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Abstract 

Bagasse was purified by washing with hot water and hot alkali solution separately to remove water soluble fractions. Then it was 

dried and lignin was extracted by high pressure auto clave using isopropanol solvent. During the extraction process PHB was 

added which will mix extensibly with extracted lignin and acts as a binding agent for cellulose fraction of bagasse. Fourier 

Transform Infra-Red (FTIR), Differential Scanning Calorimetry (DSC), Thermogravimetric analysis (TGA) and Scanning 

Electron Microscopy (SEM) were used to study the PHB bagasse lignin interaction and thermal stability of the composites. FTIR 

spectra showed the interaction of PHB with lignin and bagasse had taken place. The endothermic peak position in DSC heating 

thermogram of PHB and alkali washed bagasse was different from PHB and untreated bagasse composite. This is due to the 

interaction of bagasse lignin with PHB which changes the crystallization process. Thermal studies showed that the stability of 

PHB bagasse composites increased after incorporation of bagasse. More intense mixing was observed in case of SEM picture of 

alkali washed bagasse PHB composite. Micro injection machine was used to make tensile specimen and stress and strain 

behaviour of composite was higher than PHB.  
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I. INTRODUCTION 

India is the second largest producer of sugar in the world and produces 3668 lakh tons of sugarcane in 2014-15 [1]. Every ten 

tons of sugarcane produces three tons of wet bagasse. The moisture content in the wet bagasse is 40-55%. In dry bagasse the 

cellulose content is 40-45%, hemi-cellulose content is 20-25% and lignin content is 18-24% and ash content is 1-2%.  The sugar 

sector is the important pillar of the Indian economy as it provides livelihood of 50million farmers and of 5million workers 

directly. There is now a focus by the industry to increase the income stream by adding value to the whole sugarcane biomass 

including bagasse. Presently bagasse component is burnt for its fuel value to produce steam and electricity for factory operations. 

But the fuel efficiency is low due to large amount of moisture present in the raw bagasse and large amount of hydroxyl content in 

the solid waste. Cellulose component of bagasse has attracted interest as a potential source of ethanol. The other component of 

bagasse is lignin a nontoxic amorphous hydrophobic polymer obtained readily through extraction process. Its macromolecular 

structure and low cost makes lignin a good candidate for blending with aliphatic polyester.  

Lignin composed of phenyl propane repeat unit and possesses aromatic and aliphatic hydroxyl groups together with vacant 

para position on the monomer unit. This functionality makes lignin amenable to chemical reactions. However lignin can be used 

as a feed stock to produce composite materials of good quality. It has to be high purity susceptible to chemical reaction and of 

narrow molecular weight distribution. Incorporation of an amorphous polymer such as lignin should be in principle improves 

overall properties of composites. Sugarcane bagasse is a grass lignin and has a high proportion of 4-hydroxy phenyl group and 

less methoxyl content. Lignin is soluble in polar solvent and is insoluble in non-polar solvent. Lignin extraction by different 

techniques differ in molecular weight phenolic, hydroxyl and methoxyl content [2].  

 PHB is synthesized by a controlled microbial fermentation and it can be entirely degrade into CO2 and H2O under numerous 

types of microbial enzymes in aerobic condition where as in anaerobic condition methane gas will generate. PHB is a partially 

crystalline material having a glass transition temperature of 4oC and melting temperature of 175 - 177oC [3, 4].  It has high 

tensile strength of 40MPa comparable to isotactic PP. PHB is stiff and brittle at ambient temperature and its brittleness increases 

when store at room temperature for longer period of time. The barrier properties of PHB are comparable to PVC and PET. In 

spite of its attractive properties its use as commercial material is limited due to the following reasons. PHB is costlier than other 

polymers from petrochemical origin. The secondary crystallization at room temperature on storage makes the product brittle [5, 

6]. The third is the low degradation temperature 210oC which is just above melting temperature keeping very narrow window for 

processing [7, 8]. 

 The above draw back can be overcome by blending with other polymer. Literature shows that PHB can be miscible with other 

polymer like poly (vinyl acetate; PVAc [9, 10] starch [11-13], cellulose and cellulose derivative [14, 15], polylactic acid [16, 17] 
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etc. Ghosh et al 2000 has studied the compatibility of lignin and cellulose deribatives, lignin starch deribatives[18]. Weihua et al 

2004 has studied the nucleation kinetics of PHB with lignin fine powder [19].  In the literature lignin was extracted from bagasse 

and then it was mixed (either melt or solution) with the polymer for composite preparations. In this report the raw bagasse was 

first washed with water and alkaline solution separately followed by drying. Then lignin was extracted from washed bagasse in 

high pressure auto clave in presence of isopropanol solvent. During this extraction process PHB was added in to the mixer. The 

melt PHB was intensely mixed with extracted lignin and forms a binding agent for unextracted cellulose material. Unreacted 

cellulose will acts as filler in the composite system. The composites were characterized for FTIR, DSC, TGA and SEM. 

Microinjection molding was used to prepare tensile specimen for tensile test. 

II. EXPERIMENTAL 

 Materials: 

Sugarcane Bagasse (SCB) was collected from local vendor after juice extraction and sundried. After that it was grinded to 

smaller particle and pass through sieve shaker to collect the 1-2 micron particle size. Isopropanol was used from S D Fine 

Chemicals. PHB was purchased from Good Fellow England.   

 Pretreatment of SCB: 

One part of powder SCB was washed with hot water at 80oC for two hours to remove sucrose, hemicellulose and some other 

water soluble fractions. Then it was dried and the sample designated as SCB(Water wash). Another part of SCB was treated with 

5%alkali solution at 80oC for two hours followed by washing with water. Then it was dried and the sample designated as SCB 

(alkali wash). 

 High pressure autoclave treatment: 

The required quantity (table 1) of PHB and SCB were taken in a high pressure autoclave reactor (M/s Amar Industries, Bombay) 

and 150 ml of isopropanol was added. Then the mixture were heated to 1800C and stay at that temperature for 10 min and 

subsequently allowed to cool to room temperature. The powders were dried in air oven till constant weight and characterized. 

 Fourier Transform Infrared Spectroscopy (FTIR): 

The FTIR spectroscopy of different PHB mixed with SCB were taken in a Shimazdu make IR prestige21 model and the spectra 

were taken in DRS technique from 4000 to 500cm-1.  

 Thermogravimetric analysis (TGA): 

The thermal stability of different SCB were studied using a Thermogravimetric Analyzer (Shimazdu Corporation, Japan, model: 

DTG 60). Thermograms were recorded from room temperature to 800oC at a heating rate of 10oC per minute in nitrogen gas flow 

rate of 30mL/min.  

 Differential Scanning Calorimeter (DSC): 

The DSC was studied using a DSC Q-10 (TA-Instruments ) from room temperature to 200oC in nitrogen atmosphere at the 

heating rate of 10oC/min. 

 Scanning Electron Microscope (SEM): 

Scanning electron microscope (SEM) was performed in JEOL make machine model number JSM-6390. 

 Tensile sample preparation:  

Haake minilab twin screw extruder was used to prepare sample for tensile testing. The processing temperature was maintained at 

130-150oC. Tensile testing was done in UTM machine as per ASTM procedure. 
Table - 1 

Composition of PHB based blends and their nomenclature 
PHB Bagasse Nomenclature 

40g - PHB-STD 

30gm Bagasse untreated (10gm) PHBG-72 

20gm Bagasse untreated (20gm) PHBG-55 

30gm Bagasse Alkali wash (10gm) PHBG-72 (Alkali) 

30gm Bagasse water Wash (10gm) PHBG-72 (Wash) 
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III. RESULTS & DISCUSSION 

 FTIR spectra: 

Fig 1 is the FTIR spectra of PHB and untreated bagasse composites, In case of PHB bagasse composites the broad peak near 

3300 cm-1 is due to hydroxyl group present in the bagasse sample. The strong peak near 2900 cm-1 is due to aliphatic –C-H 

stretching frequency. The carbonyl peak at 1728 cm-1 is broad compare to PHB. This is due to hydrogen bonding interaction of 

carbonyl with hydroxyl group of bagasse lignin. The peak near 1453 cm-1 and 1466cm-1 is due to CH3 group in PHB sample.   

 
Fig. 1: FTIR spectra of PHB STD and its blends untreated bagasse powder -(A) PHB STD. (B) PHB/ Bagasse -75/25 ratio (C) PHB/ Bagasse -

50/50 ratio. 

Fig 2 is the FTIR spectra of PHB and treated bagasse (alkali and water treated) composites. Like  PHB bagasse composite in 

fig 1 here also similar spectra is observed for bagasse (water wash). But in case of alkali wash bagasse PHB composite the 

carbonyl peak near 1740cm-1 is higher than water wash sample. This carbonyl peak for both the cases is broader than PHB STD. 

This indicates more interaction of PHB carbonyl with hydroxyl group of bagasse [20,21].  

 DSC thermogram:  

Fig 3 is the DSC heating thermogram of PHB STD, bagasse and their composites. In case of PHB STD sample three 

endothermic peaks have been observed. One near 56oC this may be due to some small molecules present with the sample.  

Another two endothermic peaks observed near 140oC and 165oC. These are melting transition of pure PHB sample [21-24]. The 

lower temperature transition is due to nucleation of PHB crystals and higher temperature transitions is due to melting of PHB 

crystals which is generated during processing (recrystallization). Bagasse is having one endothermic transition near 110oC. This 

is the glass transition temperature of bagasse [25]. In case of composites three endothermic transitions are observed like PHB 

STD. But the peak position at higher temperature changes for composites in comparison to PHB STD. This is due to interaction 

of polar group in bagasse with ester linkage with PHB. This indicates the interaction of PHB sample with bagasse polar group 

takes place which affects the crystallization of PHB. 
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Fig. 2: FTIR spectra of PHB STD and its blends treated bagasse (A) PHB STD. (B) PHB/ Bagasse (Alkai) -75/25 (C) PHB/ Bagasse (Wash) -

50/50 

  

Fig 4 is the DSC cooling curve of PHB, untreated bagasse and their composites. In case of PHB STD one exothermic peak at 

101oC has been observed. This is due to the crystallization of PHB.  This peak position changes in case of composites. This is 

due to interaction of polar groups in bagasse with ester group in PHB. 

 Fig 5 is the heating thermogram of PHB and its composites with treated bagasse. Here PHB STD and untreated bagasse 

heating thermogram are included for comparison. Unlike untreated PHB bagasse composites here only two endothermic 

transitions has been observed. One at lower temperature near 56oC and other at higher temperature. The higher temperature 

transitions are due to melting of PHB crystals and the peak position changes in both the cases for treated bagasse. In case of 

water treated bagasse it is at 165oC but for alkali treated bgasse the endothermic transition is near 147oC. The lower temperature 

transition is nucleation of PHB crystals which is affected[14-16]. This indicates more intense mixing of PHB and alkali treated 

bagasse. This is due to interaction of polar group of bagasse with PHB. This indicates the interaction of PHB sample with 

bagasse polar group which affects the crystallization.   

 
Fig. 3: DSC heating thermogram ofPHB STD and its blends with treated bagasse powder A) PHB STD sample B) PHB / bagasse (alkali) 75:25 

C) PHB/bagasse (water) 75:25 D) Bagasse 
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Figure 6 is the cooling thermogram of PHB and treated bagasse composites. The water wash sample shows crystallization near 

103oC is close to pure PHB wheras alkali wash sample shows lower crystallization temperature i. e. near 86oC. This suggests the 

strong interaction in case of alkali wash sample than water wash sample. This is expected as the alkali solution dissolve some 

lignin part of the bagasse which creates more holes on the surface. Also the alkali solution may dissolve certain cell wall and 

release more sucrose, hemicellulose and lignin from bagasse sample. This helps in removing more water soluble material from 

bagasse sample. When this alkali treated sample is extracted with isopropanol solvent then more lignin fraction will comes out 

and mixing will be intense in case of alkali treated sample. This is observed in these cases.  

 
Fig. 4: DSC cooling thermogram of PHB STD and its blends untreated bagasse powder. A) PHB STD B) PHB/bagasse 75:25 C) PHB/bagasse 

50:50 D) Bagasse 

 
Fig. 5: DSC heating thermogram of PHB and its blends with treated bagasse A) PHB STD B) PHB/bagasse (alkali) 75:25 C)PHB / bagasse 

(wash) 75:25 D) Bagasse 
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Fig. 6: DSC cooling thermogram of PHB and its blends treated bagasse A) PHB STD B) PHB/bagasse (alkali) 75:25 C) PHB/bagasse (wash) 

75:25 D) Bagasse 

 TGA Thermogram 

Fig 7 is the TGA thermogram of PHB and its composites with untreated bagasse. In case of PHB STD two stage degradation 

takes place. The first stage degradation starts near 200oC and continued up to 250oC. Here the major amount of (88%) 

degradation takes place. The second stage degradation takes place after 320oC and is continued up to 380oC leaving small 

amount of residue. In case of composite multistage degradation takes place. First stage degradation starts above 180oC and is 

continue up to 250oC. Here small amount of degradation takes place (~13wt%).  This is due to presence of cellulose which starts 

degrading above 180oC. The second stage degradation starts after 250oC and is continued up to 280oC. Here major amount of 

degradation takes place (~57wt%). The third stage degradation takes place from 280oC to 350oC. The last stage degradation takes 

place from 350oC to 450oC leaving small amount of residue. In general the composite has higher decomposition temperature. 

Literature reported that compatible plasticization increases the thermal stability of PHB[27-28].  

 
Fig. 7: TGA thermogram of PHB and its composites with untreated bagasse 
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Fig 8 is the TGA thermogram of PHB with treated bagasse composites. Here water wash composites shows three stage 

degradation. First stage degradation starts after 200oC and is continued up to 250oC. The second stage degradation takes place 

from 250oC to 350oC. The third stage degradation takes place from 350oC to 500oC leaving large amount of residue (~20wt%). 

This may be due to silica in the bagasse residue.  In case of alkali treated sample continuous weight loss takes place from to 

250oC. This increases the stability of composites due to the removal of water soluble compounds like sugar, hemi cellulose and 

proteins. The second stage degradation takes place from 250oC and is continued up to 280oC. The third stage degradation takes 

place from 280oC and is continued up to 380oC. The fourth stage degradation takes place from 425oC and is continued up to 

475oC. 

 
Fig. 8: TGA thermogram of PHB and its composites with treated bagasse 

 SEM Study: 

Fig 9 is the SEM image of PHB blends with unmodified bagasse powder. In both the cases lumps forms have been observed due 

to presence of PHB in the composites which acts as binding agent. But the higher proportion of bagasse PHBG55 sample looks 

more powdery at higher magnification due to insufficient amount of PHB in the PHB bagasse composites. 

Fig 10 is the SEM image for PHB treated bagasse composites. In both the cases 75wt% PHB is mixed with 25wt% treated 

bagasse. The alkali treated bagasse shows more intense mixing compare to water treated composites which is higher than 

untreated composites. This is expected as the untreated bagasse powder has many materials like proteins, inorganic salts, silica, 

unextracted sucrose etc. These are more polar in nature, which resist intense mixing of less polar PHB. The situation changes in 

case of treated bagasse. During water washing some of the water soluble material will go out. Alkali washing give more intense 

washing as it dissolve lignin and increase the porosity inside the cell membrane which will release more sucrose and 

hemicellulose other than soluble fractions of lignins. When the treated bagasse is extracted with isopropanol solvent the extracted 

material have more non polar properties which will mix non polar PHB intensely. During the melting transesterification may 

takes place which increases compatibility [29-31]. This is the reason for intense mixing of PHB with alkaline washed bagasse. 
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Fig. 9: SEM image of PHB based blends with untreated bagasse powder-PHBG-55 (Upper part) PHBG-72 (Lower part). 

 Tensile testing: 

Table 2 is the tensile testing of PHB and PHB bagasse composites. Composites has higher tensile load than pure PHB sample. 

This is expected as the PHB has lower glass transition temperature than room temperature it crystallizes and spherulitic growth 

takes place which breaks early when stress is applied. Literature reported that the high extension ratio for PHB and mixible 

polymer blends [32].   

 
Fig 10: SEM image of PHB based blends with alkali treated (PHBG 72 (alkali) upper part and water washed bagasse PHBG-72 (Lower part). 

Table - 2 

Tensile testing of PHB and PHB Bagasse composites 

Sample 
Stress at Max.Load 

(MPa) 
% Strain at Max.Load (%) 

PHBC-72 6.214 1.656 

PHB-STD 3.345 0.848 
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IV. CONCLUSIONS: 

PHB bagasse composites were prepared with treated bagasse (hot water and hot dilute alkaline solution separately). Lignin was 

extracted in isopropanol solvent at high pressure and high temperature. During this extraction process PHB was added which was 

mixed thoroughly. FTIR spectra shows the change in carbonyl peak area indicates the interaction of PHB with lignin and 

bagasse. The DSC of heating and cooling curve of PHB and untreated bagasse does not change much but the treated sample 

shows significant changes. Two endo thermic transition takes place for treated sample whereas untreated sample shows three 

endothermic peak positions. Also the peak area changes. This indicates that the washing has great influence on the final 

properties of the composites. Also the extracted lignin has good compatibility with PHB. The thermal stability of the alkali 

treated sample increases compare to water wash sample. The SEM picture shows more compatibility of PHB with bagasse 

sample. Tensile properties shows improved properties.    

REFERENCES 

[1] Indian Sugar Mill Association Data on Sugar Production retrieved from http://www.indiansugar.com/statics.aspx on 19.12.2015 
[2] Lore J.H.; Glasser W.G., J.Polym and Env. 2002, 10, 39  

[3] Avella, M. ; Martuscelli E.; Raimo, M.; J. Mat. Sci. 2000, 35, 523-545. 

[4] Volova  T.G., (2004) Polyhydroxyalkanoates‐‐plastic  materials  of  the  21st  century:  production,  properties,  applications.  Nova Science Publishers, 

Chapter 1, p. 1‐78, New  York. 
[5] Chandra,R.; Rustgi,R.; Progress in Polymer Science, 1998, 23, 1273-1335. 

[6] Ghaffar, A. M. E. A.  Ph. D. Thesis, Martin-Luther University, Halle, Germany, 2002 
[7] Shi,F.; Ashby, R.D.; Gross,R.A.; Mac., 1997, 30, 2521-2523 

[8] Lee,S.M.; Lee, M.Y.; Park, W.H.; J. Appl.Polym. Sci. 2002, 83, 2945-2952 

[9] Greco,P.; Martuscelli,E.; Polymer, 1989, 30, 1475-1483. 
[10] El-Hadi,A.; Schnabel,R.; Straube, E.; Muller, G.; Riemschneider,M.; Mac. Mat. Engg, 2002, 287, 363-372 

[11] Godbole,S.; Gote,S.; Latkar,M.; Chakrabarti,T.; Biores. Tech., 2003, 86, 33-37. 

[12] Innocentini-Mei, L.H.; Bartoli,J.R.; Baltieri,R.C.; Macro. Symp. 2003, 197, 77-87. 
[13] Zhang,M.;Thomas,N.L.; J. Appl.Polym. Sci. 2010, 116, 688-694 

[14] Pizzoli,M.; Scandola,M.; Ceccorulli,G.; Macro. 1994, 27, 4766-4761.  

[15] Yamaguchi,M.; Arakawa, K.;, J. Appl. Poly. Sci., 2007, 103, 3447-3452. 
[16] Bloom,E.; Owen,A.J.; Polymer 1995, 36, 4077-4081 

[17] Zhang, J.; Sato,H.; Furukawa, T.; Tsuji, H.; Noda, I.; Ozaki, Y.; J.Phys.Chem. B 2006, 110, 24463-24471. 

[18] Ghosh,I.; Jain,R.K.; Glasser,W.H.; ACS Symp. ser., 2000, 742, 331-350. 
[19] Weihua,K.; He,Y.; Asakawa,N.; Inove,Y.; J Appl Poly Sci, 2004, 94, 2466-2474 

[20] Li J C, Fukuoka,T.; He,Y.; Uyama, H.; Kobayashi,S.; Inoue,Y.; J Appl Poly Sci, 2005, 97, 2439-2449 

[21] Chen,C.; Zhou,X.; Zhuang, Y.; Dong,L.; J Appl. Poly. Sci., Part B Polym Phys 2005, 43, 35-47 
[22] Furukawa,T.; Sato,H.; Murakami, R.; Zhang,J.;  Duan,Y.X.; Noda,I.; Ochiai, S.; Ozaki,Y. Mac., 2005, 38, 6445-6454. 

[23] Pearce,R.; Marchessault,R.H.; Polymer, 1994, 35, 3990-3997.  

[24] An,Y.; Dong,L.; Li,L.; Mo,Z.; Feng,Z.; Eur. Polym. J., 1999, 35, 365-369. 
[25] Glasser,W.G.; Northey,R.A.; Schultz, 1999, Historical, Biological and Material perspectives Washington DC. 

[26] Park, J.W.;  Tanaka,T.; Doi,Y.; Iwata,T.; Mac Biosci, 2005, vol. 5, 840-852. 

[27] Parra,D.F.; Fusaro,J.; Gaboardi,F.; Rosa,D.S; Polym. Deg. Stab., 2006, 91, 1954-1959. 
[28] Rodrigues, J. A. F. R.; Parra, D. F.; Lugao,A.B.; J. Therm. Anal. Cal., 2005, 79, 379-381. 

[29] Ma,D.; Zhang,G.; He,Y.; Ma,J.; Luo,X.; J.Phys. Sci. Part B Poly.Phys. 1999, 37, 2960-2972. 

[30] Zhang,G.Y.; Ma, J.W.; Cui, B.X.; Luo,X.L.; Ma, D.Z.; Mac. Che,.Phys. 2001, 202, 604-613. 
[31] Otera,J.; Nishikido, J.; Esterification methods, Reactions and applications, Wiley-VCH 2010, Germany Chapter 2. 

[32] Ea-Taweel, S.H.; Stoll,B.;Hoehne,G.W.H.; Mansour,A.A.; Seliger,H.; J Appl Poly Sci, 2004, 94, 2528-2537. 


