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ABSTRACT 
 

 
 
 

ISOLATION OF ANTIMICROBIAL MOLECULES FROM AGRICULTURAL 
BIOMASS AND UTILIZATION IN XYLAN-BASED BIODEGRADABLE FILMS 
 
 
 

 
Çekmez, Umut 

M.Sc., Department of Biotechnology 

Supervisor: Prof. Dr. Ufuk Bakır 

          Co-Supervisor: Prof. Dr. Zümrüt Begüm Ögel 

 
 
 

January 2010, 94 pages 

 
 
 
Cotton stalk lignin extractions were performed via alkaline methods at different 

conditions. Crude and post treated cotton stalk lignins, olive mill wastewater 

and garlic stalk juice were examined in terms of antimicrobial activity. 

Antimicrobial lignin was isolated depending on alkaline extraction conditions. 

Lignin extracted at 60°C exhibited significant antimicrobial effect towards both 

Escherichia coli and Bacillus pumilus. However different post treatments such 

as ultrasonication and TiO2-assisted photocatalytic oxidation did not result in 

antimicrobial compounds. Olive mill wastewater and garlic stalk juice exerted 

substantial antimicrobial effects towards tested microorganisms. 

 
 
Xylan-based biodegradable films containing lignin, garlic stalk juice, tannic 

acid and olive mill wastewater were characterized against both B. pumilus and 

E. coli by means of their antimicrobial activities. E. coli exhibited lesser 

sensitivity to all tested antimicrobial xylan films except tannic acid-integrated 

xylan film than B. pumilus. Antimicrobial lignin integrated-xylan film exhibited 

stronger effect towards tested microorganisms than tannic acid-integrated film. 

In the case of both antimicrobial lignin and tannic acid integrated xylan films, 



 v

4% was found to be the maximum antimicrobial compound percentage in film 

forming solutions to observe continuous film formation. 

 
 
Lignin samples with/without antimicrobial activity were characterized by means 

of their chemical structure via FTIR and LC-MS. FTIR results revealed that 

cotton stalk lignins were significantly broken down via alkaline treatment and 

this breakdown resulted in the formation of new fractions and also ester & 

ether bonds between antimicrobial hydroxycinnamic acids and lignin were 

cleaved during the alkaline treatments of cotton stalk lignins. By FTIR results, 

C=C bonds were found to be characteristic for antimicrobial lignin sample and 

it was suggested that these bonds might be the reason of the antimicrobial 

activity. By LC-MS qualitative mass analysis, antibacterial lignin fractions were 

found to be quite different from non-antibacterial lignin fractions. LC-MS 

results indicated that the antimicrobial lignin fractions might be lignin-derived 

oligomers and/or might be flavonoids. Cotton stalk lignin fractions 

demonstrated different antimicrobial activities depending on the method of 

isolation and chemical treatment.    

 
 
Keywords: cotton stalk lignin, antimicrobial activity, photocatalytic oxidation, 

ultrasonication, xylan-based films, biodegradable, garlic stalk juice, olive mill 

wastewater  
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ÖZ 
 
 
 
 

TARIMSAL BİYOKÜTLEDEN ANTİMİKROBİYEL MOLEKÜL ELDE 
EDİLMESİ VE KSİLAN TEMELLİ BİYOBOZUNUR FİLMLERDE KULLANIMI 
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Pamuk sapı lignini özütlemeleri alkali yöntemler ile farklı koşullarda yapılmıştır. 

Ham ve elde edilme sonrası muamele görmüş pamuk sapı ligninleri, zeytin 

karasuyu ve sarımsak sapı suyu antimikrobiyel aktivite açısından 

incelenmişlerdir. Antimikrobiyel lignin alkali özütleme koşullarına bağlı olarak 

elde edilmiştir. 60°C’ de özütlenen lignin, E. coli ve B. pumilus’ a karşı dikkate 

değer antimikrobiyel etki göstermiştir. Fakat ultrasonikasyon ve TiO2-destekli 

fotokatalitik oksidasyon gibi değişik elde edilme sonrası muameleleri 

antimikrobiyel bileşik ile sonuçlanmamıştır. Zeytin karasuyu ve sarımsak sapı 

suyu denenen mikroorganizmalara karşı kayda değer antimikrobiyel etkiler 

göstermişlerdir. 

 
 
Lignin, sarımsak sapı suyu, tannik asit ve zeytin karasuyu içeren ksilan temelli 

biyobozunur filmler antimikrobiyel aktiviteleri bağlamında B. pumilus ve E. coli’ 

ye karşı karakterize edilmişlerdir. E. coli, tannik asit ilave edilen ksilan filmler 

hariç tüm denenen antimikrobiyel ksilan filmlere B. pumilus’ tan daha az 

duyarlılık göstermiştir. Antimikrobiyel lignin katılmış ksilan filmi, denenen 

mikroorganizmalara karşı tannik asit katılmış ksilan filminden daha kuvvetli 
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etki göstermiştir. Ksilan filmlerin antimikrobiyel lignin ve tannik asit içerdiği 

durumlarda bütün film oluşumu gözlemlemek için film oluşma çözeltilerindeki 

maksimum antimikrobiyel bileşik yüzdesi yüzde 4 olarak bulunmuştur. 

 
 
Antimikrobiyel aktiviteli ve aktivitesiz lignin örnekleri kimyasal yapıları 

bağlamında FTIR ve LC-MS ile karakterize edilmiştir. FTIR sonuçları pamuk 

sapı ligninlerinin alkali muamele yolu ile önemli ölçüde parçalandığını, bu 

parçalanmanın yeni parçaların oluşumuyla sonuçlandığını ve ayrıca pamuk 

sapı ligninlerinin alkali muameleleri sırasında lignin ve antimikrobiyel 

hidroksisinnamik asitler arasındaki ester ve eter bağlarının açıldığını ortaya 

çıkartmıştır. FTIR sonuçlarıyla C=C bağlarının antimikrobiyel lignin örneği için 

karakteristik olduğu bulunmuştur ve antimikrobiyel aktivitenin sebebinin bu 

bağlar olabileceği öne sürülmüştür. LC-MS niteleyici kütle analizi yardımıyla, 

antibakteriyel lignin parçalarının antibakteriyel olmayan lignin parçalarından 

oldukça farklı olduğu bulunmuştur. LC-MS sonuçları antimikrobiyel lignin 

parçalarının lignin türevli oligomerler ve/veya flavonidler olabileceğini 

göstermiştir. Pamuk sapı lignini parçaları kimyasal muamele ve elde edilme 

metoduna bağlı olarak farklı antimikrobiyel aktiviteler göstermişlerdir. 

 
 
Anahtar sözcükler: Pamuk sapı lignini, antimikrobiyel aktivite, fotokatalitik 

oksidasyon, ultrasonikasyon, ksilan-temelli filmler, biyobozunur, sarımsak sapı 

suyu, zeytin karasuyu 
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CHAPTER 1 
 

 

INTRODUCTION 
 

 

 

1.1 Application of Biological Polymers as Packaging Materials 
 
 
  
Food packaging, an important discipline in the area of food technology, is 

concerned with the preservation and protection of all types of foods and their 

raw materials (Tharanathan, 2003). The main purposes of the studies on food 

packaging materials are preventing the spoilage of food, prolonging the shelf 

life of packed foods and guaranteeing consumer safety (Cha and Chinnan, 

2004).   

 
 
There are various materials used in packaging. The most commonly used 

ones are petrochemical based plastics such as polyethylene, polyamides, and 

polyesters. Their satisfactory mechanical properties and low prices render 

them preferential in packaging applications. On the other hand, most of these 

widely used plastics are hydrophobic, demonstrating very low water vapor 

permeation rates and especially, they are fully non-biodegradable leading to 

environmental problems (Davis and Song, 2006). 

 
 

The fragmentation of polymers may originate from biodegradation, photo-

degradation or chemical degradation. Biodegradation is a natural way of 

recycling wastes, or breakdown of organic matters into smaller compounds, 

mineralized and redistributed through elemental cycles such as the carbon 

and sulphur cycles. Biodegradation is carried out only within the biosphere by 

a huge assortment of bacteria, insects, fungi and yeast (Chandra and Rustgi, 

1998). 
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Biopolymers are polymers that are biodegradable. The input materials for the 

production of these polymers may be either renewable (based on agricultural 

plant or animal products) or synthetic. The synthesis of biopolymers always 

involves enzyme-catalyzed, chain growth polymerization reactions of activated 

monomers, which are generally formed within cells by complex metabolic 

processes (Gross et al., 2001).  

 
 
Organic material can be degraded aerobically, with oxygen, or anaerobically, 

without oxygen. The final products of the degradation process are carbon 

dioxide, water and biomass under aerobic conditions, and hydrocarbons, 

methane and biomass under anaerobic conditions (Gross and Kalra, 2002). 

 
 
Current and future developments in biodegradable polymers and renewable 

input materials focus relate mainly to the scaling-up of production and 

improvement of product properties. Larger scale production will increase 

availability and reduce prices (Tharanathan, 2003). 

 
 
The term antimicrobial packaging includes any packaging techniques used to 

control bacterial growth in food. In recent years, antimicrobial packaging has 

gained huge importance in food industry owing to the rise in client demand for 

minimally processed, preservative-free products (Cha and Chinnan, 2004). 

 
 
Antimicrobial packaging can take several forms; integration of volatile and 

non-volatile antimicrobial agents directly into polymers; coating of 

antimicrobials onto polymer surfaces; immobilization of antimicrobials to 

polymers by covalent linkages; and use of polymers that are natively 

antimicrobial (Appendini and Hotchkiss, 2002). There are so many studies in 

literature about both biopolymer-based and petrochemical-based antimicrobial 

packaging. Low density polyethylene (LPDE) and polyamides films containing 

natural antimicrobial compounds such as thymol, carvacrol and trans-

cinnamaldehyde exhibited significant antimicrobial effect towards both 

Escherichia coli & Listeria innocua and furthermore addition of these active 

compounds improved the properties of films such as film flexibility and 

moisture barrier capability (Han et al., 2007).  
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The cellulose packaging produced via laccase initiated grafting of antibacterial 

compounds such as caffeic acid and isoeugenol etc. demonstrated significant 

antimicrobial effect towards E. coli & Staphylococcus aureus (Elegir et al., 

2007). Several studies on the antimicrobial characteristics of films made from 

chitosan (inherently antimicrobial biopolymer) have been carried out earlier 

(Chen et al., 1996; Coma et al., 2002). 

 
 
1.2 Lignocellulosic Biomass 
 
 
 
Lignocellulosic biomass makes up about 50% of all biomass. It is composed of 

three major polymeric constituents, namely; cellulose, hemicellulose and lignin 

(Biely, 1993). Cellulose is famous for being the most abundant of Earth's 

organic polymers. It is composed of monomers of glucose, a hexose (6-

carbon) sugar, linked by ten thousand β(1,4)-glycosidic bonds. The structure 

of cellulose is shown in Figure 1.1. 

 
 
 

 
 
Figure 1.1 Cellulose Structure (Brown, 2004) 

 
 
Hemicellulose is a highly branched low molecular weight polymer composed 

of both hexose and pentose (5-carbon) sugars and includes glucan, mannan, 

arabinan and xylan (Zheng et al., 2009). The main hemicelluloses of softwood 

are galactoglucomannans and arabinoglucuronoxylan while in hardwood is 

glucuronoxylan. Hemicelluloses consist of D-glucose, D-mannose, D-xylose, 

D-glucuronic acid, L-arabinose-4-O-methyl-D-glucuronic acid and D-

galacturonic acid in various amounts according to the natural source. The 

sugar units are mainly β-D-xylopyranose (β-D-XylP); β-D-xglucopyranose (β-

D-Glcp); β-D-mannopyranose (β-D-Manp) α-Larobinofuranose (Araf). They 
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constitute the backbone structure of glucomannans and xylans (Gabrielli and 

Gatenholm, 1998).  

 
 
Xylan, which is the major hemicellulose and the second most abundant 

polymer in nature, accounts for one-third of renewable biomass available on 

earth (Gabrielii and Gatenholm, 1998). The main sugar of xylan is D-xylose. 

Depending on the xylan source, the structure of xylan differs from linear β-1-4-

polyxylose main chains to highly branched heteropolysaccharides substituted 

with mainly acetyl, arabinosyl and glucuronosyl residues. The principle xylan 

of hardwood, O-acetyl-4-O-methylglucuronoxylan, consists of a backbone of 

1-4-glycosidic bond linked β-xylopyranose residues. Moreover, being found in 

the cell wall of monocots like grasses and cereals, xylan consists of linear 

chains of β-D-1-4-linked D-xylopyranosyl residues. Those residues can be 

also substituted with α-L-arabinofuranosyl at the 2-O and/or 3-O position(s) 

and α-D-glucuronopyranosyl or its 4-O-methyl derivative at the 2-O position 

(Biely, 1993; Carpita, 1996). In contrast to softwood xylan, hardwood xylan is 

highly acetylated 4-O-methyl-α-D-glucuronoxylan, essentially without 

arabinosyl substitution. Approximately, seven out of ten xylosyl residue carries 

an α-O-methylglucuronyl residue at O-2 (Evtuguin et al., 2003). The hardwood 

xylan structure is represented in Figure 1.2.  

 
 
 

  
 
Figure 1.2 Structure of O-acetyl-4-O-methylglucuronoxylan from hardwood 

(Puls and Schuseil, 1993) 

 
 
They are associated with the lignin via ester, ether and glycosidic bonds in 

plant cell walls (Scalbert et.al, 1985; Thompson, 2000). Xylan can be 

extracted from many different agricultural wastes including wheat straws, 

cotton stalks etc. via alkaline extraction (Zilliox and Debeire, 1998). 
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Lignin, the second most abundant natural compound after cellulose (Boudet 

and Grima-Pettenati, 1996), is a natural high molecular weight biopolymer 

consisting of phenylpropane units. The phenylpropane units are attached to 

one another by a series of characteristic linkages (β-O-4, β-5, β- β, etc.). 

Cellulose, lignin, and hemicelluloses are the main components of plant cell 

walls. Partly cellulose gives plant its strength and stiffness. However, without 

the matrix of lignin, and hemicelluloses, the plant cell walls would not stay 

intact (Sarkanen and Ludwig, 1971). A typical lignin structure is given in Figure 

1.3. 

 
 
 

 
 

Figure 1.3 Lignin Structure (Lee, 1997) 

 
 
As shown in Figure 1.4. the hemicellulose and cellulose are imbedded in the 

lignin. 
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Figure 1.4 Secondary Cell Wall Structures of Plants (Bidlack et al., 1992) 
 
 
Alkali soluble and acid soluble lignins were isolated from agricultural waste, 

sugarcane bagasse via series of chemical & physical treatments ended up 

with pH precipitation (Xu et al., 2005). Also lignin was isolated via acidolytic 

dioxane extraction from cotton stalks, jute stick and dhaincha (Jahan et al., 

2006). 

 
 
The literature studies on the structure, hydrodynamic and physiochemical 

properties of lignin molecule have demonstrated that it is tough to get a 

general picture of the exact shape and size of an isolated lignin (Belgacem, 

2000; Goring, 1989). The size and shape of an isolated lignin is highly 

dependent on the lignin concentration, type of solvent and type of extraction 

processes (Vainio et al., 2004). 
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Gupta and Goring (1960) studied the range of lignin molecule size via using 

sedimentation and viscometry as analytical method and found that the radius 

of gyration of alkali lignin molecule is between 44-170 nm.  

 
 
Lignocellulosic biomass can be converted to value-added products via 

different thermochemical, biochemical, chemical and physical methods as 

illustrated in Figure 1.5. 

 
 
 

  
 

Figure 1.5 The Value-added Products Isolated from Lignocellulosic Biomass 

(Kamm et al., 2006)  

 
 
Lignocellulosic biomass can be chemically converted into value-added 

alcohols, acids, phenol derivatives, hydrocarbons etc. by the process of 

fermentation, hydrolysis, hydrogenation, crystallization, etc. For example, Ou 

et al. (2009) represented a technology for production of coumaric acids 

(phenolic acids) from sugarcane bagasse. 
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Lignin can be also chemically converted to value-added products including ink, 

paint, food and cement additives, adhesives, antioxidants and antimicrobial 

agents as well (Lignin.org). 

 
 
1.3 Xylan-based Biodegradable Films 
 
 
 
Xylan can be used as film forming biopolymer. But xylan in its pure form 

cannot be able to form continuous films. The films produced with xylan 

isolated from aspen (Gabrielli and Gatenholm, 1998) and birchwood (Gabrielli 

et al., 2000) were characterized by means of their film forming properties and 

it was concluded that continuous and self-supporting xylan films are able to be 

produced only with chitosan at its 10% and above concentrations in film 

forming solutions. 

 
 
Composite film production of cotton stalk xylan was also studied. The 

complete film formation was observed via using xylan with partial removal of 

lignin during its extraction. As the xylan concentration increases in film forming 

solutions, thickness of the films increases which decreases the water vapor 

permeability of the film. To increase the water vapor permeability of xylan 

films, glycerol was added as an extra plasticizer to film forming solutions and it 

worked (Göksu, 2005). 

 
 
Lignin was found to be necessary additive to produce continuous and self-

supporting birchwood xylan films. The minimum percentage was determined 

as 1% lignin in xylan (w/w) for complete film formation (Karamanlıoğlu, 2008).                   

 
 
 
 
 
 
 
 
 
 
 
 



 9

1.4 TiO2 and Its Photocatalytic activity 
 
 
 
Titanium dioxide, also known as titanium (IV) oxide or titania, is the naturally 

occurring oxide of titanium. Three polymorphs of TiO2 are anatase, rutile and 

brookite phases. This semiconductor is inexpensive, chemically stable and 

harmless to human health and environment, and has no absorption in visible 

region. Semiconductors including TiO2, SnO2 and ZnO are highly active under 

UV light irradiation with their higher wavelength UV absorption (UV-A, 320-400 

nm) (Thiruvenkatachari et al., 2008). 

 
 
The electronic structure of semiconductors is characterized by a filled valance 

band and an empty conduction band. The energy difference between the 

lowest energy level of the conduction band and the highest energy level of the 

valance band is called band gap energy (Eg) (shown in Figure 1.6); electrons 

are able to jump from one band to another (Benedix et al., 2000).  

 
 
 

 
 
Figure 1.6 A sketch of band gap energy between valence band and 

conduction band in semiconductor particle (Benedix et al., 2000) 
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The band gap energy of anatase type titanium oxide is 3.2 eV, which is 

equivalent to 388 nm wavelength. The absorption of ultraviolet rays shorter 

than this wavelength induces photocatalysis. When light is absorbed by 

titanium oxide, two carriers; electrons (e-) and positive holes (h+) are formed 

via jumping of an electron from the valence band to the conduction band. In 

ordinary substances, electrons and positive holes pair quickly; however, in 

titanium oxide photocatalyst the formation of the electron/hole (e-/h+) pairs 

more slowly. The carrier recombination percentage is major dependant on the 

photocatalytic efficiency. The surface of a photocatalyst contains water, which 

is referred to as "absorbed water." When this water molecule reacts with 

positive holes, water converts to hydroxyl radicals (• OH) which have strong 

oxidative breakdown power. If oxygen is present when this process takes 

place, the organic matter decomposes to carbon dioxide and water due to the 

reaction between (• OH) and H2O. On the other hand, electron pairs cause the 

generation of superoxide radicals (• O2
-) by the reduction of O2 molecules. 

Superoxide anions are capable of many selective/non-selective oxidation 

reactions (Fox and Dulay, 1993; Hashimoto et al., 2005).   

 
 
1.5 Lignin Fragmentation Processes 
 
 
 
In wood, lignin tends to form covalently bonded complexes with cellulose and 

hemicellulose it is not easy to separate from the plant cell walls (Perez et al., 

2002). The strong carbon-carbon and ether linkages in lignin molecule make it 

resistant to degradation (Besle et al., 1994).  

 
 
In paper industry, purified lignin is recovered as a by-product of cellulose 

production via different chemical treatments during wood-pulping processes. 

Chemical pulping involves the use of chemicals able to break down and 

dissolve lignin from the wood cell walls, are releasing cellulose fibers. Lignin is 

contained in pulp and paper mill effluents, which is a major chemical oxygen 

demand (COD) component and is responsible for color of the effluents (Franta 

et al., 1994). Therefore, study of lignin degradation is of major environmental 

interest. 
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The oxidative breakdown of lignin molecule has been studied by using ozone, 

permanganate and UV-illuminated H2O2 (Tanaka et al., 1999). These studies 

demonstrated that such breakdown treatments alone were not capable of 

reducing COD effectively. Further studies have been performed on the 

combination of oxidation with biological treatment (Nakamura et al., 1997). 

 
 
Photocatalytic oxidation method has been extensively studied on the 

breakdown of lignin molecule. The (UV/semiconductor) photocatalytic systems 

have been found to be effective on complete mineralization of lignin molecule 

at ambient temperatures and pressures without the production of any risky by-

products such as phenols, aromatics etc. (Kobayakawa et al., 1989; Khodja et 

al., 2001; Lathasree et al., 2004). Tanaka et al. (1999) have been studied the 

photocatalytic depolymerization of lignin by using TiO2 as photocatalyst and 

found that it was successively depolymerized to oxygenated compounds such 

as aldehydes and carboxylates. Daneshvar et al. (2004) have been reported 

that ZnO can be appropriate alternative photocatalyst to TiO2 due to their 

resemblance in photocatalysis mechanisms.  

 
 
Kansal et al. (2008) studied the effect of different variables including catalyst 

type, catalyst dose, solution pH, oxidant concentration and initial concentration 

of substrate on photocatalytic breakdown of lignin and found that ZnO was 

more effective photocatalyst than TiO2. The optimum values for studied 

variables were determined for an effective photocatalysis of lignin molecule 

and it was showed that COD removal from lignin can be accomplished via 

photocatalysis without any extra biological processes. 

 
 
Lignin can also be fragmented to its monomeric phenols via several 

thermochemical depolymerization methods reviewed by Amen-Chen et al. 

(2001). In thermochemical fragmentation methods, high pressures and high 

temperatures are used and its breakdown products are so complex and 

separation cost is high. Due to these economic issues, there is limited 

information is available in literature. 
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Hammel et al. (1997) reviewed the breakdown of lignin via extracellular fungal 

enzymes including lignin peroxidases, manganese peroxidases and laccases. 

Both the characteristic properties and different breakdown mechanisms of 

these enzymes were explained and were discussed. 

 
 
Ultrasonication is also a breakdown process which is used in the degradation 

of long chain macromolecules. It is well established that prolonged exposure 

of solutions of macromolecules to high-energy ultrasonic waves causes the 

degradation of macromolecules (Mason and Lorimer, 2002). Grönroos et al. 

(2008) studied the ultrasonic degradation of aqueous carboxymethylcellulose 

and found that the high molecular weight polymers degraded faster than low 

molecular weight ones and breakdown of polymers depended on the 

molecular mass and the concentration of polymers. Azhar and Hamdy (1979) 

studied the ultrasonication effect on potato starch and reported that the 

breakage of C-C bonds in starch molecule was accomplished via 

ultrasonication. 

 
 
Also, Buranov and Mazza (2008) reported that monomeric phenolic fragments 

including ferulic acids and coumaric acids formed via the breakage of ester 

bonds present in lignin during its alkaline extraction. 
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1.6 The Antimicrobial Effects of Both Different Lignin Types and Different 
Lignin Fragments 
 
 
 
Lignin is synthesized by peroxidase and/or laccase enzymes which initiate 

dehydrogenative polymerization of three monomeric aromatic 

phenylpropanoid precursors; coniferyl, p-coumaryl, and synapyl alcohols 

(Boudet and Grima-Pettenati, 1996). The structures of these monomeric 

alcohols are illustrated in Figure 1.7. 

 
 
 

 
 
Figure 1.7 Three Monomeric Alcohols of Lignin Structure (Zemek et al., 1979) 

 
 
Variance in lignin content among plant species is caused by the differences in 

the proportions of these monomeric alcohols. Softwood lignins are 

approximately 80% coniferyl, 14% p-coumaryl and 6% synapyl alcohols. 

However, hardwood lignins are approximately 56% coniferyl, 4% p-coumaryl 

and 40% synapyl alcohols (Baurhoo et al., 2008). 

 
 
Wood lignin contains 11 monomeric phenolic fragments, with p-coumaric acid 

and ferulic acids being the major phenolics in forages (Jung and Fahey, 1983) 

as seen in Figure 1.8. 
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Figure 1.8 Phenolic Monomeric Fragments of Lignin (Zemek et al., 1979). 

1: Eugenol; 2: isoeugenol; 3: syringaldehyde; 4: coniferyl alcohol; 5: ferulic 

acid; 6: 4-hydroxy-3-methoxy-β- hydroxy-propiophenone; 7: 1-(4-hydroxy-3-

methoxyphenyl)-2-propanone; 8: 2-(4-hydroxy-3-methoxyphenyl)-7-methoxy-

3-methyl-5-propyl-coumaran (“dehydro-diisoeugenol”); 9: pinoresinoldione 

(“dehydrodiferulic acid”); 10: Di-O-acetylpinoresinol; and 11: 2,3-bis(α-

hydroxy-vanillyl)-1,4-butane-diol 

 
 
The antimicrobial effect of 11 phenolic fragments of lignin was investigated 

against microorganisms including E. coli, Saccharomyces cerevisiae, Bacillus 

licheniformis and Aspergillus niger (Zemek et al., 1979) and they found that 

the most inhibitory phenolic fragment was isoeugenol among all tested 

microorganisms and the order of antimicrobial effectiveness of isoeugenol 
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against tested microorganisms was B. licheniformis > E. coli = S. cerevisiae > 

A. niger. The other fragments of lignin were also found to be antimicrobial but 

they exhibited weaker antimicrobial effects among tested microorganisms than 

isoeugenol.   

 
 
In general, the antimicrobiality of lignin is highly dependent on its side chain 

structure and the nature of the functional groups of its phenolic fragments 

(Baurhoo et al., 2008). The reason for the antimicrobial effect of isoeugenol 

was explained via the presence of double bond in α, β position of the side 

chain and the presence of a methyl group in the γ position (Jung and Fahey, 

1983). 

 
 
Gosselink et al. (2004) reported that the major chemical functional groups in 

lignin include the hydroxyl, methoxyl, carbonyl, and carboxyl groups in various 

numbers and proportions, depending on origin and extraction processes. 

Depending on the method of isolation and chemical treatment, new functional 

groups not present in natural lignin may appear. Baurhoo et al. (2008) have 

reported that lignins may possess different biological activities depending on 

their extraction methods. 

 
 
Alcell lignin (Alcell Technologies Incorporation, Montreal, Quebec, Canada), 

which is a trade name for compound generally known as organosolv lignin, is 

recovered as a by-product of cellulose production during wood pulping 

process in the paper industry. Rousu et al. (2002) demonstrated that the Alcell 

process broke down the lignin molecule and produced hydrophobic low 

molecular weight lignin fragments as a co-product. In Alcell process, woods 

are cooked in aqueous ethanol at 190°C. 

 
 
Alcell lignin (50g/l) itself was found to be capable of inhibiting the growth of E. 

coli, S. aureus and Pseudomonas by the study of Nelson et al. (1994). 
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Kraft Lignin is also produced as a co-product of the paper-making industry, 

separated from cellulose in the wood fibers via kraft pulping process. Kraft 

process involves a mixture of sodium hydroxide and sodium sulphide (known 

as white liqour) that breaks the linkages between cellulose and lignin in wood 

structure. The phenolic fragments of Kraft lignin, which are isolated during 

pulping process, were found to be very effective antioxidants by in vivo studies 

(Catignani and Carter, 1982). Nada et al. (1989) studied the antimicrobial 

effect of lignin isolated from bagasse via Kraft process against Bacillus 

subtilis, Bacillus mycoids, E. coli and A. niger and found that bagasse lignin 

exhibited antimicrobial effect only towards gram positive bacteria namely B. 

subtilis and B. mycoids.  

 
 
Also Nada et al. (1989) studied the antimicrobial activity of lignin isolated from 

cotton stalk via different extraction procedure against B. subtilis, B. mycoids, 

E. coli and A. niger. Only difference between new extraction process and Kraft 

process was the addition of anthraquinone in cooking liquor of cotton stalks. 

Cotton stalk lignin was found to be only effective against gram positive 

bacteria as in the case of bagasse lignin. No significant antimicrobial effect of 

lignins was observed against both gram negative bacterium, E. coli and 

fungus, A. niger. 
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1.7 The Antimicrobial Activity of Some Natural Plant Based Compounds 
 
 
 
The natural products derived from medicinal plants have proven to be a rich 

source of biologically active compounds, many of which have been the 

beginning for the improvement of new chemicals for pharmaceuticals. The 

general antimicrobial activities of natural plant based products, such as 

essential oils, have been reviewed previously (Cowan, 1999; Kalemba and 

Kunicka, 2003). 

 
 
Thymol and carvacrol, which are the major phenol derivatives found in the oil 

of oregano and thyme, are isomeric with each other. Thymol was found to be 

effective against several species of bacteria such as Listeria monocytogenes, 

S. aureus, B. subtilis, Bacillus cereus, E. coli, Salmonella enterica, 

Pseudomonas aeruginosa and Campylobacter jejuni (Sivropoulou et al., 1996; 

Friedman et al., 2002). Moreover, Gr(-) bacteria have been proven to be more 

sensitive to thymol than Gr(+) bacteria. In agar disc diffusion experiments of 

thymol, zone of inhibition values were determined as 7.2 mm and 8.5 mm 

against B. cereus and E. coli, respectively (Tippayatum and Chonhenchob, 

2007). Hydrophobicity characteristic of thymol enable it to penetrate the 

lipopolysaccharide part of the Gr(-) cell membrane, and the leakage of cell 

content occurred by lesion of the membrane and quick discharge of potassium 

ions (Burt, 2004 and Pina-Vaz et al., 2004). 

 
 
In liquid broth experiments of carvacrol, minimal inhibition concentration was 

determined as 0.25 g/l against both B. subtilis and E. coli and carvacrol 

demonstrated same antimicrobial effect towards both Gr(+) and Gr(-) bacteria 

(Ben Arfa et al., 2006 and Burt et al., 2005). Michiels et al. (2007) have 

reported that carvacrol was more effective among tested Gr(+) and Gr(-) 

bacteria than thymol and studied the synergistic effect of thymol and carvacrol 

among tested bacteria species and no significant synergistic effect of thymol 

and carvacrol was observed.  
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The antimicrobial effect of carvacrol is associated with its lipophilic character, 

which affects both the lipid ordering and the bilayer stability of cell 

membranes, leads to the decrease of membrane integrity and depletion of 

intracellular ATP (Friedman, 2006 and Sikkema et al., 1995). Plant phenolics, 

carvacrol and thymol possess similar mechanisms of antibacterial activity 

resulting from their similar chemical structures including systems of 

delocalized electrons and hydroxyl groups (Ultee et al., 2002). 

 
 
Tannic acid (commercial name for tannin), which is a polymer of gallic acid 

molecules and glucose, present in oak wood, tea, berries and in red wine 

grape skins, seeds and stems with high concentrations. The general 

antimicrobial activities of tannic acid have been review previously (Chung et 

al., 1998). Tannic acid was capable of inhibiting the growth of all 15 types of 

test bacteria such as E. coli, Proteus vulgaris, S. aureus, etc. at a 

concentration of 5mg/mL and Gr(-) bacteria exhibited stronger sensitivity to 

tannins than Gr(+) bacteria (Chung et al., 1993). 

 
 
Biological and medical activities of garlic are mainly due to its high organo-

sulphur compounds content. Major determinants for the antimicrobial effect of 

garlic were found to be allicin, dially sulphide and ajoene (Corzo-Martinez et 

al., 2007). Bacteria against which garlic is effective include strains of E. coli, 

Salmonella, Pseudomonas, Proteus, S. aureus, Klebsiella, B. subtilis (Harris 

et al., 2001). 

 
 
Among various natural antimicrobial agents, nisin which is a polypeptide 

produced by Lactococcus lactis has been most widely studied for its activities. 

Because it is produced by lactic acid bacteria that often found in human’s 

digestive tract and recognized as probiotic. Nisin was found to be effective 

against a wide range of spoilage and pathogenic gram-positive bacteria (Han, 

2005). 
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1.8 Cotton Stalk Waste 
 
 
Cotton, which is a natural fiber and hardwood, is botanically known as 

Gossypium hirsutum from Malvaceae family. The average cotton production in 

the world is approximately 20 million tons and Turkiye is one of the major 

producers of cotton along with China, India, The United States, Greece, Syria 

and Turkmenistan. The production of cotton in Turkiye is about 2.5 million tons 

per year giving rise to approximately 1.5 million tons of available residues 

(agrowaste-tr.org; www.dtm.gov.tr). Large amounts of cotton waste from the 

field and gins result in environmental problems due to disposal issues, cotton 

diseases and pests. Development of economical and efficient methods for 

utilization of cotton waste has been investigated for years. Some previous 

studies about the conversion of cotton stalk into value-added products were; 

1-) bioethanol production from cotton waste (Demirbaş, 2005), 2-) char, 

hydrogen, and pyrolysis gases production from cotton waste (Balat, 2009), 3-) 

hemicellulose based biodegradable film production from cotton stalk xylan 

(Göksu, 2005), 4-) xylan based biodegradable antimicrobial film production by 

the use of cotton stalk as raw material (Karamanlıoğlu, 2008), 5-) Phenol 

formaldehyde type adhesives production from cotton stalk (Fidan, 2005). 

Cotton stalk can also be reliable, renewable and environmentally acceptable 

resource with high potential for conversion into value-added products 

especially natural based antimicrobial phenolics due to its high lignin content 

(28%) which has been determined by the study of Akpınar et al. (2007). 
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1.9 Aim of the Study 
 
 
 
Food packaging is an important field in food industry and in recent years, 

antimicrobial biodegradable packaging has gained huge importance in food 

industry owing to the rise in client demand for minimally processed, 

environmental friendly and preservative-free products. Current trend for 

biodegradable film production is using biopolymers such as xylan instead of 

petrochemicals leading to environmental problems.  

 
 
Cotton stalk, which is an important agricultural waste in Turkiye, contains 

considerable amount of lignin. Lignin is a superior source for the isolation of 

natural antimicrobial compounds because; this phenolic compound contains 

11 monomeric phenolic fragments whose antimicrobial activities have been 

previously studied (Zemek et al., 1979) and some studies demonstrated that 

lignins exhibited antimicrobial activities against several microorganisms by 

itself depending on their origin and extraction procedure (Baurhoo et al., 2008; 

Nada et al., 1989). Also lignin is broken down via fungal enzymes (Hammel et 

al., 1997), thermochemical degradation (Amen-Chen et al., 2000), and 

semiconductor assisted photocatalytic oxidation (Kansal et al., 2008) that are 

considered to be time consuming and expensive processes. 

 
 
The antimicrobial activities of garlic have been reviewed by Martinez et al., 

(2007) in literature. Up to now, there are several studies about antimicrobial 

activities of garlic components isolated from its bulb and/or its clove. However, 

there is very limited information about the content and the antimicrobial activity 

of components of fresh green garlic stalk which can be considered as 

agricultural waste. Also, olive mill wastewater (OMW), which is an agricultural 

waste of olive oil industry, contains phenolic compounds. In literature, OMW 

exhibited antibacterial effect towards tested bacterium (Gonzalez et al., 1990). 
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The major aim of the study was to develop easy, cheap and environmentally 

acceptable processes for the isolation of value-added antimicrobial 

compounds from plant based agricultural wastes which can be further applied 

in biorefineries and to produce 100% natural xylan-based antimicrobial 

biodegradable films by using these antimicrobial compounds. 

 
  
For this purpose, lignin was extracted from cotton stalk via both classical and 

modified version of Zilliox & Debeire method (1998) and extracted lignins were 

characterized by means of their antimicrobial activity against E. coli and 

Bacillus pumilus in both liquid and solid medium. Additionally, garlic juice 

extracted from green garlic stalk and olive mill wastewater were also 

characterized in the same way. Fragmentation processes such as 

ultrasonication and TiO2-assisted photocatalytic oxidation were utilized to 

isolate lignin fragments that demonstrate antimicrobial activity and the 

antimicrobial effects of post-treated lignin samples were evaluated against 

tested bacteria. Following these steps, xylan-based biodegradable films 

containing compounds that demonstrate antimicrobial activity were 

characterized against B. pumilus & E. coli by means of their antimicrobial 

properties. Moreover, lignin based compounds having antimicrobial activity 

were characterized by means of their chemical structure via FTIR and LC/MS 

analysis. 
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CHAPTER 2 
 

 

MATERIALS AND METHODS 
 

 

 

2.1. Materials 
 
 
 
Cotton stalk was brought from a local producer in Adıyaman, Turkey. Fresh 

green garlic was purchased from greengrocer in Ankara, Turkey. Olive mill 

wastewater was obtained from Marmara Birlik, olive plant in Bursa, Turkey. 

 
   
Carvacrol (C10H14O), Mueller Hinton agar, Luria-Bertani (LB) Agar, thymol 

(C10H14O), alkali lignin, birchwood xylan, xylitol were purchased from Sigma 

(Germany). Titanium dioxide (TiO2) was bought from Aldrich (Germany). Luria- 

Bertani (LB) broth, nutrient broth (NB), boric acid (H3BO3), tannic acid, acetic 

acid (CH3COOH), ethanol (C2H5OH), potassium bromide (KBr), potassium 

hydroxide (KOH), 35% hydrochloric acid (HClaq.), sodium hydroxide (NaOH), 

sodium borohydride (NaBH4) were purchased from Merck (Germany). Sterile 

discs were purchased from Fluka (Switzerland). Nylon syringe filters, 0.20 µm 

pore size, were purchased from Sartorius (Göttingen, Germany). 

 
 
2.2. Microorganisms and Growth Conditions 
 
 
 
Esherichia coli (XL1-blue) was maintained on Luria-Bertani (LB) agar. Plates 

were incubated at 37°C overnight and then stored at 4°C until use. E. coli was 

incubated in Luria-Bertani (LB) broth at 37°C on a rotary shaker (Minitron) at 

170 rpm overnight. 

 
 
Bacillus pumilus (SB-M13; isolated in our laboratory) was maintained on Luria-

Bertani (LB) agar. Plates were incubated at 30°C for 24 hours and then stored 
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at 4°C until use. B.pumilus was incubated in nutrient broth (NB) at 30°C on a 

rotary shaker (Minitron) at 180 rpm for 24 hours. 

 
 
Medium and agar bases are given in Appendix A. 

 
 
2.3. Xylan and Lignin Extraction Methods 
 
 
2.3.1. Zilliox and Debeire (1998) & Xu et al. (2005) Method 
 
 
 
The method used by Zilliox and Debeire (1998) was followed for the xylan 

extraction. Dried cotton waste was milled. 1000 ml of distilled water was 

added to 20 g of milled cotton stalk and the sample was swelled at 60°C for 16 

hours in an incubator (Nüve, Turkey). The swollen sample was filtered by a 

filter paper (Whatman No. 41) and the pellet was mixed with solution 

containing 170 ml of 24% (w/v) KOH + 1 % (w/v) NaBH4 solution and stirred 

for 3 hours at room temperature. The suspension was filtered and the 

supernatant was mixed with 500 ml cold ethanol solution containing 10% (v/v) 

acetic acid. This suspension was shaken for several minutes and a 

centrifugation step was performed at 10,000 rpm for 10 minutes. The 

precipitated part was collected and dried at 60°C for 24 hours to recover xylan.  

 
 
The method used by Xu et al. (2005) was adapted to the end of xylan 

extraction for the lignin extraction. After xylan isolation, supernatant was boiled 

until its ethanol and acetic acid were evaporated. After evaporation of ethanol 

and acetic acid, the solubilized alkali soluble lignin was obtained by 

reprecipitation at pH 1.5, adjusted with 6M HCl. The isolated lignin preparation 

was washed with acidified water (pH 2.0) and filtered through Whatman No.41 

filter paper via vacuum pump (Millipore). Finally, filtrate was dried at 105°C for 

4 hours in incubator to recover lignin. 
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2.3.2. Xu et al. (2005) Method and Modified Version of Zilliox and Debeire 
(1998) Method 
 
 
 
The method used by Zilliox and Debeire (1998) was modified. Dried cotton 

waste was milled. 1000 ml of distilled water was added to 20 g of milled cotton 

stalk and the sample was swelled at 60°C for 1 hour in an incubator (Nüve, 

Turkey). The swollen sample was filtered by a filter paper (Whatman No. 41) 

and the pellet was mixed with solution containing 170 ml of 10% (w/v) NaOH + 

1 % (w/v) H3BO3 solution and stirred for 3 hours at 60°C.  

 
 
The suspension was filtered and the supernatant was mixed with 500 ml cold 

ethanol solution containing 10% (v/v) acetic acid. This suspension was shaken 

for several minutes and a centrifugation step was performed at 10,000 rpm for 

5 minutes. The precipitated part was collected and dried at 60°C for 24 hours 

to recover xylan.  

 
 
The method used by Xu et al. (2005) was adapted to the end of xylan 

extraction for the lignin extraction. After xylan isolation, supernatant was boiled 

until its ethanol and acetic acid were evaporated. After evaporation of ethanol 

and acetic acid, the solubilized alkali soluble lignin was obtained by 

reprecipitation at pH 1.5, adjusted with 6M HCl. The isolated lignin preparation 

was washed with acidified water (pH 2.0) and filtered through Whatman No.41 

filter paper via vacuum pump (Millipore). Finally, filtrate was dried at 105°C for 

4 hours in incubator to recover lignin. 

 
 
2.4. Garlic Stalk Juice Extraction 
 
 
 
The green stalks of fresh garlic were cut off and original raw garlic juice was 

prepared by direct squeezing of garlic stalks in a commercial juicer and then 

stored at 4°C until use. It was sterilized through nylon syringe filters (Sartorius, 

0.20 µm pore size) before using it in antimicrobial property control tests.  
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2.5. Olive Mill Wastewater (OMW) 
 
 
 
Olive mill wastewater (Marmara Birlik) was stored at 4°C and kept away from 

direct light (to prevent decomposition of phenolics present in OMW) until use. 

Before evaluation of its antibacterial effect, it was 10-fold concentrated via 

evaporating its water in an oven at 70°C and its pH was adjusted to 7 with 

HCl. Then it was sterilized through nylon syringe filters (Sartorius, 0.20 µm 

pore size).    

 
 
2.6. Lignin Breakdown Processes 
 
 
2.6.1. Ultrasonication of Cotton Stalk Lignin 
 
 
 
50 g/l and 100 g/l solutions of lignin extracted from cotton stalk via method that 

was described in 2.3.1 were prepared in 100 ml glass beaker. Cotton stalk 

lignin solutions were exposed to ultrasonic waves at a frequency of 20 ± 0.4 

KHz via ultrasonic processor (Cole Parmer, CP70-T) for 10 and 30 minutes. 

To prevent the formation of glass cracks originating from overheat; beaker 

was covered with crushed ice during ultrasonication. 

 
 
2.6.2. TiO2-assisted Photocatalytic Oxidation of Cotton Stalk Lignin 
 
 
 
Photocatalytic oxidation was carried out in 1000 ml glass beaker. Beakers 

were covered with aluminum folio to prevent scattering of light and to achieve 

complete interaction between light and sample. Total reaction mixture volumes 

were 200 ml. The reaction mixtures contained 100 mg/l lignin (extracted from 

cotton stalk via method described in 2.3.1) sample and 1 g/L TiO2. The pH of 

reaction mixtures were adjusted to 11 with 1M NaOH. The mixtures were 

mixed with a magnetic stirrer at 250 rpm at ambient temperature while 

irradiated with artificial irradiation source (bulb) which was applied vertically. In 

order to carry out photocatalytic oxidation, Osram Ultra-Vitalux (Product 

Number: 003313) 300W bulb with similar spectral distribution to solar 

spectrum between 280 and 780 nm was used as artificial irradiation source. 
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The light intensity over the test bench was adjusted to achieve 100 W/m2 by 

adjusting the distance between the bench and light source. Lignin samples 

were exposed to TiO2 assisted photocatalytic oxidation for 1 and 3.5 hours. 

After photocatalysis was accomplished, TiO2 was removed from oxidized 

reaction mixture via centrifugation (at 10,000 rpm for 5 minutes). 

 
 
2.7. Antimicrobial Property Control Tests against E. coli & B. pumilus 
Cells 
 
 
2.7.1. Liquid Medium Tests 
 
 
 
Before bacterial inoculation, all liquid media (NB and LB broths) were sterilized 

in autoclave at 121°C for 15 minutes. All solutions of compounds and/or 

aqueous wastes, whose antimicrobial effects were under consideration, were 

sterilized through nylon syringe filters (Sartorius, 0.20 µm pore size) before 

test. 

 
 
Test media were LB broth and nutrient broth (NB) for E. coli and B. pumilus, 

respectively. Test medium volumes were 20 ml. Overnight incubated E. coli 

(corresponding to 1x109 CFU/ml) and 24 hours incubated B. pumilus 

(corresponding to 9x108 CFU/ml) suspensions were used as inoculum in liquid 

medium tests. Firstly, 1% (v/v) inoculum and 5% (v/v) solution of antimicrobial 

test compounds were transferred aseptically to sterile liquid test media. For 

blank media, only 1% (v/v) inoculum was added aseptically to sterile test 

media. Then, the optical density values of test media were recorded via UV-vis 

spectrophotometer (Shimadsu, UV-1601) at 550 nm wavelength before and 

after overnight incubation with the presence/absence of 5% antimicrobial test 

compound. Then measured optical density values (OD550) were converted to 

the number of bacterial cells via the characteristic correlation lines (Appendix 

B) for E. coli & B. pumilus. This conversion was done to calculate the bacterial 

inactivation percentage caused by antimicrobial test compounds. 
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2.7.2. Solid Medium Tests 
 
 
 
Agar disc diffusion method was used to screen the antimicrobial activity. In 

vitro antimicrobial activity was screened by using Mueller Hinton Agar (MHA). 

The MHA plates were prepared by pouring 20 ml of molten autoclaved agar 

(121°C for 15 minutes) into sterile Petri plates. The plates were allowed to 

solidify for 5 minutes and were covered with aluminum foil to protect agars 

from direct light contact. It was stored at 4°C until use. Inocula were overnight-

incubated E. coli (corresponding to 1x109 CFU/ml) and 24 hours-incubated B. 

pumilus (corresponding to 9x108 CFU/ml) suspensions.  

 
 
Under aseptic conditions, 110 μl of inoculum suspensions were spread onto 

the MHAs and the inoculum was allowed to dry for 5 minutes. The sterile discs 

(Fluka, 10 mm in diameter) were hold by the edge with sterile forceps and 

dipped into the solutions of antimicrobial test compounds. The impregnated 

discs were placed onto the agar surface via sterile forceps and solutions were 

allowed to diffuse for 3 minutes and the plates were incubated at 37°C for 24 

hours. At the end of the incubation, inhibition zones formed around each disc 

were measured with transparent ruler in millimeters (including the disc 

diameter). These studies were performed in duplicate. 

 
 
2.8. Antimicrobial Xylan-based Biodegradable Film Preparation 
 
 
 
For xylan-based film preparation, the solvent casting method used by 

Gröndahl et al. (2004) was modified. Blank xylan-based films were casted 

from birchwood xylan (Sigma) by dissolving 0.6 g (2.4% w/w) of birchwood 

xylan and 0.4 g (1.6% w/w) xylitol (Sigma) in 25 ml of ultra purified water and 

agitated by a magnetic stirrer at 450 rpm at 90°C until complete solubilization 

of the polymers has been accomplished. Differently from blank film 

preparation procedure, antimicrobial compounds and/or extracts with 

concentrations of 0.8%, 2% and 4% (w/w) were added to film forming 

solutions during antimicrobial xylan-based film preparation. At the stirring 
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stage, the pH of all films was adjusted to 7 with 6M NaOH except films 

containing alkali soluble cotton stalk lignin. 

 
  
The pH of xylan films containing alkali soluble lignin (ASL) was adjusted to 9 in 

order to solubilize ASL. After all components of films were completely 

solubilized in water, the film forming solutions were poured into Petri dishes 

(diameter = 9 cm). Finally, film forming solutions were dried at room conditions 

for 4 days. 

 
 
2.9. The Antimicrobial Activity Test For Xylan-based Biodegradable 
Films against E. coli & B. pumilus Cells 
 
 
 
E. coli cells were cultivated in Luria-Bertani (LB) broth at 37°C on a rotary 

shaker (Minitron) at 170 rpm overnight. B. pumilus cells were cultivated in 

nutrient broth (NB) at 30°C on the rotary shaker at 180 rpm for 24 hours. 

 
 
1.5 ml of E. coli and B. pumilus cell suspensions was transferred to Eppendorf 

tubes and tubes were centrifuged at 10,000 rpm for 4 min. Supernatants were 

removed and the pellets were mixed with 1 ml of peptone water and 0.1 ml of 

these concentrated cultures were put on the quarter of the both blank and 

antimicrobial xylan-based film samples. After 8-hour interaction time between 

films and tested bacteria, serial dilutions in peptone water (0.1%) were 

performed. The film samples were well mixed with 9.9 ml of peptone water 

until complete solubilization of xylan-based films has been achieved. Then, 0.1 

ml of this mixture was taken and mixed with 9.9 ml of peptone water. After 

vortex mixing, this mixture was diluted with peptone water for counting. 0.1 ml 

of appropriately diluted (106 dilution) microbial suspensions was inoculated on 

Luria-Bertani (LB) agar. In the case of evaluation of antimicrobial activity 

against E. coli cells, agar plates were incubated at 37°C overnight. On the 

other hand, agar plates were incubated at 30°C for 24 hours in the case of 

antimicrobial activity test against B. pumilus cells. Next day, the number of 

bacterial cells survived was counted by viable colony count method.  
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Additionally, to determine the initial number of tested bacterial cells that were 

put on xylan-based films, 0.1 ml of liquid cell suspensions (serially diluted to 

106) was spread onto agar plates and cultivated. 

 

 
2.10. Dynamic Light Scattering Method for Molecular Size 
Characterization of Photocatalytically Oxidized Cotton Stalk Lignin 
 
 
 
Both photocatalytically oxidized and non-oxidized cotton stalk lignin solutions 

at 100 mg/l concentration were filtered with 0.5 μm filters before dynamic light 

scattering (DLS) analysis. The sample volumes used for analysis were 2 ml. 

DLS measurements were performed using ALV (Germany)/Malvern CGS-3 

(UK) compact goniometer system with a constant 90°C scattering angle, at 

21°C ± 0.2°C. The wavelength of He-Ne laser in compact goniometer system 

was 632.8 nm. The scattering intensity data were processed via Malvern’s 

software using both cumulant fit & distribution function fit methods to obtain 

molecular size distribution of scatterers in each sample. Scattered light 

intensity vs. size classes (nm) distribution plot was obtained. All samples were 

analyzed in duplicate. 

 
  
2.11. Chemical Structure Characterization Methods for Lignin Molecule 
 
 
2.11.1. Fourier Transform Infrared Spectroscopy (FTIR) 
 
 
 
To elucidate the structural differences between different alkaline soluble cotton 

stalk lignins and commercial lignin (alkali lignin with low sulfonate content, 

Sigma), FTIR spectrometer (Bruker, Equinox 55) was used. All lignin samples 

used for FTIR were in powder form. The dried samples were embedded in KBr 

pellets in the concentrations of about 1mg/100mg KBr. The FTIR spectra were 

recorded in the absorption band mode in the range of 4000-400 cm-1. 

 
 
 
 
 



 30

2.11.2. Liquid Chromatography-Mass Spectroscopy (LC-MS) 
 
 
 
To investigate the differences in the structures of fragmentation products 

formed during the alkaline extractions of different cotton stalk lignins, 

qualitative mass analysis was performed via LC-MS (Agilent 1100 MSD). 

Different types of lignin were dissolved in tetrahydrofuran (THF) and were 

filtered through filters (0.45 μm pore size). After filtered lignin solutions were 

injected to LC-MS, mass spectroscopy spectra were recorded for 

fragmentation products of different cotton stalk lignins. The detailed MS 

conditions: atmospheric pressure interface electro spray (API-ES) was 

adopted with both negative and positive mode polarity, the fragmentor voltage 

was 55 eV and the scanning range was at m/z (mass to charge ratio) 55-1500 

with 1.10 s/scan. 
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CHAPTER 3 
 

 

RESULTS AND DISCUSSION 
 
 
 
In this study, the major aim was to isolate renewable, natural, low-cost and 

non-toxic molecules having antimicrobial properties from agricultural biomass 

and to produce environmental friendly, biodegradable and antimicrobial films 

that could be further used in food packaging industry. For this purpose, 

different antimicrobial compounds were evaluated for their antimicrobial 

properties and later on integrated into xylan based biodegradable films to 

render them antimicrobial.   

 

First of all, plant phenolics including thymol, tannic acid and carvacrol were 

characterized by means of their antimicrobial activity in solid and liquid media 

and used as positive controls for the rest of the experiments. Additionally, olive 

mill wastewater, which also contains plant phenolics, was also characterized 

in the same way. Both the chemicals and conditions of classical alkaline 

extraction of lignin were altered to isolate structurally different lignins from 

cotton stalk. Afterwards different types of lignins and garlic stalk extract were 

isolated with different extraction methods from biomass including cotton stalk 

and green garlic stalk, respectively and these isolates were also evaluated for 

their antimicrobial properties. In order to modify the structures of lignins by 

fragmentation, different methods such as ultrasonication and TiO2 assisted 

photocatalytic oxidation were utilized. Following these steps, xylan based 

biodegradable films containing compounds that demonstrate antimicrobial 

activity were characterized against two microorganisms by means of their 

antimicrobial properties. Escherichia coli and Bacillus pumilus were used as 

Gr(-) and Gr(+) bacteria, respectively. Finally, lignin based compounds having 

antimicrobial activity were characterized by means of their chemical structure 

via FTIR and LC/MS analysis. 
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3.1. Antimicrobial Property Control Tests 
 
 
3.1.1. Liquid Medium Tests 
 
 
 
In liquid medium tests, different concentrations of compounds and definite 

percentage of bacterial cells in exponential growth phase were added to sterile 

liquid cultivation medium in test tubes and incubated for overnight. After 

incubation, optical densities of the cultures were measured and percentage 

reductions in the number of bacterial cells were calculated. The major aim is to 

observe complete inhibition against tested bacterial cells because; tested 

antimicrobial compounds will be used as positive control for further 

experiments. In this part, only the results of thymol and carvacrol are given 

and discussed. The reasons for not assessing the antimicrobial property of 

tannic acid in liquid medium are the solubility problem of tannic acid and 

precipitation of proteins in liquid cultivation medium incubated with tannic acid. 

 
 
3.1.1.1. Thymol 
  
 
 
For the evaluation of antimicrobial effect of thymol, different concentrations 

were tested on the growth of both E. coli and B. pumilus in liquid cultivation 

media. Well-known plant phenolics, thymol and carvacrol, were used as 

positive control in this study while investigating the antimicrobial property of 

isolated compounds from agricultural waste. So, the key point was to observe 

complete bacterial inactivation, not to determine the exact IC100 (100% 

inhibitory concentration) of thymol and carvacrol against tested 

microorganisms. Concentrations of thymol & percentage of bacterial 

inactivation are given in Table 3.1. 
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As seen in Table 3.1, at all thymol concentrations, microbial log reduction 

values of B. pumilus were determined to be lower than the microbial log 

reduction values of E. coli. For example, at 60 mg/ml thymol concentration, 

average log reduction values were determined as 9.255 and 8.954 against E. 

coli and B. pumilus, respectively. Also the growth of E. coli was completely 

inhibited in liquid medium containing 50 mg/ml thymol and complete bacterial 

inactivation was observed against B. pumilus at 60 mg/ml thymol 

concentration. All these findings consequently indicated that E. coli showed 

higher sensitivity to thymol than B. pumilus in agreement with the results of 

Tippayatum and Chonhenchob (2007). Hydrophobicity characteristic of thymol 

enable it to penetrate the lipopolysaccharide part of the Gr(-) cell membrane, 

and the leakage of cell content occurred by lesion of the membrane and quick 

discharge of potassium ions (Burt, 2004 and Pina-Vaz et al., 2004). 

 
 
3.1.1.2. Carvacrol 
 
 
 
For assessment of the antibacterial effect of carvacrol, different concentrations 

were tested on the growth of both E. coli and B. pumilus in liquid cultivation 

media. Carvacrol was used as positive control as thymol in further 

antimicrobial property investigation experiments. So, again major aim was to 

observe complete inhibition, not to determine the exact IC100 of carvacrol 

against both E. coli and B. pumilus. Concentrations of carvacrol & percentage 

of bacterial inactivation are given in Table 3.2. 
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The antimicrobial effect of carvacrol is associated with its lipophilic character, 

which affects both the lipid ordering and the bilayer stability of cell 

membranes, leads to the decrease of membrane integrity and depletion of 

intracellular ATP (Friedman, 2006 and Sikkema et al., 1995). Plant phenolics, 

carvacrol and thymol possess similar mechanisms of antibacterial activity 

resulting from their similar chemical structures including systems of 

delocalized electrons and hydroxyl groups (Ultee et al., 2002). As seen in 

Table 3.2., all microbial log reductions in the number of tested microorganisms 

are quite parallel for each carvacrol concentration.    

 
 
Carvacrol exhibited very similar antibacterial effect in liquid medium against 

both Gr(+) and Gr(-) bacteria in agreement with the results of Burt (2004) and 

Ben Arfa et al. (2006). From Table 3.1 & Table 3.2 it can also be deduced that 

thymol exhibits weaker inhibitory activity towards both E. coli & B. pumilus 

than carvacrol by comparing microbial log reductions at different thymol & 

carvacrol concentrations, which is on par with literature (Michiels et al., 2007). 

 
 
3.1.2. Solid Medium Tests 
 
 
 
In solid medium tests, agar disc diffusion method described in section 2.7.2 

was used. Definite amount of bacterial cells in exponential growth phase were 

transferred from liquid medium to Mueller-Hinton agar. Sterile discs were 

soaked into the solution of tested compounds at definite concentrations and 

then were placed onto inoculated Mueller-Hinton agar. Clear zones around 

discs were measured after 24 hours incubation to assess the antibacterial 

activity of tested compounds. The results of thymol, carvacrol and tannic acid 

are given and discussed. 
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3.1.2.1. Thymol, Carvacrol and Tannic acid 
 
 
 
Thymol, carvacrol and tannic acid were characterized by means of their 

antimicrobial property via agar disc diffusion method. For thymol & carvacrol, 

the concentrations at which complete inhibition was observed in previous 

liquid medium tests were used in this part. No liquid medium test was 

performed for tannic acid owing to its inappropriateness that has mentioned in 

liquid medium tests part. For tannic acid, the concentration, 5 mg/ml was used 

as Chung et al. (1993) did. The major aim of this part is to observe clear zones 

that will be comparable with further solid medium experiments. Concentrations 

of tested compounds & zone of inhibition values for each bacterium are given 

in Table 3.3. 

 
 
Table 3.3 The antimicrobial activity of thymol, carvacrol and tannic acid 

against both E. coli & B. pumilus in solid medium 

 
 Zone of Inhibition (mm) 

Compound 
Concentration 

(mg/ml) 
B. pumilus E. coli 

Thymol 60 30 ± 1 37 ± 3 

Carvacrol 50 22 ± 2 26 ± 1 

Tannic acid 5 15 ± 1 19 ± 2 

 
Sterile Disc Diameter was 10 mm. 
 
 
From Table 3.3, it can be concluded that B. pumilus shows lesser sensitivity to 

thymol & carvacrol than E. coli by evaluating measured clear zones. Also 

Gr(+) bacterium, B. pumilus showed lesser sensitivity to tannic acid than Gr(-) 

bacterium, E. coli in agreement with the results of Chung et al. (1993). 

However, the antimicrobial property of these three plant-based compounds 

against tested microorganisms cannot be compared with one another. And 

also findings obtained from this part cannot be compared with the results of 

liquid medium tests part.  

 



 38

Because; agar disc diffusion method in itself is extremely dependent on water 

solubility and the diffusivity of tested compounds through agar. In this part, 

problems associated with the evaluation of the antimicrobial effects of tested 

compounds via diffusion method were originated from low water solubility of 

thymol & carvacrol and low diffusivity of tannic acid through agar. 

 
 
3.2. Extraction of Low-cost Antimicrobial Compounds from Plant-Based 
Waste Materials 
 
 
 
Lignocellulosic biomass refers to plant biomass that is composed of cellulose, 

hemicellulose, and lignin. Also, lignocellulosic biomass is affordable, 

renewable and environmentally acceptable resource with high potential for 

production of antioxidants and antimicrobial compounds as well. Different 

types of lignin were extracted from lignocellulosic biomass, cotton stalk via 

different extraction methods and were characterized by means of their 

antimicrobial properties via liquid and solid medium tests. Additionally, 

products such as garlic stalk juice and olive mill wastewater, which are 

isolated from non-lignocellulosic agricultural waste materials, were also 

characterized in the same way. 

 
 
3.2.1. The Assessment of Antimicrobial Properties of Cotton Stalk 
Lignins 
 
 
 
For the first type of alkali soluble lignin extracted from cotton stalk, lignin and 

xylan separation from cellulose was done via Zilliox & Debeire (1998) method. 

For the second type of alkali soluble cotton stalk lignin, lignin and xylan 

separation from cellulose was done by a modified version of Zilliox & Deberie 

(1998) method. Lignin was concentrated via evaporation and pH precipitation 

as Xu et al. (2005) did. Isolated lignins were evaluated for their antibacterial 

properties by liquid and solid medium tests against Gr(+) and Gr(-) bacteria. 
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3.2.1.1. Application without any post treatments 
 
 
 
Two types of cotton stalk lignin and chemicals used during their whole 

extraction period were characterized by means of their antibacterial properties 

against both B. pumilus and E. coli. For both liquid and solid medium tests, 50 

mg/mL concentration of isolated lignins was used, in agreement with Nelson et 

al. (1994). In liquid medium tests of this part, the pH values of all test media 

were adjusted to 8.5 owing to working with alkali soluble lignins and being able 

to observe the bacterial inactivation independently from pH. In this part, no 

post fragmentation treatments such as ultrasonication or photocatalytic 

oxidation were performed on lignin molecules. 
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Isoeugenol, which is one of the antimicrobial lignin monomers, could be used 

as positive control. However, due to its lower antimicrobial activity with respect 

to generalized antimicrobial activities of thymol & carvacrol, it was not 

preferred in the study. At 50 g/l concentration, while thymol & carvacrol were 

completely inactivating the growth of E. coli, isoeugenol inhibited only the 40% 

of E. coli growth at the same concentration (Mastelic et al., 2008). From Table 

3.4, it can be indicated that lignin B demonstrates significant antibacterial 

effect against both E. coli and B. pumilus. At 50 g/l lignin B concentration, 

complete bacterial inactivation was observed against E. coli & B. pumilus. On 

the other hand in the case of lignin A, microbial log reductions in the number 

of both E. coli and B. pumilus were around 0.01 average. Though chemical 

mixture A includes a highly toxic compound called sodium borohydride 

(NaBH4) which inhibits the growth of both E. coli and B. pumilus completely, 

lignin A isolated with the assist of this chemical mixture demonstrated very 

weak antibacterial effect against tested microorganisms.  

 
 
Also, no significant E. coli or B. pumilus inactivation originated from chemical 

mixture B was observed. However, lignin B showed the strongest activity 

against tested bacteria. From these findings, it can be deduced that the purity 

of alkali cotton stalk lignins is very high after whole extraction procedure and 

chemicals A and B that were used during lignin extraction are separated from 

cotton stalk lignins in a fairly effective way. Inactivation caused by lignin B is 

independent from extraction chemicals and pH. 

 
 
Table 3.5 The antimicrobial activity of Lignin A and Lignin B against both E. 

coli & B. pumilus in solid medium 

 
 Zone of Inhibition (mm) 

Compound 
Concentration 

(mg/ml) 
B. pumilus E. coli 

Lignin A 50 X X 

Lignin B 50 17 ± 1 21 ± 1 

 
Sterile Disc Diameter was 10 mm, X: No inhibition zone. 
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From Table 3.5, it can be concluded that lignin A showed no antibacterial 

activity against both E. coli and B. pumilus in solid medium test. On the other 

hand, lignin B exhibited stronger inhibitory activity towards both E. coli & B. 

pumilus than lignin A. Inhibition zone values of lignin B were indicated that B. 

pumilus exhibited lesser sensitivity to lignin B than E. coli. The antimicrobial 

properties of lignin B were demonstrated via both liquid and solid medium 

tests. Lignin B is antibacterial, natural, renewable and not toxic to human 

health and can be integrated into xylan-based biodegradable films to render 

them antibacterial. Before commercialization of xylan-based biodegradable 

films, the antimicrobial activity of lignin B should be investigated against 

different microorganisms including pathogens that are more resistant than 

both E. coli and B. pumilus. Fragmentation treatments such as ultrasonication 

and photocatalytic oxidation will be applied on lignin A to break down lignin 

molecule and to isolate smaller phenolic fractions that demonstrate 

antibacterial activity. 

 
 
3.2.1.2. Application of cotton stalk lignin after exposed to ultrasonication 
 
 
 
In this part, the major aim is to break down lignin A to phenolic components 

that exhibit antibacterial effects. The phenolic components of lignin have been 

reported to inhibit growth of microorganisms such as E. coli, Saccharomyces 

cerevisiae, Bacillus licheniformis and Aspergillus niger (Zemek et al., 1979). 

Different concentrations of lignin A were exposed to ultrasonication at a 

frequency of 20 ± 0.4 KHz for different time periods. After ultrasonication 

treatment, the antibacterial effect of lignin A was evaluated against both E. coli 

& B. pumilus and was discussed. 
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After liquid medium tests, as seen in Table 3.6 it can be concluded that no 

additional inhibition due to ultrasonication was observed against both E. coli & 

B. pumilus under the conditions used. The maximum microbial log reduction in 

the number of bacterial cells was 0.04 average. Also, in solid medium tests, no 

inhibition zone was observed for all post treated cotton stalk lignins used. As a 

result, in spite of altering the concentration and ultrasonication exposure time 

of lignin A, no positive effects of these parameters were observed by means of 

antimicrobial property.  

 
 
In literature it has been reported that macromolecules such as potato starch 

can be degraded by ultrasonication similar to the process performed on lignin 

A in this part (Azhar and Hamdy, 1979). Due to the complexity of lignin 

molecule and the strength of C-C bonds and α and β-aryl ether bonds in lignin 

molecule (Besle et al., 1994), depolymerization of lignin A may not be 

accomplished via ultrasonication. Alternative fragmentation methods such as 

photocatalytic oxidation should be applied on lignin A. 

 
 
3.2.1.3. Application of cotton stalk lignin after exposed to TiO2-assisted 
photocatalytic oxidation 
 
 
 
The purpose of this part is to break down lignin A via TiO2-assisted 

photocatalysis to smaller phenolic fragments that demonstrate antibacterial 

properties. Lignin A and TiO2 concentrations were kept constant at 100 mg/l 

and 1 g/l, respectively because these concentrations were found to be the 

most effective ones for photocatalytic degradation of lignin molecule by Kansal 

et al. , 2008. 100 mg/l lignin A and 1 g/l TiO2 were exposed to UV irradiation 

under constant mixing rate for different time periods to break down the lignin 

A. TiO2 demonstrates antimicrobial activity under sunlight. TiO2 was removed 

from samples to observe the antimicrobial activity of lignin independently from 

TiO2. After removal of TiO2 from oxidized lignin products, concentration was 

carried out via evaporation. Oxidized lignins were characterized by means of 

their antimicrobial properties against both E. coli & B. pumilus in liquid and 

solid media. 
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No significant antibacterial effect was observed against tested microorganisms 

for all oxidized lignins as seen in Table 3.7. As the photo-oxidation time 

increases, microbial log reductions in the number of both E. coli and B. 

pumilus cells decrease. Moreover, no microbial log reduction was observed 

more than 0.04 average. Also, no clear zones were observed for all oxidized 

lignins used against both E. coli and B. pumilus, respectively. 

 
 
One reason for not observing any antimicrobial effect against tested 

microorganisms may be unsuccessful depolymerization of lignin A under the 

conditions used. Another possible reason may be the complete degradation of 

lignin instead of obtaining desired antibacterial fractions. 

 
 
To understand whether lignin compound was completely broken down or not, 

molecular size distributions in oxidized and non-oxidized cotton stalk lignins 

were analyzed via dynamic light scattering (DLS). 

 
 
Table 3.8 Molecular size distributions in both oxidized and non-oxidized lignin 

A obtained from DLS via cumulant fit method 

 

Sample 
Mean radius 

(nm) 

Polydispersity index 

(PDI) 

Non-oxidized Lignin A 

 
56.05 0.1872 

Lignin A oxidized via 1 hour 

UV irradiation 
66.56 0.0958 

Lignin A oxidized via 3.5 hours 

UV irradiation 
59.35 0.1491 

 
All samples were analyzed in a single DLS run. Lignin A: Lignin isolated from 

cotton stalk via Zilliox & Debeire (1998) method. 

 
 
Vainio et al. (2004) have reported that the molecule size of lignin is affected by 

lignin type and solvent type and alkali soluble lignin molecule size range is 

between 44-170 nm (Gupta et al., 1960). As seen in Table 3.8 the radii of non-
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oxidized and oxidized lignins were determined within the alkali soluble lignin 

radius range of Gupta et al. (1960) by cumulant fit method. From Table 3.8 it 

can also be deduced that lignins exposed to TiO2-assisted photocatalytic 

oxidation are not completely broken down under the conditions used. As the 

oxidation time increases, no significant change in mean radius values of 

photo-oxidized lignin A is observed with respect to non-oxidized lignin A. Also 

no substantial change in polydispersity indexes was observed. Polydispersity 

indexes gave information about the distribution of mean radii in lignin A 

samples. With respect to non-oxidized lignin A, 1-hour photo-oxidized lignin A 

sample demonstrated narrower molecular size distribution and lignin A sample 

photo-oxidized for 3.5 hours demonstrated wider molecular size distribution. 

Neither polymerization nor depolymerization of lignin A was observed 

originating from TiO2-assisted photocatalytic oxidation.    

 
 
Table 3.9 Molecular size distributions in both oxidized and non-oxidized lignin 

A obtained from DLS via distribution function fit method 

 

Sample 
Mean radius 

(nm) 

Molecular size distribution 

in lignin (%) 

Non-oxidized Lignin A 

 
57.70 97.7 

Lignin A oxidized via 1 hour 

UV irradiation 
70.00 99.9 

Lignin A oxidized via 3.5 hours 

UV irradiation 
63.82 98.6 

 
All samples were analyzed in a single DLS run. Lignin A: Lignin isolated from 

cotton stalk via Zilliox & Debeire (1998) method. 

 
 
As seen in Table 3.9 the radii of non–oxidized and oxidized lignins were 

determined within the alkali soluble lignin radius range of Gupta et al. (1960) 

by distribution function fit method. Major part of all samples is lignin A with 

distribution percentage values close to 100%. Also from Table 3.9 it can be 

deduced that lignins exposed to TiO2-assisted photocatalytic oxidation were 

not completely broken down under the conditions used. As the oxidation time 
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increases, first an increase in lignin mean radius from 57.7 nm to 70 nm, then 

a decrease in lignin mean radius from 70 nm to 63.82 nm is observed. 

However, these changes in mean radii of lignin A were not significant. From 

these findings obtained from DLS via both cumulant fit and distribution 

function fit methods, it can be concluded that lignin A undergoes neither 

depolymerization nor polymerization under the photocatalysis conditions used. 

Increasing the time of oxidation might be increased the yield of fragmentation 

of lignin A.  

 
  
Moreover, no smaller phenolic products of lignin A that exhibit antimicrobial 

activities were isolated via both ultrasonication and photocatalysis 

experiments. Lignin B, which demonstrates significant antibacterial effects 

against both E. coli & B. pumilus, will be integrated into xylan-based 

biodegradable films to render them antimicrobial. 

 
 
3.2.2. The Assessment of Antimicrobial Properties of Green Garlic Stalk 
Juice 
 
 
 
The antimicrobial compounds such as allicin and ajoene, which are extracted 

from garlic bulbs and cloves, have proven to inhibit the growth of several Gr(+) 

and Gr(-) bacteria (Harris et al., 2001). In literature, there is no study in which 

green garlic stalks are used as the source of antimicrobial compounds. In this 

part, green garlic stalks, which can be considered as non-edible and waste 

parts of garlic, were used for the extraction of antibacterial juice. The 

antibacterial effect of garlic stalk juice was evaluated against both E. coli and 

B. pumilus via liquid and solid medium tests and was discussed in this part.
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As seen in Table 3.10 it can be deduced that garlic stalk juice exerts 

significant antibacterial effects towards both B. pumilus and E. coli. Microbial 

log reductions originated from garlic stalk juice were determined as 0.55 and 

1.41 average against E. coli and B. pumilus, respectively. B. pumilus exhibited 

higher sensitivity to garlic stalk juice than E. coli. 

 
 
 

 
 
Figure 3.1 The antimicrobial activity of garlic stalk juice against B. pumilus in 

solid medium. 1: Garlic juice extracted from 60g green garlic stalk, 2: Non-

concentrated olive mill wastewater     
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Figure 3.2 The antimicrobial activity of garlic stalk juice against E. coli in solid 

medium. 1: Garlic juice extracted from 60g green garlic stalk, 2: Non-

concentrated olive mill wastewater 

 
     
As seen in Figure 3.1 & Figure 3.2, zone of inhibition values were measured 

as 19mm and 15mm averages against B. pumilus and E. coli, respectively. 

Also, it can be deduced that E. coli exhibits lesser sensitivity to garlic stalk 

juice than B. pumilus. Significant antibacterial activity of garlic stalk juice was 

demonstrated via both solid and liquid medium tests against E. coli & B. 

pumilus. So, garlic stalk juice will be integrated into xylan-based 

biodegradable films to render them antibacterial. On the other hand, no 

inhibition zones were observed for non-concentrated olive mill wastewater 

against both E. coli & B. pumilus.   
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3.2.3. The Evaluation of Antibacterial Activities of Olive Mill Wastewater 
 
 
 
In literature it is pointed out that olive mill wastewater (OMW) possesses 

antibacterial activity against Bacillus megaterium due to its high simple 

phenolics content (Gonzalez et al., 1990). Olive mill wastewater (OMW) was 

obtained from Marmara Birlik, olive plant located in Bursa. Before evaluation 

of its antibacterial effect, it was 10-fold concentrated via evaporating its water 

and its pH was adjusted to 7 to prevent bacterial deaths originating from pH. In 

this part of the study, OMW was characterized against both E. coli and B. 

pumilus by means of its antimicrobial properties in solid and liquid media. 
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Findings at Table 3.11 indicate that olive mill wastewater is capable of 

inhibiting the growth of tested bacteria. Microbial log reductions were 

determined as 1.26 and 2.02 average against E. coli and B. pumilus, 

respectively. E. coli exhibited lesser sensitivity to OMW than B. pumilus. 

 
 
Table 3.12 The antimicrobial effect of green OMW against both E. coli & B. 

pumilus in solid medium 

 
Zone of Inhibition (mm) 

Sample  B. pumilus E. coli 

10 – fold concentrated 

olive mill wastewater 
16 ± 1 11 ± 2 

 
Sterile Disc Diameter was 10 mm. 

 
 
As seen in Table 3.12, inhibition zones were measured as 16mm and 11mm 

average against B. pumilus and E. coli, respectively. So, it can be deduced 

that E. coli exhibits lesser sensitivity to OMW than B. pumilus in agreement 

with liquid medium test results. This natural waste water, which exerts 

substantial antibacterial effects towards both E. coli & B. pumilus, will be 

further utilized in the production of antibacterial xylan-based biodegradable 

films. 

 
 
3.3. Natural Antimicrobial Compounds and Their Utilization in Xylan-
Based Biodegradable Films 
 
 
 
Tannic acid is well known plant phenolic that is capable of inhibiting the growth 

of several Gr(+) & Gr(-) bacteria (Chung et al., 1993). The antimicrobial 

activities of lignin B, green garlic stalk juice and olive mill wastewater (OMW) 

have been demonstrated against both E. coli & B. pumilus via solid and liquid 

medium tests. Birchwood xylan biodegradable films were prepared as 

described in chapter 2.8. Natural antimicrobial compounds were added to the 

film forming solutions at different percentages. Antimicrobial compound 

integrated films were characterized against both E. coli & B. pumilus by means 
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of their antimicrobial properties after 8-hour interaction between films and 

tested bacteria. Except alkali soluble lignin B-integrated films, pH values of all 

films were adjusted to 7 to prevent the bacterial deaths originating from pH. In 

the case of alkali soluble lignin B-integrated films, the pH values of both blank 

(means film not contain lignin B) & lignin B-integrated xylan-based films were 

adjusted to 9 in order to investigate the antimicrobial effects of solubilized 

lignin B within film in a pH-independent manner. 

 
 
In this part of the study, tannic acid integrated films were used as positive 

control films due to the well known antibacterial activities of tannic acid (Chung 

et al., 1993). Other positive control compounds such as thymol and carvacrol 

used in previous parts of the study cannot be integrated into xylan-based films 

owing to their insolubility in water.    

 
 
3.3.1. The Assessment of the Antibacterial Activity of Tannic acid-
integrated Birchwood Xylan Biodegradable Films 
 
 
 
Different percentages of tannic acid were added to film forming solutions. 

Tannic acid-integrated xylan films were characterized against both E. coli & B. 

pumilus by means of their antimicrobial activities after 8-hour interaction 

between films and tested bacteria. 
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As seen in Table 3.13 there are around 0.04 and 0.06 bacterial log reductions 

on blank (means not containing tannic acid) xylan film against E. coli and B. 

pumilus, respectively. These losses can be considered as normal because of 

the difficulty of collecting bacteria from films after 8-hour interaction time. 

Maximum bacterial inactivation was observed on xylan films containing 4% 

tannic acid against both E. coli & B. pumilus. In the case of xylan films 

containing 4% tannic acid, microbial log reductions were determined as 0.952 

and 0.735 average against E. coli and B. pumilus, respectively.  

 
 
No more tannic acid is added in film forming solutions because continuous film 

formation cannot be observed above 4% tannic acid content. Continuous 

xylan-based film containing 4% (w/w) tannic acid is given in Figure 3.3. 

 
 
 

 
 
Figure 3.3 Continuous xylan-based biodegradable film containing 4% (w/w) 

tannic acid 
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3.3.2. The Evaluation of Antimicrobial Effect of Birchwood Xylan-based 
Biodegradable Films Containing Green Garlic Stalk Juice 
 
 
 
Green garlic stalk juice (GGSJ), which was extracted from 60g green garlic 

stalk, was used at different percentages to produce antibacterial xylan-based 

films. Garlic stalk juice-integrated films were evaluated for their antimicrobial 

effects against E. coli & B. pumilus. 
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From Table 3.14 it can be deduced that B. pumilus exhibits higher sensitivity 

to xylan films containing garlic stalk juice than E. coli. In the case of xylan films 

containing 4% garlic stalk juice, microbial log reductions were determined as 

1.126 and 8.978 average against E. coli and B. pumilus, respectively. 

 
 
3.3.3. The Assessment of Antimicrobial Activity of Birchwood Xylan-
based Biodegradable Films Containing Olive Mill Wastewater 
 
 
Different percentages of 10-fold concentrated olive mill wastewater (OMW) 

were added in xylan film forming solutions to render them antibacterial. The 

antibacterial property of xylan-based films containing OMW was investigated 

against both E. coli & B. pumilus.   
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E. coli exhibits lesser sensitivity to xylan films containing olive mill wastewater 

than B. pumilus. In the case of xylan films containing 4% OMW, microbial log 

reductions were determined as 9.013 and 8.978 average against E. coli and B. 

pumilus, respectively. Complete bacterial inactivation was observed on the 

xylan films containing 4% OMW against both E. coli and B. pumilus as seen in 

Table 3.15. 

 
 
3.3.4. The Characterization of Cotton Stalk Lignin-Integrated Birchwood 
Xylan-based Biodegradable Films by Means of Antibacterial Activity 
 
 
 
Antibacterial Lignin B, which was extracted from cotton stalk via Boric acid-

assisted alkaline extraction, was used at different percentages in film forming 

solutions to produce antibacterial xylan-based films. Cotton stalk lignin-

integrated films were assessed for their antimicrobial effects against E. coli & 

B. pumilus. Xylan film containing 4% (w/w) lignin B is given in Figure 3.4. 

 
 
 

 
 
Figure 3.4 Continuous xylan-based biodegradable film containing 4% (w/w) 

antibacterial lignin B 
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As seen in Table 3.16 microbial log reductions in blank xylan film are 

determined as 0.05 and 0.06 average against E. coli and B. pumilus, 

respectively. These log reductions are calculated via comparing the number of 

bacteria cultivated in liquid medium at pH 7 (refers to blank bacteria 

concentration) with the number of bacteria collected on blank xylan film (pH=9) 

after 8-hour interaction between film & bacteria. The reasons for these 

microbial log reductions are errors originating from human and working with 

alkali pH which is needed to solubilize alkali lignin B. These log reductions 

were considered while calculating all bacterial inactivation percentages 

caused by lignin B. 

 
 
From Table 3.16 it can be concluded that B. pumilus exhibits stronger 

sensitivity to lignin B-integrated xylan films than E. coli. Xylan films containing 

lignin B exhibit more antibacterial effect against tested microorganisms than 

the positive control film, tannic acid-integrated film. Maximum log reduction in 

tested films was observed on xylan films containing 4% lignin B against both 

E. coli & B. pumilus. In the case of xylan films containing 4% lignin B, 

microbial log reductions were determined as 1.110 and 1.296 average against 

E. coli and B. pumilus, respectively. No more lignin B was added in film 

forming solutions because; continuous film formation was not observed above 

4% lignin content as in the case of tannic acid-integrated xylan films. B. 

pumilus exhibits stronger sensitivity to all xylan films than E. coli. Xylan-based 

biodegradable films containing OMW, GGSJ and cotton stalk lignin B are 

natural, antibacterial, easy and cheap to produce, environmental friendly and 

not toxic to human health. Natural compounds, which were isolated from 

agricultural biomass, were used to render the xylan biodegradable films 

antimicrobial. Before commercialization of these antimicrobial xylan-based 

biodegradable films, mechanical properties of these films must be further 

investigated.   
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3.4. Molecular Characterization of Cotton Stalk Lignins via Different 
Methods 
 
 
 
In previous parts of the study, lignin B isolated from cotton stalk via H3BO3-

assisted alkaline extraction has demonstrated significant antibacterial effects 

against both E. coli and B. pumilus. On the other hand, lignin A, which is also 

isolated from cotton stalk via NaBH4-assisted alkaline extraction, has not 

exhibited substantial antimicrobial activity against tested microorganisms.  

 
 
Baurhoo et al. (2008) have reported that lignins may possess different 

biological activities depending on extraction methods. Gosselink et al. (2004) 

reported that the major chemical functional groups in lignin include the 

hydroxyl, methoxyl, carbonyl, and carboxyl groups in various numbers and 

proportions, depending on origin and extraction processes. So, depending on 

method of isolation and chemical treatment, new functional groups not present 

in natural lignin may appear. 

 
  
To elucidate the structure of different types of lignin, and to investigate the 

differences in the structure of lignin A, lignin B and commercial lignin, different 

molecular characterization methods such as FTIR (Fourier transform infrared 

spectroscopy) and LC-MS (Liquid chromatography-mass spectrometry) were 

used. 

 
 
3.4.1. FTIR Spectra of Different Types of Lignins 
 
 
 
In this part of the study, to characterize cotton stalk lignin B, cotton stalk lignin 

A and commercial lignin by means of their chemical structure, FTIR 

spectroscopy was used. The dried samples were embedded in KBr pellets in 

the concentrations of about 1mg/100mg KBr. The FTIR spectra were recorded 

in the absorption band mode in the range of 4000-400 cm-1. FTIR spectra of 

different lignins are given in Figure 3.5. 
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Figure 3.5 FTIR spectra of three different lignins in the 400-4000 cm-1 range  

: Blank (only KBr pellet), : Lignin A (Lignin isolated from cotton stalk 

via Zilliox & Debeire (1998) method), : Commercial lignin, : Lignin B 

(Lignin isolated from cotton stalk via Boric acid-assisted alkaline extraction) 

 
 
As seen in Figure 3.5, for three different lignins, the region from 4000 to 1800 

cm-1 did not give any useful information since it is responsible for the O-H and 

aliphatic C-H stretching frequencies. Every lignin IR spectrum has a strong 

wide band between 3500-3100 cm-1 assigned to O-H stretching vibrations. 

Absorption bands at 2920 and 2850 cm-1 assigned to aliphatic C-H stretching 

vibrations. Spectra of lignin show no absorption bands in the 2800-1800 cm-1 

(Stewart and Morrison, 1992). 
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Figure 3.6 FTIR spectrum of commercial lignin in the 1800-900 cm-1 region 
 
 
The remaining region, 1800-900 cm-1 was far informative for three different 

lignins with respect to the 4000-1800 cm-1 region. The FTIR spectrum of 

commercial lignin is shown in Figure 3.6. The bands at 1080 and 1136 cm-1 

were due to the vibrations of C-O bonds in primary, secondary alcoholic 

groups and ether groups. The band at 1214 cm-1 was assigned to the 

asymmetric vibrations of the C-O-C linkages in ethers and esters. The band at 

1363 cm-1 was due to the vibrations of phenolic hydroxyls. The band at 1595 

cm-1 was assigned to aromatic rings conjugated with carbonyl groups (Bhat et 

al., 2009). 
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Figure 3.7 FTIR spectrum of non-antibacterial lignin A in the 1800-900 cm-1 

region 

 
 
The FTIR spectrum of non-antibacterial lignin A is shown in Figure 3.7. The 

band at 1126 cm-1 was assigned to the methoxyl groups. The band at 1652 

cm-1 was due to the stretching of carbonyl groups (C=O) conjugated with 

aromatic ring. The band at 1710 cm-1 was assigned to non-conjugated 

carbonyl groups (C=O). The remaining bands in spectrum were main 

asymmetric absorption bands of lignins which were common with commercial 

lignin. 
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Figure 3.8 FTIR spectrum of antibacterial lignin B in the 1800-900 cm-1 region 
 
 
The FTIR spectrum of antibacterial lignin B is shown in Figure 3.8. The band 

at 1126 cm-1 was assigned to the methoxyl groups. The band at 1651 cm-1 

was due to the stretching of carbonyl groups (C=O) conjugated with aromatic 

ring. The band at 1712 cm-1 was assigned to non-conjugated carbonyl groups 

(Tejado et al., 2007). 

 
 
All these findings consequently indicated that both non-antibacterial lignin A 

and antibacterial lignin B were quite different from commercial lignin. The non-

conjugated carbonyl, carboxylic acid group bands, 1710 and 1712 cm-1 were 

missing in the FTIR spectrum of commercial lignin. The presence of these 

bands in the spectra of cotton stalk lignins (CSLs) revealed that CSLs were 

significantly broken down by alkaline treatment. The breakdown of CSLs via 

alkaline treatment resulted in the formation of new carboxyl groups, which 

resulted from the oxidation of aromatic ring, oxidation of quinones and other 

conjugated carbonyl structures and direct oxidation of lignin side chains 

(Stewart and Morrison, 1992). 
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Band at 1363 cm-1 which was assigned to phenolic –OH groups in commercial 

lignin spectrum did not appear in the spectrum of both lignin A and lignin B 

and the bands at 1226 cm-1 in spectra of two CSLs, which were assigned to 

methoxyl groups, were missing in the spectrum of commercial lignin. From 

these findings it was deduced that CSLs were methylated with respect to 

commercial one. During methylation of lignin, the O-H bonds were splited and 

H was replaced by CH3 group and amount of phenolic hydroxyl groups 

decreased (Sarkanen and Ludwig, 1971). 

 
 
Absorbance at 1735 cm-1 is due to ester carbonyl vibration in acetyl, feruloyl, 

p-coumaroyl, etc. groups in lignin and hemicelluloses (Sun and Lawther, 

1998). In FTIR spectra of both antibacterial lignin B and non-antibacterial 

lignin A 1080, 1136, 1214 and 1735 cm-1 bands were missing. The increase in 

carboxylic acid content, the decrease in phenolic hydroxyl content and the 

absence of 1080, 1136, 1214 and 1735 cm-1 bands in CSLs have revealed 

that the ester and ether bonds between hydroxycinnamic acids and lignin were 

cleaved during the alkaline treatments of both lignin A and lignin B (Buranov 

and Mazza, 2008). 

 
 
By comparing the spectrum in Figure 3.7 with the spectrum in Figure 3.8, it 

was deduced that the spectra appeared to be rather similar. Except some 

slight band shifts, the only difference between non-antibacterial lignin A and 

antibacterial lignin B was observed in the region that was marked in both 

Figure 3.7 & Figure 3.8. A shoulder at 1603 cm-1, which was observed in the 

spectrum of antibacterial lignin, was missing in the spectrum of non-

antibacterial lignin. To clarify the difference between antibacterial and non-

antibacterial lignin, the FTIR spectrum of antibacterial lignin was subtracted 

from the spectrum of non-antibacterial lignin. The resulting spectrum is shown 

in Figure 3.9. 
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Figure 3.9 FTIR spectrum obtained by the subtraction of antibacterial lignin 

spectrum from non-antibacterial lignin in the 1800-900 cm-1 region 

 
 
Except the band at 1603 cm-1, the remaining bands in spectrum were common 

asymmetric absorption bands of lignins which were not under consideration 

while elucidating the antibacterial activity of lignin B. The band at 1603 cm-1 

was assigned to the stretching vibrations of C=C bonds. 

 
 
The antimicrobial activity of lignin is highly dependent on its side chain 

structure and the nature of the functional groups of its phenolic fragments. The 

antimicrobial effect of lignin monomer, isoeugenol was explained by the 

presence of both C=C bond and methyl group in its side chain (Jung and 

Fahey, 1983). 

 
 
FTIR results revealed that cotton stalk lignins were significantly broken down 

via alkaline treatment and this breakdown resulted in the formation of new 

fractions. Moreover, it was also concluded that the ester and ether bonds 

between antimicrobial hydroxycinnamic acids and lignin were cleaved during 

the alkaline treatments of both lignin A and lignin B and cotton stalk lignins 
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were methylated with respect to commercial lignin. The antimicrobial activity of 

lignin B sample can be explained by the presence of both C=C bonds and 

methyl groups in the structure of newly formed fractions of lignin B and/or 

lignin B itself. 

 
 
Comparison of changes of the lignin spectra shows that it is insufficient to use 

only FTIR to characterize the functional structure changes in lignin molecules. 

To understand the reason of antimicrobial activity of lignin B sample, smaller 

fractions of both lignin A and lignin B should be characterized by means of 

chemical structure via different method than FTIR.         

 
 
3.4.2. Molecular Characterization of the Fragmentation Products of 
Cotton Stalk Lignins by LC-MS 
 
 
 
The objective of this part is to investigate the differences of smaller fractions 

formed during alkaline extractions of both lignin A and lignin B. For this 

purpose, qualitative mass analysis was performed via LC-MS. Lignin A and 

lignin B were dissolved in tetrahydrofuran (THF) and were filtered through 

filters (0.45 μm pore size). After filtered lignin solutions were injected to LC-

MS, mass spectroscopy spectra were recorded for fractions of both cotton 

stalk lignin A and cotton stalk lignin B. LC-MS qualitative mass analysis was 

performed in both positive and negative polarity mode in the m/z range of 55-

1500. Abundance vs. m/z ratios of the fragments of analyzed cotton stalk 

lignins are given in Figure 3.10 and Figure 3.11. 
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Figure 3.10 Mass spectrum of fragmentation products isolated from lignin A 

Lignin A: (Non-antibacterial lignin isolated from cotton stalk via Zilliox & 

Debeire (1998) method).  
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Figure 3.11 Mass spectrum of fragmentation products isolated from lignin B 

Lignin B: (Antibacterial lignin isolated from cotton stalk via modified version of 

Zilliox & Debeire (1998) method). 
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Cotton stalk lignin A, which was isolated from cotton stalks via Zilliox & 

Debeire (1998) method, have not demonstrated significant antibacterial effect 

against both E. coli & B. pumilus. Conversely, cotton stalk lignin B, which was 

extracted via modified version of Zilliox & Debeire (1998) method, has 

exhibited significant activity towards both E. coli & B. pumilus.  

 
 
FTIR results revealed that cotton stalk lignins were significantly broken down 

via alkaline treatment and this breakdown resulted in the formation of new 

fractions and it was also concluded that the ester and ether bonds between 

antimicrobial hydroxycinnamic acids (such as ferulic acid, p-coumaric acid) 

and lignin were cleaved during the alkaline treatments of both lignin A and 

lignin B. Because of the usage of different chemicals and conditions during 

lignin extraction, some of phenolic fragments must be characteristic for each 

lignin. By comparing the peaks in both Figure 3.10 and Figure 3.11, common 

and characteristic peaks were observed for the fractions of both lignin A and 

lignin B. Several common peaks with different abundances were observed in 

the mass spectra of cotton stalk lignins. Also 11 characteristic peaks were 

observed in the spectra of fragmentation products isolated from antibacterial 

lignin sample and 6 characteristic peaks were observed for fractions isolated 

from non-antibacterial lignin sample. 
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Table 3.17 LC/MS results of fragmentation products isolated from both lignin 

A & lignin B. 

 

Origin Of Fragments 
m/z (mass to charge 

ratio) 
Abundance 

Non – antibacterial 

Lignin A sample 

325.15 10.6 

384.00 26.5 

427.00 23.8 

487.40 9.4 

543.50 20.1 

571.55 17.6 

Antibacterial Lignin B 

sample 

200.10 8.2 

214.20 6.5 

242.20 8.1 

245.00 12.8 

270.20 8.9 

316.20 9.4 

391.20 14.9 

537.30 8.0 

553.20 19.9 

554.30 9.7 

663.30 8.7 

 
 
The fractions of both lignin A and lignin B differ in abundance percentage and 

mass to charge ratio as seen in Table 3.17. These characteristic peaks refer 

to different fractions and/or smaller phenolics formed via breakdown of lignin 

molecule during alkaline lignin extraction process. As expected, the fragments 

of antibacterial lignin are found to be different from the fractions of non-

antibacterial lignin so, the basis of the antimicrobial effect of cotton stalk lignin 

B is elucidated. Via previous LC/MS studies, the m/z ratio range of 

antimicrobial lignin monomers including ferulic acid, p-coumaric acid, caffeic 

acid, sinapic acid, vanilic acid and para hydroxyphenyloacetic acid (p-HPA) 

was found 79-179 (Biesaga and Pyrzynska, 2009). As seen in Table 3.17, m/z 

ratios of characteristic fragments of both lignin A and lignin B are not within the 

m/z range of lignin monomers. 
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So, it was deduced that the fractions formed during extraction of lignins were 

longer than lignin monomers. For antibacterial lignin B fractions, m/z ratio 

range is between 200-663. In literature, this m/z ratio range is appropriate for 

compounds including trimers and/or tetramers of monomeric phenolics of 

lignin molecule (Mandal and Dey, 2008), flavonoids (Stobiecki et al., 2006). 

So, antimicrobial lignin fractions formed via fragmentation of lignin B during 

modified alkaline extraction may be oligomers derived from lignin monomers 

or may be flavonoids. To explain the contribution of extraction chemicals and 

extraction conditions in the fragmentation of cotton stalk lignin and to identify 

the exact structures of fractions that demonstrate antimicrobial effect, each 

characteristic oligomer of lignin B should be analyzed via LC-MS individually 

or cotton stalk lignin samples should be firstly analyzed via HPLC then 

determined HPLC fractions might be analyzed via LC-MS. It can be concluded 

that characterization of lignins is an extremely tough task owing to their 

diversity with respect to both their origin and extraction method. 
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CHAPTER 4 
 

 

CONCLUSION AND RECOMMENDATIONS 
 
 
 
Cotton stalk lignin extractions were performed via alkaline methods at different 

conditions. Crude and post treated cotton stalk lignins, olive mill wastewater 

and garlic stalk juice were examined in terms of antimicrobial activity. 

Antimicrobial lignin was isolated depending on alkaline extraction conditions. 

Lignin extracted at 60°C exhibited significant antimicrobial effect towards both 

Escherichia coli and Bacillus pumilus. However different post treatments such 

as ultrasonication and TiO2-assisted photocatalytic oxidation did not result in 

antimicrobial compounds. Olive mill wastewater and garlic stalk juice exerted 

substantial antimicrobial effects towards tested microorganisms. 

 
 
Xylan-based biodegradable films containing lignin, garlic stalk juice, tannic 

acid and olive mill wastewater were characterized against both B. pumilus and 

E. coli by means of their antimicrobial activities. E. coli exhibited lesser 

sensitivity to all tested antimicrobial xylan films except tannic acid-integrated 

xylan film than B. pumilus. Antimicrobial lignin integrated-xylan film exhibited 

stronger effect towards tested microorganisms than the positive control film, 

tannic acid-integrated film. In the case of both antimicrobial lignin and tannic 

acid integrated xylan films, 4% was found to be the maximum antimicrobial 

compound percentage in film forming solutions to observe continuous film 

formation. 

 
 
Lignin samples with/without antimicrobial activity were characterized by means 

of their chemical structure via FTIR and LC-MS. FTIR results revealed that 

cotton stalk lignins were significantly broken down via alkaline treatment and 

this breakdown resulted in the formation of new fractions and also ester & 

ether bonds between antimicrobial hydroxycinnamic acids and lignin were 

cleaved during the alkaline treatments of cotton stalk lignins. By FTIR results, 

C=C bonds were found to be characteristic for antimicrobial lignin sample and 
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it was suggested that these bonds might be the reason of the antimicrobial 

activity. By LC-MS qualitative mass analysis, antibacterial lignin fractions were 

found to be quite different from non-antibacterial lignin fractions. LC-MS 

results indicated that the antimicrobial lignin fractions might be lignin-derived 

oligomers and/or might be flavonoids. Cotton stalk lignin fractions 

demonstrated different antimicrobial activities depending on the method of 

isolation and chemical treatment.    

 
 
To explain the contribution of extraction chemicals and extraction conditions in 

the fragmentation of cotton stalk lignin and to identify the exact structures of 

fractions that demonstrate antimicrobial effect, each characteristic oligomer of 

antimicrobial lignin should be analyzed via LC-MS individually or cotton stalk 

lignin samples should be firstly analyzed via HPLC then determined HPLC 

fractions might be analyzed via LC-MS. The extraction method developed in 

this study may be applied on other lignocellulosic agricultural wastes instead 

of cotton stalk and could also be improved by altering the extraction chemicals 

and conditions. Before commercialization of antimicrobial xylan-based 

biodegradable films, the antimicrobial activity of lignin should be further 

investigated against different microorganisms including pathogens that are 

more resistant than both E. coli and B. pumilus and mechanical properties of 

the films must also be investigated. 
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APPENDIX A 
 

 

MEDIUM AND AGAR BASES 
 
 
 

1. Luria-Bertani (LB) Broth: 
 
 
 
Product Company: Merck 

Basis: 1L (in distilled water) 

Tryptic soy broth, 10g 

Yeast extract, 5g 

NaCl, 10g 

 
 
2. Luria-Bertani (LB) Agar: 
 
 
 
Product Company: Sigma-Aldrich 

Basis: 1L (in distilled water) 

Agar, 15g 

Tryptic soy broth, 10g 

Yeast extract, 5g 

NaCl, 10g 

 
 
3. Nutrient Broth (NB): 
 
 
 
Product Company: Merck 

Basis: 1L (in distilled water) 

Peptones, 15g 

Yeast extract, 3g 

NaCl, 6g 

D(+)glucose, 1g 
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4. Mueller Hinton Agar (MHA): 
 
 
 
Product Company: Sigma-Aldrich 

Basis: 1L (in distilled water) 

Agar, 17.0g 

Beef heart infusion, 2.0g 

Casein acid hydrolysate, 17.5g 

Starch, soluble, 1.5g  
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APPENDIX B 
 

 

BACTERIAL CELL CALIBRATION CURVES 
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