS-PHB-
nZVI concentration: 50 mg/L, MO concentration: 0.15 mM, pH ~ 7, tests
were carried out at 25 + 1 °C, deviation of duplicates less than 5%, detailed
experimental conditions are reported in Table S4). The symbols represent
experimentally determined data, whereas the solid lines show a model of the
best-fit to the data (y = yo + Ae ).

changed after the use of the catalyst. It should be noted that the presence
of sulfate ions and the oxidized Fe could cause the reduced oxidation
efficiency of MO.

The results of this work were compared with other catalytic pro-
cesses used for the degradation of MO (Tab. S5). Our activation method
exhibits fast reaction kinetics, which may probably be attributed to the
larger surface area of CS-PHB-nZVI and the functional groups presented

on the nanoparticle surface. The functional groups identified by FTIR
analysis have been reported to be able to enhance the catalytic/
adsorption properties of nZVI and other materials [30,32,84,85]. The
synergic effect of carbonyl and amine groups may further boost the
persulfate activation.

4. Conclusions

This research investigated the effectiveness of nZVI coated by a bio-
conjugate CS-PHB for the heterogeneous activation of persulfate. CS-
PHB-nZVI was synthesized by the chemical reduction of Fe3' in the
presence of CS-PHB at a ratio of 1:5 (g CS-PHB: mol Fe3+). The nano-
material synthesized by the current methodology exhibits a large surface
area of 113 m?/g, which is one of the highest that could be found in the
literature and leads to unusual catalytic activity. The CS-PHB-nZVI was
tested as a persulfate activator for the degradation of methyl orange. The
analysis showed that the CS-PHB-nZVI exhibits a better performance
than the other catalysts tested.

The different activation mechanism may be attributed to the synergic
effect of the carbonyl and amine groups present on the surface of the
nZVI, as confirmed by FTIR. The large surface area of CS-PHB-nZVI may
also play an essential role in the activation of persulfate. The best con-
ditions for MO removal were determined to be 2 mM of persulfate and
50 mg/L of nZVI, at a pH of ~ 7. The addition of anions (chlorides,
carbonates and sulfates) dramatically decreased the reactivity of per-
sulfate for MO degradation. The activation energy for the MO degra-
dation was found to be 27.1 kJ/mol, which is, on average, lower than the
activation energies of other persulfate -nZVI systems reported in the
literature.

The performed scavenging test suggested that SO is involved as the
leading free radical species in the reaction, playing an essential role in
the MO degradation, which is in agreement with the literature data for
the systems composed of persulfate and metals in the zero-oxidation
state. It is believed that such a modification of nanoparticles may be
implemented with success for other catalytic reactions.
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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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