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ABSTRACT
The present investigation highlights the feasibility of a polymer grafting process to enhance the durability and flame
retardancy of rice straw toward application as a low cost roofing material. The success of the grafting methodology was
perceived to depend upon a bi-step pre-treatment process encompassing delignification and inorganic salts dispersion.
Subsequently free radical polymer grafting of acrylonitrile onto rice straw was implemented by immersion mechanism in
the presence of oxalic acid-potassium permanganate as initiator. The limiting oxygen index(LOI) and the
biodegradability of the grafted rice straw were estimated to be 27% and 0.01504% respectively. The weight loss of
polymer grafted rice straw implied its less biodegradability over raw straw. Thus, the process of grafting contrived in the
present analysis can be a promising and reliable technique for the efficient utilization of rice straw as an inexpensive
roofing element through the augmentation of its durability and flame retardancy.
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1. INTRODUCTION
Exploration and introduction of promising technique for the utilization of naturally abundant biodegradable
materials towards addressing the environmental sustainability has been a subject of significant research over
the past few decades. Rice husk, rice straw, wheat straw, corn stover, peanut husk are few under- utilized,
biodegradable and renewable agricultural by-products which can be processed into valuable industrial
products to eradicate ecological problems [1]. Modern research demand attention towards energy efficient,
cost effective and low carbon buildings techniques to fulfill the aim of better environmental management.
Subsequently there has been an intense use of novel cellulose based components in modern architecture [2].
The UK department of Trade and Industry has recently recognized this by funding a study into construction
materials from crops [3]. Rice straw could be used as a very abundantly available low cost roofing material
competing with other lingo-cellulosic biomass subject to the elimination of drawbacks of decay and
degeneration related to biodegradability and flammability. The constraints involved in the usage of raw straw
for thatched roofs could be overcome by means of grafting to produce a cross linked network forming an
isolative carbonaceous char barrier on the surface, which inhibits biological degradation and combustion of
rice straw. In the recent years, grafting onto the solid surface of polymer matrix has received a major
momentum of interest towards modification of surface properties of polymer matrix for its competent
utilization.

Rice straw, an inexpensive, waste material has been utilized by the researchers in several ways. An impressive
grafting percentage was observed in the case of di-ethylene tri-amine modified oxy-cellulose [4]. Grafting of
acrylonitrile onto delignified cellulose was accomplished to make it suitable for water absorbance [5]. The
effect of concentration of monomer, amount of initator used, reaction time and temperature on the extent of
grafting of MMA onto non-mulberry silk fiber was studied [6].
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The objective of the present investigation is to use an efficient technique to enhance durability and flame
retardancy of the rice straw through three-step process consisting of delignification, dispersion of inorganic
salts, and polymer grafting aimed at well-organized competent utilization of rice straw. The limiting oxygen
demand, biodegradability and thermal properties of the developed rice straw was determined to justify its
applicability as an efficient roofing material. The effect of different parameters on polymer grafting was
extensively studied.

2. MATERIAL AND METHODS
Rice straws of different quality were procured from nearby local markets of Durgapur, West Bengal, India.
Delignification of rice straw was done by using chemicals like sodium hydroxide and sodium chlorite
purchased from Merck India Limited, Mumbai, India and Central Drug House (P) Ltd, New Delhi, India
respectively. Further aluminium trithydrate, boric acid and urea purchased from Merck India Limited,
Mumbai, India were used to complete the process of delignification. Initiator like oxalic acid and potassium
permanganate and surfactant like sodium lauryl sulphate were purchased from Qualigens Fine Chemicals,
Worli, Mumbai, India. Finally the free radical grafting were performed with acrylonitrile from sigma-Aldrich,
St Louis, USA and sodium silicate from Nice Chemicals Pvt. Ltd, Kerala, India.

3. PREPARATION OF FLAME RETARDANT RICE STRAW
Delignification of rice straw
The procured rice straw was air-dried under intense sunlight and chopped into long strips of 15cm each for
further treatment. 100g of the sample was washed about eight times with 3 litres of water and was then
thoroughly dried underneath the sun again. It was then taken in a small sized vat containing 1800ml of water
in which solid sodium hydroxide pellets of about 36-45g by weight was dissolved. The vat was warmed for
two hours at a temperature of 35ºC followed by through water wash to remove sodium hydroxide. 36g of
sodium chlorite solution dissolved in 1800 ml of water was then poured to the treated mass and kept for two
hours at this temperature [7]. Glacial acetic was added to it and heated to 80ºC with gentle swirling at intervals
until the samples were chemically judged to be sufficient delignified. While the yellowish solution containing
lignin was drained off, the treated material was cooled and subjected to subsequent washing with tap water to
eliminate sodium chlorite. The remaining straw fibres were dried for two days under the sun.

Dispersion of inorganic materials in delignified straw for preparation of composite material
Delignified straw was treated with batches of 20g sodium silicate, 12g aluminium trihydrate dissolved in
100ml of 0.5 N HCL solutions, 15g boric acid dissolved in 100 ml of luke warm water, and 15g of urea in a
vat whose total volume was made 1000 ml by adding water. Inorganic salts were dispersed to substitute those
spaces in the polymer matrix that were previously evacuated during delignification. Delignified sample was
immersed in salt solution and was kept in an oven for at least half an hour at 50°C. These treated fibers were
then taken in another vat to dry under sunlight for at least 8hours.

Polymer grafting
In order to alter the peak heat release rate, char structure, and rate of mass loss during combustion of the salt-
layered composites, polymer composites were synthesized in situ through an emulsion polymerization of
acrylonitile in presence of sodium silicate. Sodium lauryl sulphate was used as a surfactant while oxalic acid
and potassium permanganate initiator was employed for grafting. In a typical batch about 500 ml of hot water
was taken in a vat along with 7 ml of acrylonitile , 5g of sodim lauryl sulphate and 5g of oxalic acid to prepare
a solution. The dried straw was then immersed in the above solution for a period of 1 hour in room
temperature. The immersed rice straw was then dipped in another vat containing 1000 ml of 0.1-0.2% of
potassium permanganate solution by volume. These soaked straw fibers after being heated to 50ºC for at least
two hours were transferred to another vat, dried in the sun for one day and were subsequently tested thereafter
to substantiate its potentiality as a roofing material.
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4. PHSICO-CHEMICAL CHARACTERISTICS AND INSTRUMENTAL ANALYSIS OF RICE
STRAW
Both raw and polymer grafted rice straw were characterized in terms of SEM, EDAX, TGA and FTIR to
determine the degree of enhancement of flame retardancy and non-biodegradability. SEM analysis was done
to determine the morphological behavior of raw and polymer grafted rice straw. EDAX was conducted to find
out the chemical radicals present in the hay matrix after delignifiactaion and grafting. TGA gave an account of
the frictional mass residue of rice straw. FTIR characterized the functional groups present before and after
grafting.

5. DUARBILITY
Durability of the rice straw can be increased by decreasing its biodegradability. Biodegradability of a
substance depends on the chemistry of the lingo-cellulosic biomass together with the environmental effects.
Generally pre-treatment of lingo-cellulosic biomass with different alkalizing agents, such as, sodium
hydroxide, sodium chlorite increases the biodegradability. Presence of oxygen, microbial activity, and
availability of moisture are some of the other determinants of biodegradability. One of the simplest methods to
evaluate the biodegradability is to compare the standard the standard 5-day BOD of the sample with chemical
oxygen demand (COD). COD analysis of the polymer grafted rice straw was determined usinh COD digester,
spectroquant-TR-320, Merck. Biochemical oxygen demand of the polymer grafted rice straw was determined
by Winkler’s method using BOD incubator for 5 days maintained at 20ºC.

6. FLAME RETARDANCY
This parameter evaluates the flame retardant properties of a substance. It is determined from the knowledge of
limiting oxygen index (LOI) which is measured by the minimum oxygen concentration in the oxygen/nitrogen
mixture required to maintain flame combustion of 3minutes or that burns 5cm of the sample, kept vertically
upward. LOI can be expressed by the equation 1 [8]

LOI= [o₂}/ {[o₂] + [N₂]} ×100 (1)

Oxygen depletion calorimetry (ISO 5660 standard) has been cited as the best measurement to find out LOI
[9]. It is carried out in a cone calorimeter. This investigation is based on the concept that the empirical oxygen
required during the combustion process is directly proportional to the heat evolved during the burning process.
The sample (100×100×4 mmᵌ) was placed on a load cell in order to evaluate the mass loss during the
experiment. A conical radiant electric heater uniformly irradiated the samples from above. The combustion
was triggered by an electric spark.

7. PERCENTAGE OF GRAFTING (%)
The percentage of polymer grafted can be evaluated from the following equation 2:

100(%) 
Q

P
Grafting (2)

Where P is the amount of polymer grafted on the surface of rice straw (g) and

Q is the weight of rice straw used for the purpose (g).

Grafting percentage is usually calculated by the change in weight when the sample is heated in a hot air oven
around a temperature of 50 ºC. The percentage of grafting is plotted against time and its effect with rise in
temperature is discussed.

The graft yield percentage based on nitrogen content of polyacrylonitrile (25.41 wt %) can be also calculated
to estimate the grafting efficiency more accurately using the following expression [10]
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Graft yield (%) =
100( % 0.05306)

100
100 ( % 0.05306)

N

N




 
(3)

Where, 0.05306 is the molecular weight of acrylonitrile divided by 1000.

8. PHYSICO CHEMICAL RESULTS
SEM analysis of the sample at different stages
For every successive step of the process, the treated composites were scanned under scanning electron
microscope for observing changes in its micro-porous structure. SEM images of raw rice straw as depicted in
Fig. 2 show a rigid and highly ordered structure of the surface with protruding portions and grooves.

SEM image of rice straw depicted in Fig. 1(a) shows a distorted structure after alkali pre-treatment. Generally,
bundles of rice straw fibers start dismantling and get detached from the others. When the process of
delignification gets completed, they become even more unstructured with the formation of completely
unaltered and independent fibres. In some regions of the sample, the bundle structure was completely lost. A
number of holes could be observed in the surface region. As clearly shown in Fig. 1(a), the lignin was almost
completely removed from cellulose structure so that the cellulose fibrils appeared to be separated and
amenable to grafting.

Remarkable changes in the surface of polymer grafted rice straw from that of the raw rice straw is apparent
from the adjoining SEM image. SEM image in Fig. 1(b) indicates that the surface of the rice straw almost gets
homogenously covered with acrylonitrile after the grafting process. This synthetic polymer is strongly
attached onto the fiber as it is chemically bonded and successfully grafted onto the backbone of rice straw.

(a) (b)
Figure 1: SEM images of (a) delignified rice straw and (b) polymer grafted rice straw

EDAX analysis
EDAX result shown in Table 1 shows the relative percentage of elements in delignified and in polymer
grafted rice straw sample. A representative of EDAX analysis in Table 1(a) and in Fig. 2(a) clearly indicated
the presence of carbon, oxygen, chlorine and silicon in noticeable amount. The high content of carbon and
oxygen could be explained by the fact that the rice straw with an intricate structure, principally consists of
three biopolymers viz. cellulose, hemicelluloses and lignin. Relative percentage of sodium and chlorine were
also observed in Table 1(a) since the rice straw had been previously treated with sodium hydroxide and
sodium chlorite respectively during the delignification stage.

EDAX analysis of polymer grafted rice straw shown in Table 1(b) and Fig. 2(b) indicates the presence of
carbon, hydrogen, silicon, potassium, manganese and sodium. Presence of manganese in the sample as shown
in Table 1(b) could be attributed to the presence of oxalic acid- permanganate initiator that was used in the
process of grafting.
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Table 1 (a): EDAX result of the relative percentage of elements in delignified rice straw sample.
Element Weight% Atomic%

C K 27.654 33.84
O K 71.329 65.56
Na K 0.607 0.38
Si K 0.274 0.14
Cl K 0.136 0.06
Total 100.00

FTIR Table 1 (b): EDAX result of the relative percentage of elements in polymer grafted rice straw
sample.

Element Weight% Atomic%
C K 40.317 47.11
N K 7.103 7.12
O K 51.867 45.51
Na K 0.121 0.07
Si K 0.011 0.01
Cl K 0.242 0.10
K K 0.027 0.01

Mn K 0.312 0.08
Total 100.00

(a) (b)
Figure 2: EDAX spectrum of (a) delignified rice straw and (b) polymer grafted rice straw

FTIR analysis
FTIR spectrum of raw and poly acrylonitrile grafted rice straw have been represented in Fig. 3a and 3b
respectively. The characteristic absorption of polyacrylonitrile at 2245 cm-1 as observed in Fig. 4b is due to
stretching vibration of C≡N. The prominent band at 1265 cm-1 shown in Fig. 3a corresponded to methoxyl
stretching. It could be inferred from Fig. 3a and 3b that the content of methoxyl group in the lignin of the
NaOH-treated rice straw decreased with respect to untreated rice straw due to the nucleophilic reaction
between methoxyl group and NaOH. These changes had substantial influence on the biodegradability of rice
straw. The absorption band corresponding to 3421 cm-1 in Fig. 3a indicated the stretching of –OH groups to
enhance accessibility of cellulose to reagents. The band at 1383 cm-1 could be ascribed to C-H bending in
cellulose and hemicellulose. A strong broadband at 3422 cm-1 to the presence of hydroxyl groups in the
hemicelluloses from both the untreated and NaOH treated rice straws. The intensity of this band in Fig. 3b is
found to decrease after NaOH treatment, because of the disruption and breakage of hydrogen bonds. The band
between 1116 cm-1 and 1000 cm-1 were of typical xylans. A small band at 1606 cm-1 was found in two spectra,
due to the presence of a small amount of associated lignin in hemicelluloses. The band at 1082 cm-1 which had



807 Amrita Paul, Deepshikha Datta

International Journal of Engineering Technology Science and Research
IJETSR

www.ijetsr.com
ISSN 2394 – 3386

Volume 4, Issue 10
October 2017

been strongly influenced by the degree of branching corresponded to the C-OH bending. The band at 1155 cm-

1 characterized by the C-O-C vibrations, was found in the anomeric region of hemicelluloses. The
disappearance of the bands elucidated that the structure of hemicellulose changed after NaOH treatment
indicating the degradation of hemicellulose.
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(b)
Fig. 3.FTIR spectra of (a) raw rice straw (b) polymer grafted rice straw

TGA analysis
The TGA demonstrates the thermal behaviour of raw rice straw in comparison with polymer grafted rice
straw. The thermo-gravimetric curves depicted in Fig. 4 of rice straw and polymer grafted rice straw exhibited
two mass-loss steps. The initial mass loss from the rice straw that occurred below 100 ºC resulted into gradual
evaporation of adsorbed moisture while the second step exhibited a mass loss from the polymer matrix in the
range of 170 ºC to 550 ºC. It took place because of the decomposition of the three major constituents of the
rice straw (cellulose, hemicelluloses and lignin). Usually the lingo-cellulosic materials are chemically active
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and hence they decomposed thermo-chemically between 150ºC and 500ºC. Hemi-cellulose was found to
decay between 180ºC and 360ºC. Cellulose decomposed between 275ºC and 350ºC while lignin decayed
between 250ºC and 500ºC. Thermogravimetric analysis showed an initial decrease in the weight of samples
between 100ºC and 150ºC due to the release of moisture remaining in the samples. This was not taken into
account for the determination of the thermal events. In the case of non-grafted paddy straw, the degradation
occurred between 200ºC and 360 ºC causing a weight loss of 65% whereas with grafted straw, the degradation
occurred between 300ºC and 444ºC bringing a weight loss of about 84%. The mass-loss steps of the polymer
matrix occurred slowly below 430ºC but the process became rapid above 430ºC and got completed at 800 ºC
as shown in Fig. 4. Infact, the total degradation process can be subdivided into three phases. The first phase of
decomposition of cellulosic material took place upto 360°C causing the decomposition of cellulose and
hemicelluloses, the second phase of degradation includes the decomposition of non-cellulosic material like
lignin upto a temperature of  480°C  and at last in the third phase the degradation of inorganic materials
remaining in the rice straw degraded rapidly until the achievement of approximately 100% weight loss was
seen at about 800°C.The thermal degradation of polyacrylonitrile might take place through radiation chain
scission and a radical chain mechanism. The increase in thermal stability of grafted straw could be due to the
late decomposition of polyacrylonitrile. The grafted polymers entangled and formed cross linked type of
network which forms an insulative carbonaceous char barrier on the surface thus inhibiting degradation.

Figure 4: TGA thermo-gram of ( - ) raw rice straw and ( - )  polymer grafted rice straw

9. DURABILITY OF POLYMER GRAFTED RICE STRAW
The durability of lingo-cellulosic biomass is determined by biodegradability index. It has been observed that
the value of BOD decreases while that of COD considerably rises after polymer grafting. One of the simplest
ways to compute biodegradability is to compare the BOD with the COD value [11]. Generally if the ratio of
BOD to COD is more than 0.6, the sample is said to be bio-degradable. If the ratio is found to be within 0.3 to
0.6, the sample cannot be subjected to biological treatment. The ratio of less than 0.3 would imply that the rate
of biodegradability is too slow due to the presence of one or more non-biodegradable components in the
sample under experimental conditions. The aim is also to make the rice straw non-biodegradable to prevent its
decomposition and enhance its durability. In the present analysis, the BOD and COD were found to be 3.73
mg/L and 248 mg/L respectively. The BOD/COD ratio obtained in this case is 0.01504 which confirms
appreciable durability of the sample corroborated with the results shown in Table 2.

Table 2: Results of biodegradability test
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Days Weight of
raw straw (g)

Percentage weight
loss/gain (%)

Weight of polymer
grafted straw (g)

Percentage weight
loss/gain (%)

0 day 5.8480 ---------- 8.6180 ---------

15 days 5.3743 8.139 8.3480 3.130

30 days 5.1666 3.864 8.0160 0.398

45 days 5.0622 2.020 7.0624 0.119

60 days 5.003 1.179 6.0452 0.104

10. FLAME RETARDANCY
Limiting oxygen index is a numerical tool to evaluate the flammability of fire-retardant polymeric materials.
Air contains about 21% of oxygen. Therefore materials having LOI less than 21% are categorized as
combustible polymer and those with LOI more than 21% are said to be self-extinguishing polymer as they
require an external energy source for combustion [12]. These substances exhibit good flame retardant
properties. In the current investigation, the acrylonitrile is found to possess a LOI of 27%. The sample was
subjected to the cone- calorimetry test where the combustion gases produced were captured by means of an
exhaust duct system with a centrifugal fan and a hood after passing through the heating cone. Certain
measurements like gas flow, concentrations of oxygen, CO, CO2 and smoke density were used to calculate the
quantity of heat released per unit of time and surface area.

CONCLUSION
The present experimental investigation highlights the contrivance of a polymer grafting process to enhance the
durability and flame retardancy of rice straw towards its exploitation as a efficient roofing material. A pre-
treatment process consisting of delignification, dispersion of inorganic salts was successfully implemented
onto rice straw to make it suitable for efficient polymer grafting with acrylonitrile. Delignification has been
done to open the porous fibril structure of rice straw which enables the binding and dispersion of the inorganic
chemicals in the hay matrix which limits radiation heat transfer to the adjacent layers. The restrictions
associated with the usage of rice straw were overcome by determining their biodegradability and flame
retardant properties.  Biodegradability was inferred as a ratio of BOD to COD which was found to be 0.01504.
The flame retardant properties were ensured by LOI index of 27%. The EDAX and FTIR analysis show that
the chemical groups have been effectively grafted into the rice straw matrix thus altering its undesirable
characteristics to benefit its utilization as a roofing material.
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