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This research investigated the photostability of dyed rubber wood / HDPE 
composite for use in outdoor applications. Two types of synthetic dye (direct dye and reactive 
dye) and a natural dye (from sappanwood) were used to dye wood flour. Before dyeing, wood 
flour was bleaching and removing lignin by acid chlorite treatment in order to increase dye 
absorption. Delignin wood flour was dyed in upper 60% absorption ratio of original dye 
solution. Wood composite was prepared by melt blending of HDPE (40 wt%) and wood flour 
(60 %wt) using 10 phr of maleic anhydride graft HDPE (MAPE) as a coupling agent. Wood 
composites were injection-molded into specimen, and then placed outdoor in glass box for 
sunlight exposure in 3 months. Photodegradation of weathered specimens were 
characterized by FTIR, contact angle, TGA, DSC and SEM. Color change of weathered 
specimens was measured with CIE Lab system and mechanical properties of specimens 
were determined. It was found that color of original (WPE) and reactive dyed (RT-WPE) 
specimens were faded more than those of direct dyed (DR-WPE), sappan dyed (SP-WPE) 
and delignin specimens. Direct dyed and sappan dyed had higher thermal and mechanical 
properties when compared with delignin wood while reactive dyed had lower. Contact angle of 
specimens of treated wood was much lower than specimens of original wood. All specimens 
increased in crystallinity and SEM micrographs show cracks on wood and HDPE surfaces. In 
this research, wood composite with sappan dyed wood has the highest photostability.
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 27%  22%

 11%  (  1 )

 40% 

 35%

 40%  14%

 74%

 [3] 

 Boiler 

 1  [4]
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 2  (Lignin) [6] 

 ( )

 40-50 

 15-25  [5]  

 High density polyethylene (HDPE) 
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 (Free radicals) 

 Phenoxy radicals (  2) 

 [6]  

 UV 

 UV 

 UV  Triazene  Diamene 

 [7] 

 UV 

UV  UV 

 UV 

 UV 

 UV   UV 

 (Mordants)  [8]

 Chlorite treatment 

 (Direct dye) 

 (Reactive dye) 

 3 
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1.2

1.2.1

 HDPE 

1.2.2

 3 

1.2.3

1.3

1.3.1  200-500 mesh  60% 

 High density polyethylene (HDPE)  40% 

 Maleic anhydride graft HDPE (MAPE) 10 % 

1.3.2

(NaClO
2
)  (CH

3
COOH)   P.A. Ahlgren  [9] 

1.3.3  (CI Direct Red 83.1)  (CI 

Reactive red 281) 

1.3.4

 3 

1.4

1.4.1

1.4.2

1.4.3

1.4.3.1  Ball mill 

 Sieve shaker  200-500 mesh 

1.4.3.2  Acid chlorite treatment 

P.A. Ahlgren  [9]  

 TAPPI T 222 om-98, “Acid – insoluble lignin in wood and pulp”
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1.4.3.3

 60% 

1.4.3.4

 TGA 

 C=C  1600-1500 cm
-1

 FTIR 

1.4.3.5  ( )  HDPE  60:40 % 

 MAPE 10 %  Co-rotating twin-screw extruder  

 Tensile  Flexural test 

Injection molding

1.4.3.6  Tensile test 

 Flexural test  ASTM D638  D790  C-H 

stretching  HDPE  2915-2848 cm
-1

 ( )  1713 cm
-1

 FTIR  Color reader 

 CIE L*a*b*  (L*)  ( E)  

 TGA  

 (% Crystallinity)  DSC 

 Contact angle  

 SEM 

1.4.3.7

 3 

 Contact angle  1 

 FTIR, TGA, DSC  SEM 

 1.4.3.6

1.4.4

1.4.5

1.4.6

1.4.6.1

1.4.6.2
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1.5

1.5.1

1.5.2

1.5.3
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 2

2.1  [10]  

 (Caoutchouc) 

(Genus) Hevea  (Family) Euphorbiaceae  10 

 Hevea benthamiana, Hevea brasiliensis, Hevea collina, Hevea quianensis, 

Hevea confuse, Hevea pauciflora, Hevea spruceana, Hevea microphylla, Hevea nilida, Hevea 

quianensis  Havea brasiliensis 

 2442-2444 

 ( )

 7-8 

 1 

 20.64 .

 (Latex Vessel)  (Tangential) 

 (Basic density) 0.56-0.65 / . .  15% 

 0.67-0.74 / . .

 (Extractives) 13.28%  (

 10.36%  23.24%)   (Cellulose) 50.63% 

(Holocellulose 78.72%, Alpha cellulose 49.41%)  (Pentosan) 17.17%  (Lignin) 

18.06%  (Ash) 0.86% 
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2.1.1 [11]

 (Repeating unit) 

 2  (D-glucopyranose units) -(1 4)-glucosidic bonds 

 Degree of polymerization (DP)  10,000 

 65 %

 3 [11]

2.1.2

(Amorphous)

-(1 4)  (1 2), (1 3)  (1 6)

 DP  100-200 D-xylopyranose, D-

glucopyranose, D-galactopyranose, L-arabinofuranose, D-mannopyranose, D-

glucopyranosyluronic acid  D-galactopyranosyluronic acid 

 1  Acetyl-  Methyl-  

 4 

 5 O-methyl-glucuronoxylan

(Backbone)   D-xylopyranose -(1 4)  Acetyl 

 2, 3  Xylose 

2.1.3

 Phenylpropane , ,

 (C-O-C) -  (C-C) 

Coniferyl alcohol  Guaiacyl lignin  Coniferyl  sinapyl 
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alcohols  Syringyl-Guaiacyl lignin  2 

 6 

 4  [11] 

 5 O-acetyl-4-O-methylglucuronoxylan [11] 
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 6  (1) p-coumaryl alcohol, (2) coniferyl alcohol, and (3) 

sinapyl alcohol [11]

2.1.4

 phenols, 

terpenes, steroids, resin acids, rosin, waxes, 

 7 

 7 : (1) Abietic acid, (2) -pinene, (3) Pinosylvin, (4) 

Pineresinol, (5) Gallic acid, (6) -, -, -thujaplicin [11] 
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2.2

2.2.1  [12] 

 (Dyeing) 

 (Exhaust 

dyeing)  (Continuous Dyeing)  (Exhaustion) 

 3/4 

 75% 

2.2.2

 8  [12] 

 8 

 3 

 1  (Dye Molecule, D) 

Interface

Fiber

321

Dyeing Medium 

Dye Molecule, D 
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 (Hydrophobic attraction) 

 2 

 (Diffuse) 

 3 

 (Polyester)  (Polyamide) 

 (Disperse dye) 

 3 

(Rate of determination step)  (

High substantively) 

 Affinity 

 Liquor-to-fiber ratio  Liquor ratio 

 Liquor ratio 

 1  0.1  Liquor ratio 

10  1 (10-1) 

2.2.3

2.2.3.1

 2 

 (Dye
-
 Na

+
)
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Dye
+
Cl

-

 9 

 (Aggregate) 

 ( )  (Affinity) 

 9  [12] 

 (Dispersion) 

2.2.3.2
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 (Hydrophilic) 

 (Swelling) 

 (Hydrophobic) 

 130 
o
C

2.2.3.3

 (  10)

 10  [12] 

 (Salt linkage)  11 

Fiber

A
+

B
-

D
-

C
+

Dye

Secondary Forces

Polar Group Polar Group
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 Dyesites 

 Dyesites 

FIBERNHSODYEFIBERNHHSODYE 3323

           Acidic group Basic group  Salt linkage (Ionic bond) 

 11  [12] 

 (Covalent bond) 

(  12) 

HXFIBERODYEFIBERHOXDYE

   Covalent bond 

 12  [12] 

2.2.4  (Reactive dyes) 

 Nucleophilic displacement 

 Fixed 

dyes  Hydrolysed dyes 

 Hydrolysed dyes 
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Fixation reaction 

HXDYEOCHCellXDYEOHCHCell 22

 Cellulose        Reactive dye         Dyed fibre               Acid 

X = Reactive group 

Hydrolysis reaction 

HXOHDYEXDYEHOH

 13  [12] 

2.2.4.1

 (Reactive group) 

 -NH- 

 (Low substantivity) 

 Monazo 

Anthraquinone Phthalocyanine 

 Triazine  Trichlorotriazine (Cyanuric chloride) 

 (Leaving group) 

 14  (C.I. Reactive Red 2) [13]
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2.2.4.2

 2  (The 

adsorption stage)  (The fixation stage) 

 pH 

 pH 

 Hydrolysis 

 pH 

 Sodium bicarbonate, Sodium carbonate, Sodium hydroxide, Sodium silicate 

 (Affinity) 

Hydrolysed dyes 

2.2.5  (Direct dyes) 

 100 

2.2.5.1

 van der Waals 

 400  1,200 

R
1
-N=N-X-N=N-R

2

 C.I. Direct Blue 78 
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 15 C.I. Direct Blue 78 [14] 

2.2.5.2

2.2.5.2.1

2.2.5.2.2

2.2.5.2.3  (Common salt) 

(Glauber’s salt) 

2.2.6  [15,16] 

 16  [15] 
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(Caesalpinia sappan L.)  Sappan wood, Indian red wood, 

Brazilwood

 8-10 

 7-18 

 (Specific gravity) 

1.16

 Sappanin  Brazilien 

 17  Brazilien [17] 

2.2.6.1  [18] 

 (Mordant) 

 (Metal dye complexes) 
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 “

 (Chelate)”  (Alum; 

Al(NH
4
)(SO

4
)

2
.12H

2
O)   (Copper Sulfate; CuSO

4
.5H

2
O)  

 (Strong complex)  Alizarin 

 Chrome  18 

 18  [18] 

2.3  [1,19] 

 PE  PP  PS   PVC 

 200 
o
C  19 
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 19  [1] 

2.3.1

2.3.1.1

2.3.1.1.1

2.3.1.1.2

2.3.1.1.3

2.3.1.1.4  recycle 

2.3.1.1.5

2.3.1.1.6  UV 

 UV 

2.3.1.1.7

2.3.1.2

2.3.1.2.1

Degradation of wood 

Temperature (
o
C)



23

2.3.1.2.2

2.3.1.2.3

2.3.1.2.4

2.4

 D. Ndiaye  [20] 

 2  HDPE  PP  425 

 PPgMA 

 300 nm 

 FTIR 

 ( )  1,713 cm
-1

 -CH  PP  2,722 cm
-1

-

 PPgMA  PPgMA 

 MA  MA

 F.P. La Mantia  [21] 

 PP  150-200  30  60%

 Q-UV chamber  UV-B 

 Tensile testing  ASTM 

D882  Elastic modulus  150  Tensile strength 

 PP 

 PP 

 PP 

 FTIR  4000-450 cm
-1

Carbonyl index  1,800-1,680 cm
-1

 2,722 cm
-1

(  PP) 
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 PP 

 PP  Intrinsic viscosity 

 PP  Tetrahydronaphthalene (THN, 135 
o
C)

 Ethanol  PP 

 Intrinsic viscosity  Schott-Gerate viscometer  Intrinsic 

viscosity  Salomon-Ciuta  Intrinsic viscosity 

 PP  60%  PP 

 Intrinsic viscosity 

30  0%

M.D.H. Beg  [22]  PP 

 PP  DSC  PP 

 Glass transition temperature (T
g
)

 PP  Amorphous 

 J. Moran  [23] 

Sodium chlorite, Sodium bisulphate  Sodium hydroxide  TGA 

Cellulose  315 
o
C  400 

o
C

6.5%  220 
o
C  315 

o
C

 20%  200 
o
C  700 

o
C

 46%

 Commercial cellulose 

 FTIR 

 1600-1500 cm
-1
 (  Aromatic) 

 methoxyl -O-CH
3
, C-O-C  Aromatic C=C  1830  1730 cm

-1

 P.A. Ahlgren  [24]  0.3 

Sodium chlorite  0.1 . . Glacial acetic acid  1  Liquor ratio 
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15:1  70 
o
C  2  10  7  50  90% 

 60% 

 N. Abidi  [25]  UV 

 UV 

 (CI Direct blue 80 )  (Drimarine X-3LR, chlorotriazine)

 UV  Ultraviolet Protection Factor (UPF) 

 UPF  1.5%  X-3LR 

 UV  UPF 

 1  [21]

Fiber component Wave number (cm
-1

) Functional group Compounds 

 4,000–2,995 OH Acid, methanol 

 2,890 H–C–H Alkyl, aliphatic 

Cellulose 1,640 Fiber–OH Adsorbed water 

 1,270–1,232 C–O–C Aryl-alkyl ether 

 1,170–1,082 C–O–C Pyranose ring skeletal 

 1,108 OH C–OH 

 4,000–2,995 OH Acid, methanol 

 2,890 H–C–H Alkyl, aliphatic 

 1,765–1,715 C=O Ketone and carbonyl 

Hemicellulose 1,108 OH C–OH 

 4,000–2,995 OH Acid, methanol 

 2,890 H–C–H Alkyl, aliphatic 

 1,730–1,700  Aromatic 

 1,632 C=C Benzene stretching ring 

 1,613, 1,450 C=C Aromtic skeletal mode 

Lignin 1,430 O–CH
3
 Methoxyl–O–CH

3

 1,270–1,232 C–O–C Aryl-alkyl ether 

 1,215 C–O Phenol 

 1,108 OH C–OH 

 700–900 C–H Aromatic hydrogen 



26

 3

 HDPE  3 

 (

)  ( )

3.1

3.1.1  (High density polyethylene, HDPE) 

 20  HDPE 

HDPE .  ( )

 InnoPlus HD1100J  18  10  ASTM D1238

3.1.2 Maleic anhydride graft HDPE (MAPE) 

 MAPE  (Coupling agent)  HDPE 

 MAPE 

 HDPE  MAPE 

DuPont  Fusabond
®
 EMB100D  2  10  ASTM 

D1238  Maleic anhydride 0.9%

C C

H H

H H n
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3.1.3

 105 
o
C  2 

 Ball mill   Sieve shaker 

 200-500 mesh 

3.1.4

 2  Solophenyl Bordeaux 3BLE (C.I. direct red 

83.1)  Novacron Red C-2G (C.I. Reactive Red 281)  Huntsman (Guangdong) Ltd.  

 (Sappan wood) 

3.1.5

- Benzene, C
6
H

6
 (99.8%)    Grade A.R. Panreac Sintesis  

- Ethanol, CH
3
CH

2
OH (95%)   Grade L.R. Union Intraco Co.,Ltd

- Sulfuric acid, H
2
SO

4
 (98%) Grade A.R. Labscan Asia Co., Ltd. 

- Sodium chlorite, NaClO
2
 (80%)   Grade A.R. Ajax Finechem 

- Acetic acid, CH
3
COOH (99.7%)   Grade A.R. Labscan Asia Co., Ltd. 

- Sodium carbonate, Na
2
CO

3
 (99.9%)  Grade A.R. QReC

TM 

- Sodium sulfate, Na
2
SO

4
    Grade COM.   

- Aluminium sulphate, Al
2
(SO

4
)

3
.18H

2
O (105%) Grade A.R. Ajax Finechem  

- Sodium chloride, NaCl (99%)   Grade A.R. QReC
TM

*A.R. = Analytical Reagent, L.R. = Laboratory Reagent, COM. = Commercial Reagent 

3.2

3.2.1  Fourier Transform Infrared Spectrophotometer 

(FTIR)  Bruker  Vertex 70

3.2.2  Universal testing machine  Lloyd 

Instrument  LR 50K 

3.2.3  Scanning electron microscope (SEM)  Jeol  JSM 

5410LV

3.2.4  Differential 

scanning calorimeter (DSC)  Mettler Toledo  DSC 1 
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3.2.5  Thermogravimetric analysis (TGA) 

Mettler Toledo  TGA/DSC 1 

3.2.6  Color reader  Konica Minolta Sensing  CR-10 

3.2.7  Daylight  GretagMacbeth  The Judge II 

3.2.8  UV/Visible Spectrophotometer  PG 

Instruments  T80+ 

3.2.9

3.2.10  Sieve shaker  Scientific promotion  AS 200digit (

Retsch)

3.2.11  Retsch  361 L

3.2.12  Co-rotating twin screw extruder SHJ-25

3.2.13  Injection molding  Battenfeld  PLUS 350/75 

3.3

3.3.1

3.3.1.1

 105 
o
C  2 

 Ball mill  Sieve 

shaker  200-500 mesh 

3.3.1.2

 TAPPI T 222 om-98, “Acid – insoluble 

lignin in wood and pulp” [26]  “Klason lignin”  21

3.3.1.3

 Acid chlorite treatment 

P.A. AHLGREN  [24]   500  ( )

7,500  (Liquor ratio = 15:1)  70 
o
C  Sodium chlorite 

(NaClO
2
) 150  (NaClO

2
0.3  1 )  Glacial acetic acid 50 

(CH
3
COOH 0.1  1 )  (2-12 )

 3.3.1.2  
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 105 

o
C  2 

 21  TAPPI T 222 om-98  

3.3.1.4

3.3.1.4.1  (Direct dye)

 Solophenyl Bordeaux 3BLE (C.I. direct red 

83.1)  1%  (%o.w.f.) 

 40 mesh

 TAPPI T264 om-88 [27] 

Klason method

 1.0 0.1

 72%H
2
SO

4
 15 . .

 20 
o
C

 575 . .

Reflux  4 

 Filtering crucible (  16 )

 105 3
o
C 2  Desiccator 

 Insoluble lignin  %Lignin
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 10:1 (Liquor = 10:1)  Sodium sulphate (Na
2
SO

4
)

 22  2

 22 

 2  Sodium sulphate 

Group x  10 Group y  50 

 Visible  UV/visible 

spectrometer

 105 
o
C  2 

3.3.1.4.2  (Reactive dye)

 Novacron Red C-2G (C.I. Reactive Red 281) 

 1% o.w.f.  Liquor ratio = 4:1  Sodium chloride (NaCl) 

Dye (%) Group x (g/l) Group y (g/l) 

0.05 - 0.1 1 - 2 5 - 7.5 

0.25 - 0.5 5 - 7.5 10 - 15 

0.75 - 1 10 - 15 20 - 30 

1.25 - 1.5  17.5 - 20 35 - 40 

>2.5 25 40 

98
o
C

Na
2
SO

4

x g/L

Na
2
SO

4

y g/L 

15 min.

20 min.

45 min.

40 min. 

10 min. 

80
 o
C

15 min. 
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 Sodium carbonate (Na
2
CO

3
)

 23  3

 23 

 3  Sodium chloride  Sodium carbonate 

Dye (%) Sodium chloride (g/l) Sodium carbonate (g/l) 

1 40 10 

2 50 12.5 

4 70 17.5 

8 80 20 

       

 Visible  UV/visible 

spectrometer

 105 
o
C  2 

3.3.1.4.3  (Sappan wood dye)

 1 

 1:10 

60 oC
30  min. 

2 oC/min. 

60  min. 

Na2CO3

y g/l 

NaCl

x g/l 

2 oC/min. 
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 80 
o
C  4 

 Liquor ratio = 1:10  (Aluminium sulphate, Al
2
(SO

4
)

3
.18H

2
O)

1.5%o.w.f.  [28] 

 24

 24 

 4 

Commercial name Scientific name Main structure Maximum 

wave length

(nm)

Solophenyl Bordeaux 3BLE C.I. direct red 83.1 Sodium sulphonate, 

Metal complex 

519

Novacron Red C-2G C.I. Reactive Red 

281

MCT
1
/VS

2
/VS 514 

Sappan wood dye  Brazilein ; 540

1.  MCT : monochlorotriazine ;     2.  VS : vinyl sulphone ; 

1.5%o.w.f. 

Alum 

90 oC

60 min. 

4 oC/min. 4 oC/min. 
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3.3.2  HDPE 

 5  HDPE 

 (Coupling agent)  MAPE  10%  (10 phr 

)  HDPE  60:40 % 

 80 
o
C  24 

 Co-rotating twin screw extruder  

 60  (rpm)   145, 

145, 155, 155, 170, 170, 180, 180  185 
o
C

 80 
o
C  24 

 Tensile test  Three-point bending test 

Injection molding  180 
o
C  80 ./

  60 
o
C  110 bar  50 rpm

 5  HDPE 

Sample Compositions Ratio 

HDPE HDPE 100 

MA-HDPE HDPE : MAPE 100:15 

W-WPC HDPE : Pure wood : MAPE 40:60:6 

D-WPC HDPE : Delignin wood : MAPE 40:60:6 

DR-WPC HDPE : Direct dyed wood : MAPE 40:60:6 

RT-WPC HDPE : Reactive dyed wood : MAPE 40:60:6 

SP-WPC HDPE : Sappan dyed wood : MAPE 40:60:6 

3.3.3

 (  25) 

 Solar cell  3 
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 26 

 25 

 26 -

. . 2553 

3.3.4  HDPE 

3.3.4.1  (Tensile test)  ASTM 

D638  5 . ./  HDPE  MAgPE 

5  10 
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 Young’s modulus, Tensile strength, 

Ultimate strain  1 

3.3.4.2  (Flexural test)  ASTM 

D790  Three point bending  1.8 . ./  Span 

 60 . .  5%Strain  HDPE  MAgPE  5 

 10 

 Flexural modulus  Flexural strength  

 1 

3.3.4.3  Fourier 

Transform Infrared Spectroscopy (FTIR)  4000-400 cm
-1
 32 Scans 

 4 cm
-1

 Transmittion  KBr 

3.3.4.4  Contact angle  HDPE MA-HDPE 

 FTA 1000 Drop Shape Instrument 

 Contact angle  Fta32 Video software  

 10  Contact angle  2 

2

3.3.4.5  CIE L*a*b* 

 Color reader 

 Daylight  L*

E

3.3.4.6

HDPE

 Scanning 

Electron Microscope (SEM) 

3.3.4.7  %Crystallinity  HDPE 

 DSC  



36

 50-160 
o
C  10 

o
C/min  10 

o
C/min

3.3.4.8

 TGA  40-700 
o
C

10
o
C/min  20 ml/min
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 4 

4.1  Acid Chlorite Treatment

 Acid chlorite treatment  NaClO2

 27  Chlorine dioxide 

(ClO2)

 ClO2

 NaClO2  pH  pH  1-2  ClO2

 pH  pH 3-4 

 Acetic acid  [29,30] 

2[O].)(Cl.)(ClO

.)(Cl.)(2ClO.)(3ClO

.)(2OH.)(Cl)(4ClO.)(2H.)(5ClO

.)(HClO.)(ClO.)(Na)(NaClO

2

32

22

22

OH

2
2

aqaq

aqaqaq

aqaqgaqaq

aqaqaqs

 27  NaClO2

4.1.1

4.1.1.1  TAPPI T 222 om-98 

 6  Klason lignin (

 TAPPI T 222 om-98) 

26 wt%  Acid chlorite treatment  2 

 Klason lignin  60%  

 Acid chlorite treatment  Klason lignin 

 8 

 8  71.57%

 [24]
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 6  Klason lignin 

4.1.1.2

 28  FTIR spectrum  (Wood)  (D-Wood) 

 28 

 FTIR  wavenumber 1,600-

1,450 cm
-1

 Aromatic C=C  wavenumber 1430 cm
-1

 Methoxyl (-O-CH3) (  1)  

Reaction time (hr) %Klason lignin %Removing of lignin 

0 26.87 0.00 

2 10.74 60.03 

4 10.38 61.37 

6 10.16 62.19 

8 7.64 71.57 

12 7.46 72.24 

1600
1510

14301738 1460
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Normalization

 unconjugated  wavenumber 1738 cm
-1

 (Lignin index)  1 

100
I

I
indexLignin

1738

1510        1 

 Normalization 

 29 

 70% 

 TAPPI T 222 om-98 

 (D-Wood)  (DR-Wood), 

 (RT-Wood)  (SP-Wood)  D-Wood

 29  (Lignin index) 

 Wood   D-Wood   DR-Wood  D-Wood 

  RT-Wood  D-Wood  SP-Wood  D-Wood 

4.2
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 % Dye Absorption  60%    7 

 7 

 30 

 Acid chlorite treatment 

 Acid chlorite treatment 

 % Dye Absorption  88%  

 30 

Dye types % Dye Absorption 

Direct red ( max= 519 nm) 88 

Reactive red ( max= 514 nm) 70 

Sappan dye ( max= 540 nm) 75 

DR-Wood RT-Wood SP-Wood

D-WoodWood
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4.3

 31  TGA 

 Acid Chlorite Treatment [24]   DR-

Wood  SP-Wood 

 D-Wood  RT-Wood 

 Sodium carbonate  pH 

 Chlorite (ClO2

-
 )  pH  7 

 [29]  

 D-Wood 

 (Mercerization) 

 [31]

 31  TGA 
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 DR-Wood 

RT-Wood

 D-Wood 

 [23]   

 TGA 

4.4  3 

 HDPE 

 60 wt%  3 

 32 

 1, 2  3  HDPE  HDPE 

Maleic anhydride graft HDPE (MA-HDPE) 

 (WPE) 

 (D-

WPE)

 (DR-WPE) 

 32 

 2 

 (RT-WPE) 

 WPE  
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 (SP-WPE) 

 3 

 32 

 1, 2  3  ( )  a) HDPE, b) MA-HDPE, c) 

WPE, d) D-WPE, e) DR-WPE, f) RT-WPE  g) SP-WPE 

4.4.1

 Color reader 

 ( L*)

 ( E)   33 

a) b) c)

d) e) f)

g)
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 3  HDPE  MA-HDPE 

 HDPE 

*L  WPE 

 Phenoxy radicals 

 [6]    D-WPE   1 

 24 

 (  85 RH%) 

 DR-WPE  SP-WPE  2 

 D-WPE 

 WPE 

 3 

 33  3 

( L*) 



45

 DR-WPE 

 D-WPE 

 SP-WPE  1 

2

 RT-WPE 

 2 

 34  3 

 ( E)

 34  ( E)

 RT-WPE  

 D-WPE 

 TGA  

 SP-WPE  
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4.4.2  3 

 35   Contact angle  3 

 HDPE  MA-HDPE 

 3  Contact angle 

 Photo-oxidation  Carbonyl 

 FTIR   HDPE  MA-HDPE 

 [31]

 [1]  (WPE) 

 Contact angle 

 Contact angle 

 [32] 

 35  Contact angle  3 
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4.5  3 

 40  FTIR  HDPE  MA-HDPE 

 1780-1700 cm
-1

 3 

 1713 cm
-1

 Carboxylic acid  HDPE [20] 

 HDPE  MA-HDPE 

 Carboxylic acid  Normalization 

Carbonyl  index  1713 cm
-1

 722 cm
-1

 -CH2-

 Carbonyl index  2

722

1713

I

I
indexCarbonyl     2 

 36  Carbonyl index  (Before)  (After) 

 3 

 36  MA-HDPE  HDPE 

 3  HDPE  Carbony index 

 HDPE  37 

 38  HDPE  Norrish type I  Norrish 

type II  [33] 

 Carbonyl index 

Carboxylic acid  1713 cm
-1
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 (  1738 cm
-1
)  Carboxylic acid 

 Carbonyl index 

 [11]  RT-WPE  Carbonyl index 

 51.69 % 

 Free radical 

 WPE  D-WPE  WPE  Carbonyl 

index 27.25 %  D-WPE  18.25 % 

 DR-WPE  SP-WPE  Carbonyl index 

19.65  17.91 % 

 Carbonyl index  D-WPE 

 Carbonyl index  D-WPE 

 41  WPE 

 FTIR  1600-1500 cm
-1

 3 

 D-WPE 

 Free radical  Hydroperoxide 

(ROOH)  Free radical  Hydroperoxide 

 39 

222

222

2

hv

2

2

22

2

Ohv,

OPOOHHOPO

OOHPOPPOPO

nTerminatio

PHOPPHPO

PPOOHPHPO

POOP

nPropagatio

OH,HO,PPH

Initiation

2

 37  (  P  HDPE) [11] 
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Norrish I 

Norrish II 

 38  Norrish type I  type II  HDPE [33] 

 39 

 [11] 

 40  FTIR  HDPE  MA-HDPE  (before) 

 (after)  3 

1713 

722 
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 41  FTIR  WPE  D-WPE  (before) 

(after)  3 

4.6  3 

4.6.1

 42  HDPE  3 

35%  HDPE 

 (Entanglement)  Amorphous 

 Amorphous 

 Norrish type I  type II [34] 

 MA-HDPE  HDPE  Maleic anhydride graft 

HDPE (MAPE)  HDPE 

 HDPE  MAPE  20  2  10  MAPE 

 Shish 

 Kebab  [35]  8 

 HDPE  MA-HDPE 
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MA-HDPE  HDPE 

 HDPE  MA-HDPE 

 WPE 

 HDPE  WPE 

 HDPE  D-WPE 

 HDPE 

 WPE  HDPE 

 D-WPE 

 HDPE  RT-WPE 

 23.49 %  RT-WPE  HDPE 

 HDPE  RT-WPE 

 83.57 %  HDPE  RT-WPE 

 42  DSC  HDPE  3 

 8 

Sample
%Crystallinity 

Before After %Increase 

HDPE 48.97 66.20 35.19 

MA-HDPE 54.69 71.40 30.56 

WPE 63.94 72.54 13.45 

D-WPE 62.63 79.52 26.98 

DR-WPE 63.43 75.85 19.59 

RT-WPE 67.67 83.57 23.49 

SP-WPE 62.38 74.30 19.11 
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4.6.2

 43  TGA 

 44  TGA  3 

 43  TGA 

 WPE 
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 DR-WPE, SP-WPE, D-WPE  RT-WPE 

 4.3  MA-HDPE 

 2  462 
o
C

 (Residue)  TGA  4.3 

 44  TGA  3 

 45 

 Residue  RT-WPE 

Residue  16%  3 

 32 (f) 

 9 

 RT-WPE, WPE, D-WPE, DR-WPE  SP-WPE  SP-WPE 

 9 

 3 

Sample  
Onset (

o
C) Inflection point (

o
C) Endset (

o
C) %Residue

Before After Before After Before After Before After 

HDPE  463.36 463.12 484.01 482.6 494.55 494.98 0 0 

MA-HDPE  461.03 462.53 480.89 482.86 493.43 494.83 1.85 1.98 

WPE
1

st
 287.36 284.15 349.05 348.66 363.99 364.65

12.01 10.98 
2

nd
 463.94 462.3 484.05 482.55 495.38 494.95

D-WPE
1

st
 262.05 255.42 327.75 325.2 347.06 345.36

15.05 13.88 
2

nd
 461.05 458.92 482.52 480.39 494.12 492.4

DR-WPE 
1

st
 269.45 268.77 332.46 332.88 349.37 348.13

17.39 16.56 
2

nd
 461.58 460.49 482.39 482.17 493.87 493.61

RT-WPE 
1

st
 254.55 253.05 313.96 317.43 334.64 337.85

18.64 15.58 
2

nd
 462.29 462.06 482.45 482.29 493.77 493.89

SP-WPE 1
st
 264.73 262.02 319.85 319.96 342.85 341.97

14.47 14.47 
2

nd
 461.22 461.08 482.33 482.1 494.33 494.14

 1
st

 1, 2
nd

 2
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 45  TGA  a) HDPE  

b) MA-HDPE  c) WPE  d) D-WPE  e) DR-WPE  f) RT-WPE  g) SP-WPE

4.7  3 

 Ultimate tensile 

strength (TS), Young’s modulus (YM)  %Strain at break 

 1, 2  3  %Strain at break 

 HDPE 

 (  TS  YM )  %Strain at break 

a) b)

c) d)

e) f)

g)
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 MA-HDPE  3  1.68 %Strain 

 (Yield point)  Necking 

-

 HDPE  MA-HDPE 

 %Strain at break  MA-HDPE  HDPE 

3  MA-HDPE  HDPE  MAPE 

 DSC  MA-HDPE  HDPE 

 MA-HDPE  %Strain at break 

 MA-HDPE  MA-HDPE 

 WPE 

 D-WPE  DR-WPE 

 TS  YM  D-WPE 

 Mercerization 

 %Strain at break  TS  YM 

 SP-WPE  TS 

 %Strain at break  D-WPE 

 D-WPE  DR-WPE 

 2  YM  %Strain at break  TS 

 2  3 

 YM  %Strain at break 

 3  MA-HDPE 

 3  %Strain at break 

 MA-HDPE  Flexural testing 

 Tensile testing 
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46  Tensile  1, 2  3 

a) Ultimate tensile strength, b) Young’s modulus,  c) %Strain at break

a)

b)

c)
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 47  Flexural  1, 2  3 

a) Ultimate flexural strength, b) Secant modulus,  c) %Strain

a)

b)

c)
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 47  Flexural 

 1, 2  3  Ultimate flexural strength (FS) 

Secant modulus (SM)  %Strain 

 RT-WPE 

 DR-WPE  SP-WPE 

 %Strain at break  2 

 DR-WPE  3 

 SP-WPE 

 48 

 DR-WPE  ( L* 

 33) 

 SP-WPE  DR-WPE 

 48  DR-WPE  3 

 DR-WPE 

1, 2  3  ( )

 ( )
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4.8  3 

 49  SEM 

 1000  a) WPE, b) 

D-WPE, c) DR-WPE, d) RT-WPE  e) SP-WPE

a) b)

c) d)

e)
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 49 

 HDPE  MAPE 

RT-WPE  HDPE 

 %Strain at break  49  (b)  (d) 

 Na 

 Cl  50  SEM  Energy dispersive X-ray 

spectroscopy (EDS)  Na  Cl  

 50  SEM-EDS

 SEM 

 3 

 HDPE 

 1000x  5000x 

 [11]  HDPE  52 

 3 

C

O

Na Cl
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 51  SEM 

 3  1000 

 a) WPE, b) D-WPE, c) DR-WPE, d) RT-WPE  e) SP-WPE 

a) b)

c) d)

e)
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 52  SEM  RT-WPE 

 5000 
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 5 

5.1

 HDPE 

 3 

 71% 

 Acid chlorite treatment 

-

 3 

 WPE 

 Ultimate tensile strength (TS)  Young’s modulus (YM)  WPE 

 %Strain 

 3 

 WPE 

 (D-WPE)  3 

 3 

 (DR-WPE) 

TS  Young’s modulus  D-WPE 

Mercerization
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 3 

 Carbonyl index 

 Young’s modulus  Ultimate tensile strength (TS)  %Strain at break 

 D-WPE 

 3 

 2  3 

 HDPE  3 

 FTIR  HDPE  MA-HDPE 

 HDPE  MA-HDPE  2 

3  3    

5.2

5.2.1  Acid chlorite 

 2 

5.2.2

5.2.3

5.2.4
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-1  FTIR 

 57  FTIR spectra  D-Wood, DR-Wood, RT-Wood  SP-Wood 
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-2  FTIR 

 58  FTIR Spectra  3 
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-3  Contact angle 

 10  Contact angle 

 1, 2  3 

Sample

Exposure time 

(month)

 Contact angle 

(Degree)
DL* Da* Db* DE 

HDPE 0 0.00 0.00 0.00 0.00 83.00 

1 1.53 0.22 0.08 1.55 85.29 

2 1.83 0.27 -0.03 1.85 79.77 

3 2.75 0.20 0.19 2.76 75.12 

MA-HDPE 0 0.00 0.00 0.00 0.00 80.91 

1 1.48 0.11 0.11 1.49 78.48 

2 2.00 0.15 0.03 2.01 79.97 

3 2.93 0.05 0.42 2.96 71.64 

WPE 0 0.00 0.00 0.00 0.00 84.00 

1 2.15 1.30 4.41 5.07 81.30 

2 4.02 2.17 7.00 8.36 65.28 

3 4.91 3.37 8.08 10.04 68.32 

D-WPE 0 0.00 0.00 0.00 0.00 89.14 

1 -1.54 0.15 0.53 1.63 38.82 

2 2.38 1.24 2.80 3.88 36.45 

3 2.44 2.04 3.48 4.71 35.79 

DR-WPE 0 0.00 0.00 0.00 0.00 87.08 

1 -2.54 1.72 0.76 3.16 29.51 

2 1.52 1.23 2.33 3.04 29.97 

3 3.15 1.03 4.35 5.47 27.40 

RT-WPE 0 0.00 0.00 0.00 0.00 86.96 

1 0.25 1.44 2.97 3.31 32.60 

2 13.54 3.28 9.14 16.66 35.24 

3 15.72 4.20 12.19 20.33 37.05 

SP-WPE 0 0.00 0.00 0.00 0.00 85.43 

1 -2.50 -0.55 0.42 2.59 47.06 

2 0.17 0.37 1.93 1.97 38.69 

3 0.04 0.82 2.33 2.47 39.45 
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-4  DSC

 59  DSC 

 60  DSC  3 
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-5

 11  Young’s modulus, Ultimate tensile strength  %Strain at break  HDPE 

 1, 2  3 

Exposure time 

(month)

Young's modulus 

(MPa)

Ultimate tensile strength 

(MPa)

%Strain at break

0 597.17±85.1 17.83±0.28 - 

1 614.07±51.83 18.45±0.23 - 

2 700.83±59.08 19.07±0.34 - 

3 727.76±91.29 12.96±0.55 4.43±0.38 

 12  Young’s modulus, Ultimate tensile strength  %Strain at break  MA-

HDPE  1, 2  3 

Exposure time 

(month)

Young's modulus 

(MPa)

Ultimate tensile strength 

(MPa)

%Strain at break

0 511.73±39.54 17.78±0.3 - 

1 662.7±37.66 18.98±0.25 - 

2 643.87±71.89 16.49±1.31 9.68±2.27 

3 724.76.87±103.26 7.61±0.32 1.68±0.07 

 13  Young’s modulus, Ultimate tensile strength  %Strain at break  WPE 

 1, 2  3 

Exposure time 

(month)

Young's modulus 

(MPa)

Ultimate tensile strength 

(MPa)

%Strain at break

0 1466.56±84.85 31.02±0.92 8.73±0.44 

1 1621.88±73.27 32.56±0.58 7.49±0.99 

2 1713.09±95.58 32.98±0.76 6.72±1.32 

3 1899.81±74.78 34.28±0.82 6.12±1.09 
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 14  Young’s modulus, Ultimate tensile strength  %Strain at break  D-WPE 

 1, 2  3 

Exposure time 

(month)

Young's modulus 

(MPa)

Ultimate tensile strength 

(MPa)

%Strain at break

0 1256.48±83.24 26.53±0.36 9.31±0.75 

1 1262.92±53.76 26.89±0.25 7.37±0.93 

2 1356.69±112.96 27.06±0.48 6.51±0.9 

3 1554.67±59.84 27.82±0.29 5.55±0.42 

 15  Young’s modulus, Ultimate tensile strength  %Strain at break  DR-

WPE  1, 2  3 

Exposure time 

(month)

Young's modulus 

(MPa)

Ultimate tensile strength 

(MPa)

%Strain at break

0 1419.39±46.07 26.77±0.27 7.87±0.77 

1 1466.56±48.22 27.45±0.59 7.05±0.45 

2 1558.28±57.21 27.85±0.89 6.43±1.25 

3 1683.89±57.5 28.96±0.97 5.98±0.93 

 16  Young’s modulus, Ultimate tensile strength  %Strain at break  RT-

WPE  1, 2  3 

Exposure time 

(month)

Young's modulus 

(MPa)

Ultimate tensile strength 

(MPa)

%Strain at break

0 1465.21±37.67 23.56±0.9 4.9±0.86 

1 1544.88±44.93 21.96±1.42 3.84±0.62 

2 1615.07±49.55 21.49±1.92 3.8±0.79 

3 1668.35±64.95 21.24±2.38 3.27±1.09 
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 17  Young’s modulus, Ultimate tensile strength  %Strain at break  SP-

WPE  1, 2  3 

Exposure time 

(month)

Young's modulus 

(MPa)

Ultimate tensile strength 

(MPa)

%Strain at break

0 1329.43±45.27 28.03±0.34 7.08±1.01 

1 1359.93±60.01 26.1±0.41 6.91±1.29 

2 1398.05±66.54 26.67±0.38 6.96±0.86 

3 1499.62±57.87 26.88±0.5 5.02±0.5 

 18  Secant modulus, Ultimate flexural strength  %Strain at break (Limit at 

5%Strain)  HDPE  1, 2  3 

Exposure time 

(month)

Secant modulus 

(MPa)

Ultimate flexural strength 

(MPa)

%Strain at break 

(Limit at 5%Strain) 

0 791.92±21.58 20.08±0.4 - 

1 802.62±46.5 18.55±0.44 - 

2 793.1±74.08 18.94±0.4 - 

3 791.98±16.19 21.2±0.26 - 

 19  Secant modulus, Ultimate flexural strength  %Strain at break (Limit at 

5%Strain)  MA-HDPE  1, 2  3 

Exposure time 

(month)

Secant modulus 

(MPa)

Ultimate flexural strength 

(MPa)

%Strain at break 

(Limit at 5%Strain) 

0 719.59±20.53 17.89±0.49 - 

1 782.71±29.5 18.93±0.63 - 

2 795.65±43.82 19.49±0.81 - 

3 893.45±56.10 21.47±0.96 - 
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 20  Secant modulus, Ultimate flexural strength  %Strain at break (Limit at 

5%Strain)  WPE  1, 2  3 

Exposure time 

(month)

Secant modulus 

(MPa)

Ultimate flexural strength 

(MPa)

%Strain at break 

(Limit at 5%Strain) 

0 2108.29±65.89 45.15±0.1 - 

1 2493.54±33.72 48.36±1.12 4.27±0.51 

2 2619.57±42.26 49.77±1.95 4.25±0.68 

3 2962.06±81.57 54.21±1.2 4.08±0.52 

 21  Secant modulus, Ultimate flexural strength  %Strain at break (Limit at 

5%Strain)  D-WPE  1, 2  3 

Exposure time 

(month)

Secant modulus 

(MPa)

Ultimate flexural strength 

(MPa)

%Strain at break 

(Limit at 5%Strain) 

0 1825.77±56.85 39.28±0.63 - 

1 1944.24±83.26 40.25±1.22 4.5±0.77 

2 1900.21±72.08 40.17±0.76 4.5±0.68 

3 2227.71±53.38 42.62±1.23 4±0.88 

 22  Secant modulus, Ultimate flexural strength  %Strain at break (Limit at 

5%Strain)  DR-WPE  1, 2  3 

Exposure time 

(month)

Secant modulus 

(MPa)

Ultimate flexural strength 

(MPa)

%Strain at break 

(Limit at 5%Strain) 

0 1997.28±46.62 41.51±0.61 - 

1 2043.55±43.7 41.47±0.56 4.77±0.5 

2 2049.32±24.63 42.67±0.93 4.7±0.48 

3 2472.86±59.64 45.85±1.06 3.95±0.51 
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 23  Secant modulus, Ultimate flexural strength  %Strain at break (Limit at 

5%Strain)  RT-WPE  1, 2  3 

Exposure time 

(month)

Secant modulus 

(MPa)

Ultimate flexural strength 

(MPa)

%Strain at break 

(Limit at 5%Strain) 

0 1876.74±40.35 38.51±1.16 4.78±0.37 

1 1737.03±39.21 33.79±0.71 3.5±0.3 

2 1740.7±46.73 34.82±0.42 3.36±0.25 

3 1986.74±88.01 38.06±1.73 3.46±0.43 

 24  Secant modulus, Ultimate flexural strength  %Strain at break (Limit at 

5%Strain)  SP-WPE  1, 2  3 

Exposure time 

(month)

Secant modulus 

(MPa)

Ultimate flexural strength 

(MPa)

%Strain at break 

(Limit at 5%Strain) 

0 2052.79±50.97 43.76±0.82 - 

1 1982.52±66.79 40.56±0.94 4.88±0.26 

2 1925.56±51.31 41.49±0.79 4.8±0.30 

3 2242.19±91.7 43.83±1.14 4.02±0.57 

-7 SEM  EDS

 25  SEM  EDS

Element
%Weight

D-WPE RT-WPE 

C 72.09 49.65 

O 17.73 46.69 

Na 6.95 2.67 

Cl 3.24 0.99 



83



84



85

Poster presentation 



86

(Proceeding)



87

 (CD)  (Proceeding) 



88

 (Proceeding) 



89



90



91



92



93



94



95

-

 21/46 .3 . . .  22000 

 0819455747 

E-mail Address Awatsun@gmail.com 

. . 2551 

. . 2553 

. . 2550 .  ( )

. . 2551-2552  Chemical process engineering 

laboratory


	Title_page
	Abstract
	Content
	Chapter1
	Chapter2
	Chapter3
	Chapter4
	Chapter5
	Bibliography
	Appendix



