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Abstract. Nanocrystalline cellulose (NCC) from biomass is a promising material with huge 
potentials in various applications. A big challenge in its utilization is the agglomeration of the 
NCC’s during processing due to hydrogen bonding among the cellulose chains when in close 
proximity to each other. Obtaining NCC’s in a non-agglomerated and non-aqueous condition is 
challenging. In the present work NCC’s was isolated from oil palm empty fruit bunch (OPEFB) 
using TEMPO-oxidation reaction method. To obtain non-agglomerated and non-aqueous products, 
the NCC’s underwent post-treatment using oven drying (OD) and solvent exchanged (SE) 
techniques. The thermal stability of all samples was determined from TGA and DTG profiles 
whilst FTIR was used to analyze the chemical modifications that occurred under these conditions. 
NCC-SE has better thermal stability than the NCC-OD and its on-set degradation temperature and 
residue are also higher. FTIR analysis shows that NCC-SE has a slightly different chemical 
composition whereby  the absorption band at 1300 cm-1 (due to C-O symmetric stretching) is 
absent as compared to NCC-OD indicating that in NCC-SE the carboxylate group is in acid form 
which contribute to its thermal stability. (Keyword:  Nanocrystalline cellulose, oil palm empty 
fruit bunch, thermal stability, oven drying, solvent exchange) 

1. Introduction 
Cellulose is the world most abundant natural renewable biodegradable polymer and has been predicted 
that globally around 1012 tons are synthesized and destroyed every year [1]. The use of non biomaterial 
will cause a serious environmental problem since they are not easily degraded in the environment after 
use. Many studies have shown that cellulose nanoparticles could be used as filler to improve mechanical 
and barrier properties of biocomposites. Growing interest in nanocomposites has been related to several 

ScieTech 2015 IOP Publishing
Journal of Physics: Conference Series 622 (2015) 012025 doi:10.1088/1742-6596/622/1/012025

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd 1



reasons, among them are possible to design and create new materials and structures with exceptional 
flexibility and physical properties, almost free of defects when used as nanoscale fillers, and presenting a 
large volume of interfacing matrix material due to high specific surface area. For reinforcement 
applications, however, cellulose nano or micofibres present some disadvantages, for instance, high 
moisture absorption, poor wettability, incompability with most of polymeric matrices, and limitation of 
processing temperature. 

Cellulose can be extracted from natural fibers and through systematic approach it can be converted to 
produce cellulose nanoparticles. There are various mechanical and chemical treatments offered depending 
on the source of lignocellulosic and properties to be achieved.  Properties of cellulosic fibers are strongly 
influenced by different sources of plant, part of plant [2]. Agro-based material such as plant fibers is an 
example that is abundantly available in nature and more often are in the form of agro waste. Malaysia and 
Indonesia have abundance of this agro waste which is obtained from the oil palm (OP) industry of which 
the empty fruit bunch (EFB) is the largest available. Oil palm biomass comprise of 45-70% complex 
carbohydrate cellulose and hemicellulose. Therefore, this cheap and abundant biomass could compete 
with other plant biomass to produce cellulose microfibers or microfibriles at competitive price. 

One of the most important fields of cellulose application in composite material is as reinforcement of 
biopolymer matrix [3]. However, certain drawbacks of the application are incompability with the 
hydrophobic biopolymer matrix, especially during processing it tend to form aggregates and water-
swellable nature of cellulose [4]. Some research has recently stated that the addition of renewable and high 
biodegradable fillers like cellulose or cellulose derivatives could optimize cost performance balance and 
improve the mechanical and thermal behaviors [5]. More recently, there has been an increase use of 
cellulose nanowishkers or nanocrystals as the load bearing constituent in developments in new and 
inexpensive biodegradable materials due to their high aspect ratio, good mechanical properties [6] and 
fully degradable and renewable character. Some of biopolymer or biocomposite has low thermal stability, 
and also still limited and high production cost, therefore the use of cellulose, especially in nano size and 
crystalline form has a good potential to become the reinforcement [7] 

The thermal properties are important to investigate in order to know the material application for 
biocomposite processing at high temperature [8]. Most of biocomposite was in the nonpolar form and 
hydrophobic that very good in water resistant properties, but weak in the thermal resistance, heat 
distortion temperature and rate of crystallization. Therefore the use of nano filler is potential to overcome 
the weakness of ‘those’ properties [9]. Some of researches have been reported one of biopolymer such as 
PLA low thermal properties, toughness, water vapor than gas barrier are inferior to those non biopolymers 
[10-12]. The challenge of crystalline nano fiber (CNF) used in industrial is to overcome the weak 
capability in hydrophobic material in order to enhance the dispersion and to increase the stress transfer 
towards the matrix. Most of the bio-polymeric or biocomposite are non-polar that cannot directly use NCC 
suspension in very polar or hydrophilic properties. Some research related to drying of NCC has been 
reported [13-16]. But NCC mostly in the form in water suspension and the use of the NCC as reinforcing 
is in solid state and suspension form also inconvenient during transportation. The problem is NCC tend to 
agglomeration during drying process and difficult to redisperse. Meanwhile the drying of NCC also has 
potential for next process and easier handling and reuse as a filler. Therefore the aim of this work is to 
study the thermal behavior of dried NCC as a reinforcement, heat barrier potential to overcome the weak 
thermal properties in most biocomposites. The NCC is prepared from OPEFB microcrystalline cellulose 
via the TEMPO-oxidation reaction technique and later underwent post-treatments using the oven drying 
and solvent exchange methods. 
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2.  Experimental 
2.1 Material 
Oil Palm Empty Fruit Bunch (OPEFB) was obtained from SABUTEK Company, Perak, Malaysia while 
4-acetamido-TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl) procured from Sigma Aldrich (USA). All 
other chemicals in the experiment were purchased from QReC (Malaysia). 
 
2.2 Preparation of Totally Chlorine Free Bleached OPEFB Pulp and OPEFB Microcrystalline Cellulose 
OPEFB fiber as raw material was cut into 4-5 cm lengths, then washed and dried and kept in polyethylene 
bags. Before pulping, OPEFB was first pre-hydrolyzed with water and later pulped using 26% NaOH at a 
temperature of 170oC for 2 h [17]. The obtained pulp is further bleached using a totally chlorine free 
(TCF) sequences of oxygen (O), ozone (Z) and peroxide (P) [18]. The final TCF OPEFB pulp has a Kappa 
no. of 1.4. Microcrystalline cellulose (MCC) was prepared according to Wanrosli et al. (2011). Briefly, the 
TCF OPEFB pulp was hydrolyzed with 2.5M HCl at a solid liquor ratio of 1:20 and refluxing at 105±2oC 
for 15 min. The MCC was thoroughly washed with distilled water before air drying. MCC powder was 
obtained by grinding the sample in a ball mill and subsequently kept in a desiccator. 
 
2.3  Isolation of NCC  
Nanocrystalline cellulose (NCC) was prepared using TEMPO- oxidation reaction [20]. 5 g of MCC was 
reacted with 4-acetamido-TEMPO (2,2,6,6-tetramethylpiperidin -1-oxyl) 98%  (0.11 mmol/g) and sodium 
bromide (0.617 mmol/g) in 500 ml distilled water in an ultrasonic bath (Model 8510, Branson) for 4 
hours. In the post-oxidation step, the mixture was reacted NaClO2 at 70oC in water bath for 1 hour. The 
mixture was then washed with distilled water and unfibrillated with Sonicator (Sonifier 450, Branson). 
The suspension was centrifuged at 3500 rpm and the upper phase was separated as the NCC product. 
 
2.4 Drying and solvent exchange of NCC 
The Oven Drying (OD) process was conducted at 50oC for 24 hours in an air circulated oven dryer. Dried 
NCC was gently crushed with mortar and sieved to obtain uniform size. For solvent exchange, the 
procedure of Fujisawa et al (2013) was followed. NCC suspension was mixed with 1 M HCl to obtain pH 
2, then stirred at slow speed at room temperature for 30 minutes. Then the mixture was washed with water 
and solvent exchanged to ethanol. 
 
2.5 Characterization  
2.5.1 TGA 
The thermal stability was carried out using A Mettler TG 50 Module equipped to Mettler TC 11 4000 
thermal Analyzer (USA). The specimen was analyzed in a nitrogen atmosphere at a flow rate 50 ml/min. 
The temperature was set from 30 to 800oC at a rate of 20oC per minute.  
 
2.5.2 Fourier Transform Infrared (FTIR) Spectroscopy Analysis 
FTIR analysis was carried out using  a FTIR spectrometer (Nicolet iS10, Thermo Scientific). The films 
were cut around 3 cm and directly loaded for analyzing the transmittal spectra within the range of 4000–
400 cm-1. 
 
3. Results and Discussion 
3.1  Thermogravimetric analysis  
Thermal properties of NCC-OD, NCC-SE and MCC, with the later as a control, were studied by 
thermogravimetric (TGA) and derivative thermogram (DTG). The TGA and DTG curves for all samples 
are shown in Figure 1. The thermal condition of degradation at Ton, T (50%) and the residual weight at 
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400oC and 700oC are presented in Table 1. A small weight loss for all samples occurs between 40-70°C 
which is attributed to the removal of absorbed water in cellulose [22]. As depicted in 1, the NCC-OD 
sample initiates a slightly more pronounced degradation process at around 255°C while for NCC-SE a 
more pronounced degradation process occurs at 290°C. The extremely high slope for all samples in the 
range of 240oC to 350oC is due to the high degradation or decomposition step of the cellulose. In this stage 
the cleavage of the glycosidic linkages of cellulose reduces the polymerization degree leading to the 
formation of CO2, H2O and a variety of hydrocarbon derivatives [23]. It can also be seen that based on 
weight percentage as a function of temperature, the first initial mass loss portion was found between 25oC 
to about 125oC. No thermal degradation occurred in this region. The loss of weight in this region is about 
5-10%, which is mainly caused by evaporation of loosely bound moisture on the surface of the NCC’s [15,  
24, 25].  
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
               Figure 1. Typical TGA (a) and DTG (b) of MCC, NCC-OD and NCC-SE from palm  
               oil empty fruit bunch  

 
It can be seen that both processes of oven drying and solvent exchange treatment affected the thermal 

stability of NCC. NCC-OD and NCC-SE both has a lower degradation temperature (Ton) compare to MCC 
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as a control. However, the NCC - SE has better thermal stability than the NCC-OD. This higher 
decomposition temperature is caused by the presence of free carboxylic group that is formed during the 
solvent exchange process. During the isolation of NCC using TEMPO-oxidation, the hydroxyl groups 
were replaced by the carboxylate groups. In the solvent exchange process (because of the acid condition 
where the pH was set to 2 by the addition of 1 M HCl at room temperature) these carboxylate groups were 
converted  to free carboxyl groups [16, 21] leading to a viscous and flowable gel as compared to only a 
dispersable state for unprocessed NCC. On the other hand, NCC that is processed by oven drying is still in 
the form of sodium carboxylate salt. Thus, this different content of carboxylic group is responsible for the 
thermal behavior differences of both NCC. 
 It was also reported that the carbonation of the sodium carboxylic group degrade at a lower 
temperature than that of cellulose. Similar study also found for carboxymethyl cellulose that contain of 
sodium carboxyl groups [26]. The pathway of thermal decomposition is influenced by many chemical and 
physical factors such as temperature, type of atmosphere, size and texture of cellulose, and crystallinity 
[27]. 
 Comparatively, MCC has a higher degradation behavior temperature than both NCC-OD and NCC-SE. 
The maximum of the DTG peak of MCC (Tmax = 358oC) is higher than the NCC-OD and NCC-SE of 
334oC and 318oC respectively. This is probably due to the difference of the outer surface structure of each 
MCC and NCC resulting from the different processes that were used to prepare the materials. The NCC in 
this research was produced directly from OPEFB TCF pulp whereas MCC was produced by acid 
hydrolysis from the pulp with HCl. It has been reported that the chloride anions contributed to these 
differences because they affected the swelling of cellulose chains and breakage of hydrogen bonds in 
cellulose [28]. Hydrolysis process did not only dissolve the amorphous region, but also some crystalline 
region that caused more vulnerable degradation as temperature increased [29, 30]. There are two different 
degradation mechanism in cellulose. First is dehydration of cellulose by an endothermic process to form 
hehydrocellulose at 200-280oC and second is depolymerization of cellulose in competition with 
dehydration between 280-340oC that yield the volatile matter [15]. The mechanism of depolymerization 
occurs in very fast rate as shown very big  slope on this stage. Decomposition of dehydrocelulose formed 
into gases and char residue becomes dominant at about 320oC. At temperature above 500oC, the 
levoglucosan breakdown to produce varying low molecular weight, including hydrocarbons and hydrogen 
as well as CO, CO2 and H2O [15, 32]. 
 

Table 1. Thermal properties of MCC, NCC-OD and NCC-SE 
 

Samples 
  

Degradation temperature 
(oC) 

DTG Peak Temp 
(oC) 

Residue weight (wt %) 

Ton T(50%) Tmax T 400 T 700 

MCC 327.96 350.64 358 13.44 8.49 
NCC/OD 254.40 332.83 334 27.20 18.85 
NCC/SE 289.05 324.69 318 32.88 22.42 

 

 The NNC-SE and NCC-OD also has a higher residue at T400 and T700 compare to MCC. Similar trends 
were also reported from OPEFB nanocellulose whisker [32]. Moreover the NCC-SE has a higher residue 
at T400 and T700 (32.88% and 22.42%) compared to NCC-OD (22.42% and 18.85%). Again the probable 
reason for this observation is due to the presence of carboxylic form in NCC-SE as compared to the 
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carboxylate form in NCC-OD. Other factors that can also affect the thermal degradation behavior are 
sonication time and temperature [8], both of which will be dealt in subsequent publications. It is 
interesting to note that in spite of the fact that both NCC-SE and NCC-OD has a lower thermal 
stability as compared to NCC-OD as seen in Fig.1 and Table 1, the char fraction (residue that 
remains after 700 oC) of the former is much higher (23 % & 19 % and 8% respectively). It is 
possible that the incorporation of the carboxylate functionality resulting from the TEMPO-
oxidation has the flame-retardant effect which can have positive implications as a potential as a 
filler in lower thermal retardants in biopolimeric matrix [7].  
 
3.2 FTIR Analysis 
The FTIR spectroscopy is an essential technique for tracking chemical changes of the cellulose before and 
after treatment. The FITR spectra of MCC and NCC were presented in Figure 2. The vibrational 
assignments are summarized in Table 2. 
 

  

 
 
 
 

 

 

 

 

 

Figure 2. Typical FTIR spectra obtained from (a) MCC, (b)  NCC-OD and  (c)  NCC-SE 

 In Figure 2, the broad peak for all samples observed in the region 3300-3400 cm-1 is due to stretching 
vibration of O-H (Hydroxyl) groups [34]. The absorption around 2900 cm-1 is attributed to stretching of C-
H groups of cellulose [25, 35, 36]. When spectra of MCC are compared with those of NCC-OD and NCC-
SE, the most different is a new appearance of the vibration peak observed at 1730 cm-1 from spectra on 
NCC-OD and NCC-SE. The appearance of this peak is indicated by the C=O stretching of carboxylic 
group of TEMPO-oxidation nanocrystalline cellulose [37]. Meanwhile the MCC from OPEFB using HCl 
showed no C=O bond formation. Similar result were also reported by Wanrosli et al. (2011) that compares 
OPEFB MCC with pure cellulose before converting to cellulose phosphate. Comparatively, this C=O peak 
is lower in NCC-SE than NCC-OD which is a a consequence of pH reduction causing the presence of the 
free carboxilic group during solvent technique. This observation suggests that the higher content of 
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carboxyl content in NCC-OD contributed higher thermal retardant in NCC-SE and the absence C=O bond 
MCC will cause the lower thermal retardant compare to both NCC post oxidation technique.  

Table 2. FITR Spectral peak assignment for (a) MCC, (b) NCC-OD, (c) NCC-SE 

Peak frequency (cm-1) 
Peak assignment MCC NCC/OD NCC/SE 
OH Bending 3343 3345 3413 
CH2 Group Bending 2901 2901 2898 
C=O stretching - 1732 1735 
O-H  stretching 1640 1639 1641 
CH2 Bending 1430 1430 1430 
C-O symmetric stretching 1318 1318 - 
C-O-C Stretching 1113 1164 1163 
C-H  897 898 897 

 
4. Conclusion 
Nancocrystalline cellulose (NCC) was obtained from oil palm empty fruit bunch (OPEFB) by TEMPO 
oxidation. The resulting suspension was then dried or solvent exchanged as the way to prepare NCC for 
the next processing. In this work, the effect of drying and solvent exchange method on thermal stability of 
the OPEFB-NCC was studied. It reveals that the choice of between drying process and solvent exchange 
treatment of NCC determined thermal stability of NCC. The NCC prepared by either method has a lower 
degradation temperature (Ton) compare to MCC as a control. However, their thermal resistance properties 
are better than MCC as revealed from lower thermal degradation rate and higher residues. The NCC-SE 
has better thermal stability compared to NCC-OD due to the presence of the free carboxylic group during 
solvent exchange process, resulted from a reduction in the carboxyl group in NCC. FTIR spectra revealed 
such chemical change of the cellulose before and after different treatment. In addition to its function as 
filler, the result suggests NCC could contribute to better thermal properties of biocomposite. Future works 
will include development of the NCC as a filler of biocomposite by improving its interaction with the 
polymeric matrix without losing its thermal resistance properties. 
 
Acknowledgement 
The authors express their gratitude to Universiti Sains Malaysia for the research university, grant scheme 
1001/PTEKIND/814122 and Directorate General of Higher Education of Indonesia for sponsoring 
postgraduate studies of Eti Indarti.  
 
Refferences 
[1] Hon D N S 1994 Cellulose 1 1-25 
[2] Siquera G, Bras J and Dufresne A 2010 Polymer 2 (4) 728-65 
[3] Biagiotti J, Puglia D and Kenny J M 2004 Journal of Natural Fibers 1 (3) 23-65 
[4] Hubbe M A, Rojas O J, Lucia L A and  Sain M 2008 Bioresources 3 929-80 
[5] Oksman K, Skrifvars M and  Selin J F 2003 Composites science and technology 63 (9) 1317-24 
[6] Sturcova A, Davies G R and Eichhorn S J 2005 Biomacromolecules 6 (2) 1055-61 
[7] Frone A N , Berlioz S, Chailan J F and Panaitescu D M 2013 Carbohydrate Polymers 91 377–384     
[8] Lavoine N,  Desloges I, Dufresne A and Bras J 2012 Carbohydrate polymer 90 735-764 
[9] Raquez J M, Habibi Y,  Murariu M and Dubois P 2013  Progress in Polymer Science 38 1504- 42 

ScieTech 2015 IOP Publishing
Journal of Physics: Conference Series 622 (2015) 012025 doi:10.1088/1742-6596/622/1/012025

7



[10] Pantani R, Gorrasi G, Vigliotta G, Murariu M and Dubois P 2013  European Polymer Journal 49  
3471-82 

[11] Bonilla J, Fortunati E, Vargas M, Chiralt A and J M  Kenny 2013 Journal of Food Engineering 119     
236-43 

[12] Petersen K, Nielsen P and Olsen M 2001 Starch 53 356-61 
[13] Peng Y, Han Y and Gardner D J 2012 Wood Fiber Sci 44 (4) 448-61 
[14] Peng Y, Gardner D J and  Han Y 2012 Cellulose 19 (1), 91-102 
[15] Peng Y, Gardner D J, Han Y, Kiziltas A, Cai Z, Tshabalala MA 2013 Cellulose 20 (50) 2379-92 
[16] Fukuzumi H, Saito T, Okita Y and Isogai A 2010 Polymer Degradation and Stability 95 1502-08 
[17] Wanrosli W D, Leh C P, Zainuddin Z and Tanaka R  2003 Holsforschung 57 106-13 
[18] Leh C P, Wanrosli  W D, Zainuddin  Z, and Tanaka R 2008 Industrial Crops and Products 28 260-

7 
[19] Wanrosli W D, Rohaizu R and Ghazali A 2011 Carbohydrate Polymers 84 262-267 
[20] Rohaizu R and Wanrosli  W D 2014 submitted to Carbohydrate Journal. 
[21] Fujisawa S, Saito T, Kimura S, Iwata T and Isogai A 2013 Biomacromolecules 14 (5),  1541-1546 
[22] Bourbigot S, Chlebicki S and Mamleev V 2002 Degradation and Stability 78 57-62 
[23] Poletto M, Dettenborn J, Pistor V, Zeni M and Zattera A J 2010 Material Research 13 (3) 375-9 
[24] Abraham E, Deepa B, Pothan L A, Jacob M, Thomas S, Cvelbar U and Anandjiwala R  2011 

Carbohydrate Polymers 86 1468-75 
[25] Rosa S M L, Rehman N, De Miranda M I G, Nachtigali S M B and Bica C I D 2012 Carbohydrate 

Polymers 87 1131-38 
[26] Britto D and Assis O B G 2009 Thermochim Acta 494 115 – 22 
[27] Shafizadeh 1984 Pyrolysis and combustion. In R M Rowell, ed. The chemistry of solid wood 

Advances in Chemistry Series 207 Chapter 13 American Chemical Society Washington DC 
[28] Zhang P P, Tong D S,  Lin C X, Yang H M,  Zhong Z K, Yu W H, Wang H and Zhou C H 2014 

Asia-Pac. J. Chem. Eng. Published online in Wiley Online Library. DOI: 10.1002/apj.1812 
[29] Bras J, Hassan M L, Bruzesse C, Hassan E A, El-Wakil N A M and Dufresne  A 2010 Industrial 

Crops and Products 32 627-33 
[30] Mandal A and Chakrabarty D 2011Carbohydrate polymer 86 1291-9 
[31] Kilzer FJ and Broido A 1965 Pyrodynamics 2 151-163 
[32] Haafiz M K M, Hassan A, Zakaria Z and Inuwa I M 2014 Carbohydrate Polymers 103 119–25 
[33] Johnson R K, Zink-Sharp A, Renneckar S H and Glasser W G 2008 Cellulose 16(2), 227-38 
[34] Johar  N, Ahmad I and Dufresne A 2012 Industrial Crops and Products 37 93-95 
[35] Jonoobi M, Khazaeian A, Tahir P M, Azry S S and Oksman K 2011 Cellulose 18 1085-1095. 
[36] Jain P and Vineshwaran N 2012 Boresources Technology 103 219-26. 
[37] Fujisawa S, Okita Y, Fukuzumi H, Saito T and Isogai A 2011 Carbohydrate Polymers 84 579-83 
[38] Kemala T, Budianto E and Soegiyono B 2012 Arabian Journal of Chemistry 5, 103-108 
[39] Qu P, Goa Y, Wu G F and  Zhang L P 2010 BioResouces 5 (3) 1811-23 
 

ScieTech 2015 IOP Publishing
Journal of Physics: Conference Series 622 (2015) 012025 doi:10.1088/1742-6596/622/1/012025

8




