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170 190 210 ºC 1 h (Swietenia 

macrophylla) L*( ) a*( ) b*( )

∆E ( ) FTIR(Fourier transform infrared 

spectroscope)

DVS(Dynamic vapor sorption )

(Hygroscopic Properties) GAB(Guggenheim

-Anderson-de Boer) PEK(parallel exponential kinetics)

L* a* b*

∆E

FT-IR 1743 cm-1

1513 cm-1 1503

cm-1 1106 cm-1

1335 cm-1 1316 cm-1

(Relative moisture, RH)

(Equilibrium moisture content, EMC) EMC

EMC

EMC

170 190 210 ºC 18.85 18.81 17.44 14.04 %

EMC

GAB

0.04697 0.04864 0.04314 0.03372 (cm3/g)
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179 185 164 129 (m2/g)

PEK

( / ) 170 190 210 ºC 21.14

( 4.98 / 16.16) 20.69( 6.03 / 14.66) 18.22 ( 4.57 / 13.65) 14.27 ( 2.89 / 11.38) (%)

DVS 95 %RH 18.85 18.10 17.44 14.04 (%)

[ ]
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Abstract

The wood dealt with in this work is Swietenia macrophylla, with four groups: 

untreated (control), heat treated by 170 ºC, 190 ºC and 210 ºC for 1 h. The color 

changes were determined by the color meter and showed that L*, a* and b* were all 

decrease when heat-treated at higher temperatures. ∆E is also shown to increase when 

heat-treated at higher temperatures. Results show that after heat treatment the samples 

all darken and change to greenish and bluish tints.

Analysis using the FTIR (Fourier transform infrared spectroscope) spectra shows 

the chemical changes after heat treatment. When treated, there is found a decrease at 

the 1743 cm-1 mark peak, and an increase at the1513 cm-1 mark peak, meaning there 

is a degradation of hemicellulose causing the relative content of lignin to increase. 

The peak areas of 1503 cm-1 and 1106 cm-1 both increase when treated, showing the 

new formation of cross-link of lignin and causing a decrement of shrinkage and 

swelling in the treated sample. On the other hand, the ratios of the 1335 cm-1 and 1316

cm-1 peaks represent a degradation in the amorphous region of the treated sample. 

The DVS (Dynamic vapor sorption) can be used to analyze the sorption 

properties of water of materials. The results of DVS (Dynamic vapor sorption) show 

that the EMC (Equilibrium moisture content) and equilibrium time decrease when 

treated. There is no significant difference in the equilibrium rate when treated. The 

highest EMC in untreated, treated at 170 ºC, 190 ºC and 210 ºC are 18.85, 18.81, 

17.44 and 14.04 %, respectively. Which gives a negative correlation between the 

heat-treated temperature and the highest EMC. 

Numerical analysis of the hysteresis loop via the GAB model(Guggenheim

-Anderson-de Boer) shows that the volume of adsorbed water of dry wood (untreated 

– 0.04697, 170 ºC – 0.04864, 190 ºC – 0.04314, 210 ºC – 0.03372 cm3 /g) decreases 

when treated, as does the monolayer capacity. (untreated – 179, 170 ºC – 185, 190 ºC 
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– 164, 210 ºC – 129 m2 /g) In Curve fitting all the experimental data of adsorption and 

desorption kinetics curves, and plotting the parameters for division into the fast and 

slow curves by using the PEK (parallel exponential kinetics) model. The results 

shows that the fast curve, which represents the monolayer of water in the woods 

internal surface, is higher than the slow curve, which represents the multilayer of 

water in the woods external surface, in adsorption. It is also shown that the fast curve 

is much closer to the slow curve for the desorption process.

[Keyword] Dynamic Vapor Sorption, Hysteresis Loop, Heat Treatment, Color 

Difference, FTIR
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2.1  

2.1.1  

1 ( 1994)

Fig 1. Swietenia macrophylla

(Swietenia macrophylla mahogany big-leaf mahogany

acajou caoba 1)

( 1994) (Negreros-Castillo et al., 2003)

(Melicaceae) (Swietenia spp.) 4

( 2010)
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(4-6 )

( 1994)

30-35 m 45.7 m 35-60

(Hypsipyla grandella) (

2010)

1899

2002

(International Trade in Endangered Species of Wild Fauna and Flora, CITES)

(Appendix )

(Sustainable management) (Non-detriment

finding, NDF) (

2010)

2.1.2  

( 1983)



5 
 

( 2003

1999 2010)

2.1.3  

( 1) (Wood Handbook, 2010)

( 1983) 1

11–15 %

1 ( 1983)

Table 1. The physical and strength properties of Swietenia macrophylla.

Species

(Origin)

MC

(%)

Full shrinkage(%)
Bending 

strength(kgf/cm2)

radial tangential volume MOR MOE

S. macrophylla

(Martinique)
12 3.2 5.0 12.0 875 83000

S. macrophylla

(Colombia)
11 3.5 4.8 8.4 842 106000

S. macrophylla

(Brazil)
15 3.2 4.5 8.6 924 -

S. macrophylla

(Martinigue)
12 4.0 5.6 11.4 1185 92000

S. mahagani

(Cuba)
12 - - 8.5 1330 -

*crude vegetable oil: e.g., rape seed, linseed, sunflower oil.
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2.1.4

2010

3110.50 ha 1997-2005

2132.40 ha 2a

2002-2005 852.49 ha( 2b)

2010 125.61 

ha

2 ( 2010)

(a. 1997-2005 b. 2002-2005 )

Fig 2. Distribution of Swietenia macrophylla in Taiwan 

(a. within People Reforestation Movement in 1997-2005; b. within Afforestation 

Award Movement in 2002-2005)

a b
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2.2

20%

2.2.1  

( 3)

3

Fig 3. Different treatments of wood. (Homan et al., 2000)
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(Etherification) (Esterification)

(Urethanes) (Oxidation) (Silylation) (Acetylation)

(Ammonia treatment) (Crosslinking) (Cyanoethylation)

(Ethylene oxide) (Irradiated wood)

(Treatment with polyethylene glycol) (Branched polymerization)

(

2011)

2.2.2  –

160 –260 ºC(Kariz et al., 2013)

180–280 ºC

15 min

–24 hr

(Yildiz et al., 2007)

1990 (Finnish Research Center, 
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VTT)

(Finnish Thermowood Association)

2008 90%

Retification( Les Bois Predure) Retified wood

Plato process Plato wood Oil heat Wood(Hill, 

2011) 2

WTT(wood treatment technology) Huber Holz

Barkett (Bak and Németh, 2012)

2

Table 2. Comparison of five main commercial heat treatment processes. (Yildiz et al.,

2007; Bak and Németh, 2012; Kariz et al., 2013)

item\nation France Netherlands Germany Finland

treat process retification 
process

les bois 
predure/ 
obis
perjure

plato
process

oil-heat 
treatment, 
OHT,
Menz Holz

thermal 
treatment

treated wood retified 
wood

- plato wood oil heat 
wood,
OHT wood

thermowood

medium inert 
nitrogen,
O2 2%

steam - crude vege
Table oil*

water 
vapour,
air 3-5%

maximum 
temperature(ºC)

210-240 230 190 200 180-250

cost(€/m3) 150-160 100 20 265-295 -

*crude vege, rape seed, linseed, sunflower oil
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4 Thermowood ( stage 1)

( stage 2 ) (stage 3 )

100 ºC 130 ºC

0 %

185–215 ºC 2–3 hr

Thermowood

80–90 ºC 4–7 %

4

Fig 4. The process of thermal treatment. (Navi and Sandberg, 2012)

2

( ) ( )
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(Vernois, 2001) -230–240 ºC

40 %

201 ºC

Retification 230 ºC

230 ºC 230 ºC

( 5)

5

Fig 5. Reaction mechanisms of heat-treated wood. (ThermoWood Handbook, 2003)
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Candelier (2015) (relative area)( 7)

( 6) 105 ºC (Drying)

105 - 220 ºC (Thermal stabilization) 220 ºC

(Thermal degradation)

(ºC) (min)

(thermodegradation) (exothermic) (enthalpy)

6

Fig 6. Temperature evolution to achieve thermal treatment. (Candelier et al.,2015)

 

7

Fig 7. Relative area from temperature kinetic representing Pinus radiate heat 

treatment to obtain a mass loss of 12%.(Candelier et al.,2015)
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2.2.3  

(cellulose) (hemicellulose)

(lignin) 95%

(fats) (waxes) (resins) (simple phenols)

D– (D-glucose) β-O-4

(β-O-4 glucosidic) (degree of polymerization, 

DP 5000-12000) 45%

(Homopolysaccharides)

(H-bond) 70%

cellulose (crystalline) 240–350

ºC ( 2011 Mohan et al., 2006)

8

Fig 8. Chemical structure of cellulose. (Mohan et al., 2006)

D– (D-glucose) D– (D-mannose) D–

(D-galactose) D– (D-xylose) L– (L-arabinose) 100–

200 25–35%( 28% 35%) 200–260

ºC (volatiles) (tars)

(chars) (acetic acid)
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(galacto-glucomannan )

130–194 ºC

180 ºC (Rowell, 1984) (branched)

(heteropolysaccharide)

(glucomannan)

(glucuronoxylan) (glucomannan)

9

Fig 9. Main components of hemicellulose. (Mohan et al., 2006)

(amorphous) cinnamyl alcohol( )

p-coumaryl alcohol( ) coniferyl alcohol( ) sinapyl 

alcohol( ) (methoxyl 

group) ( 10) 23–33 % 16–25 %

(condensation) (covalent)

potting matrix( )
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10 ( )

Fig 10. Three precursors of lignin, p-Coumaryl, coniferyl, and sinapyl structures.

(Mohan et al., 2006)

(modified)

280–500 ºC

(pyroligneous acid)

Bruno (2009) 20–150 ºC

180–250 ºC

250 ºC

(Dubey et al., 2011) 160 180 210 ºC 1 3 6 hr (Pinus radiata

D. Don) (acid insoluble lignin, Klason lignin)
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(Popescu et al., 2011)

(charr) 30–150 ºC

170 ºC

190–380 ºC

170 ºC

170–600 ºC

(Kocaefe et al., 2008) tmax

t

t tmax 11

100 ºC 140 ºC

170 ºC 180 ºC

(Kocaefe et al., 2008)
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11 a. b.

Fig 11. Temperature history of the furnace (Gas) and the wood sample for (a)Birch 

and (b)Aspen. (Kocaefe et al., 2008)

380–780nm 500nm

(tannins) (flavonoids) (stilbenes)

(quinones) 500nm

(Kocaefe et al., 2008)
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2.2.4  

(vibration)

(rotation) (stretching)

(bending)

( Popescu et al., 2011)

FTIR IR

1738 cm-1 1650 cm-1 1510 cm-1 1430 cm-1 1374 cm-1 1267 cm-1 1165 cm-1

1113 cm-1 1060 cm-1 1030 cm-1 1738 cm-1

1650 cm-1

1510 cm-1 210 ºC 1510cm

1060 cm-1 1030 cm-1

C-O (stretching) (depolymerization)

(Dubey et al., 2012)

Kocaefe (2008) KBr 100 1

(Beckman pellet) 13mm 1mm

4000–1300 cm-1 (functional groups) 1300–900 cm-1

(finger prints) 3

2910 cm-1 ( C-H aliphatic stretching)

2910 cm-1 2910 cm-1

C-OH C-O-C R-COO-R Ar-OCH3 

C-H
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4–6% 1736 cm-1 (C=O 

stretching in the carboxyl group)

IR 11% 3420

cm-1 OH

OH

3

( 2910 cm-1 C-H (A/A2910))

Table 3. Evolution of the normalised area adsorption peaks Birch samples with 

maximum thermal treatment temperature and holding time. *The area of the peak of 

the C-H aliphatic stretching around 2910 cm-1 was used for normalization(A/A2910)

(Kocaefe et al., 2008)

peak(cm-1) 25 120 160 200 220 230
220 ºC

45min

1736 0.772 0.712 0.603 0.594 0.494 0.442 0.459

1507 0.084 0.093 0.116 0.106 0.114 0.145 0.145

1373 0.090 0.083 0.088 0.080 0.082 0.066 0.064

1244 0.437 0.447 0.461 0.429 0.404 0.343 0.303

1106 0.020 0.037 0.061 0.052 0.088 0.182 0.119

895 0.056 0.055 0.057 0.047 0.045 0.039 0.025
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1507 cm-1 (splitting of the aliphatic side chains in lignin cross-linking 

formation by condensation reactions of lignin) 1106 cm-1

4 1106 cm-1 C-O

1373 cm-1 1320 cm-1

1507 cm-1 1106 cm-1 C-O carbonyl band 1244

cm-1 (cleavage of acetyl groups in the hemicelluloses)

(carbon acid) 1736 cm-1 cleavage of the acetyl side chains in hemicelluloses

(carboxyl acids)

895 cm-1 (asymmetric ring 

stretching band of cellulose) 200 ºC (

) (Kocaefe et al., 2008)
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4

( 2910 cm-1 C-H (A/A2910))

Table 4. Evolution of the normalised area adsorption peaks Aspen samples with 

maximum thermal treatment temperature and holding time. *The area of the peak of 

the C-H aliphatic stretching around 2910 cm-1 was used for normalization(A/A2910)

(Kocaefe et al., 2008)

peak(cm-1 ) 25 120 160 200 220 230
220 ºC

45min

1507 0.061 0.105 0.087 0.100 0.105 0.110 0.130

1244 0.419 0.438 0.373 0.371 0.324 0.321 0.311

1106 0.012 0.071 0.079 0.091 0.084 0.078 0.080

Yildiz (2007) (Picea orientalis) (Fagus

orientalis) FTIR 150 180 200 ºC 1 10 hr

220 ºC

(vanillin) (coniferaldehyde) (syringyl aldehyde) 

120–160 ºC

240 ºC

FTIR 5
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5 (Picea orientalis) (Fagus orientalis) FTIR

Table 5. Summary of heat-treated spruce and beech absorption intensity change by 

FTIR detecting. (Yildiz et al., 2007)

peak(cm-1) assignment absorption intensity

1740

O valance vibration of COOH

+

1635 adsorbed water -

1430 CH2 scissoring -

1370 CH bending +

1280 CH deformation -

670 C–OH out of plane bending mode -
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Popescu 2011 FTIR

6

6 FTIR (Popescu et al., 2011)

Table 6. Summary of assignments indicated to a set of FT-IR spectroscopy.

peak(cm-1) assignment

3591/3579 absorbed water weakly bound and intramolecular hydrogen 

bond in a phenolic group in lignin

1595, 1510, 1270 C=C/C-O stretching or bending vibrations of different groups 

from lignin.

1460, 1425, 1335, 

1220, 1110

characteristic C–H, C–O deformation, bending or stretching 

vibrations of different groups for lignin and carbohydrates.

1735 C=O stretching vibration of carboxyl and acetyl groups in 

hemicelluloses

1735, 1375, 1240, 

1165, 1060, 1030

characteristic C=O, C–H, C–O–C, C-O deformation or

stretching vibrations of different groups from carbohydrates

Populus tremula Buxus sempervirens Xenon FTIR

1036 cm-1 (C-O stretching) KBr 300mg

1800-800 cm-1 7 G lignin S lignin

G lignin 1595 cm-1

G lignin

(metoxyl)

C-O-CH3
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1595 cm-1 1510 cm-1 ( )

aspen S lignin

1510 cm-1 G lignin(trans-coniferyl alcohol) 1335 

cm-1 1316 cm-1 I 1335

cm-1/1316 cm-1 C-O-C

1163 cm-1

1156 cm-1 1335 cm-1 I / II

1335 cm-1 1316 cm-1

I 1335 cm-1/1316 cm-1

I (Colom et al., 2003)

7 IR

Table 7. Characteristic bands of the infrared spectra of the wood samples studied 

(Colom et al., 2003)

wavenumber (cm-1 ) assignment

1740 C=O stretching of acetyl or carboxylic acid

1610-1595 C=C stretching of the aromatic ring (lignin)

1510 C=C stretching of the aromatic ring (lignin)

1465 asymmetric bending in CH3 (lignin)

1426 CH2 bending (cellulose)

1385 conformational changes in the glycosidic bridge

1335 OH in plane bending (cellulose)

1316 CH2 wagging

1158-1162 Asym. bridge C–O–C stretching (cellulose)

898 Asym., out of phase ring stretching (cellulose)
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2.3

2.3.1  

(magnetic hysteresis) (ferromagnetism)

(dipole)

S 12

(Hysteresis loop)

12

Fig 12. Hysteresis loop. (Bertotti and Isaak, 2005)



26
 

( )

( 13)

13 32.2 ºC

Fig 13. Sorption hysteresis curves for Douglas fir at 32.2 ºC. (Walker et al., 1993)

100% 20–50% 28–30%
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(Rowell and Banks, 1985)                              

(Korkut and Budakci, 2010)

2.3.2  

CNS6715 O2025

(Wood determination of hygroscopicity)– 30

30 60 mm

1. 10 %

2. 40 1 75 2 %

3. 40 1 90 2 %

70 ºC

6 24 72( )

4. ( g /cm2)

2.3.3
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(dynamic vapour sorption apparatus, DVS)( 14)

(gravimetrics)

(water sorption isotherms)

14 DVS 2

(Cahnultra-sensitive microbalance)

( )

(0 5 10 15 20 30 40 50 60 70 80 85 90 95 RH%)

( ) 0 % (relative humidity, RH)

25 ºC

(dm/dt) 0.002 %/min 10min

14

Fig 14. Diagram showing the basic working principles of the surface measurement 

systems dynamic vapor sorptionapparatus. (Xie et al., 2010)
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(probes)

90 % 90%

30 % 0% dm/dt

15

15 (Stika spruce) 24.1 ºC

Fig 15. Plot showing data from a typical DVS isotherm run for Sitka spruce at 25 ºC.

(Xie et al., 2010)
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16

0 – 4.8% 4.8 – 10.4%

16 24.1 ºC

Fig 16. Adsorption kinetics curve for Sitka spruce at 24.1 ºC showing change in 

sample moisture content and relative humidity against time. (Xie et al., 2010)

(waste water treatment) (gas/air 

dehydration) (pharmaceuticals) (food preservation)

(packaging)(Schult, 1996)

(Rahman, 2007)
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(Xie et al., 2011) (gluta-

raldehyde) 17

17 a 17b

17c 18d 0.5 %

8.6% 20.9 % (measured 

moisture content, MC) (reduced moisture content, MCR)

MC MCR WPG

MC < MCR WPG

18 18 a

(∆EMC) 18 b 18 c

0 % RH 95 % RH

18a

(∆EMC) 18b 18c

18

DVS

20 mg

( 18b)

( 18a) 5%

5–20 % RH
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17 (MC)

(MCR)

(a. b. 0.5 % c. 8.6 %

d. 20.9 %)

Fig 17 Measured moisture content (MC) and reduced moisture content (MCR) of 

wood during the sorption run under stepwise target relative humidity (RH). 

a.Untreated control, b. treated to WPG of 0.5%, c. treated to WPG of 8.6%, d. treated 

to WPG of 20.9%.(Xie et al., 2011)
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18 (a. b. c. )

Fig 18. Moisture content (MC) increment and decrement (a), equilibrium time (b), 

and moisture adsorption and desorption rate (c) of untreated and treated wood at each 

given RH level over the full RH range. (Xie et al., 2011) 



34
 

S

( 19)

19 (a. b.

c. d. )

Fig 19. Moisture adsorption (a, b) and desorption (c, d) behaviour of wood. (Xie et al.,

2011)
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20

( )

( a) ( b)

(WPG)

20 (a. 

b. )

Fig 20. Hysteresis of untreated and modified wood during the sorption process. (a. 

Calculated from measured moisture content, MC; b. calculated from reduced moisture 

content, MCR) (Xie et al., 2011)



36
 

(MC) (MCR)

(RH) (WPG)

(MC) (MCR) (MC)

(MCR) 21 21

19

100 %

21

Fig 21. Change of isotherm loop area of wood modified to different weight per cent 

gain (on the basis of area of untreated wood) during the sorption process. (a 

Calculated from measured moisture content, MC; b calculated from reduced moisture 

content, MCR.) (Xie et al., 2011)
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22

( ) 5–70 % RH

70 % RH

95 % RH

22 (a. 

b. )

Fig 22. Hysteresis ratio of modified wood to untreated control at given RH level 

during the sorption process. (a. Calculated from measured moisture content, MC; b. 

calculated from reduced moisture content, MCR) (Xie et al., 2011)
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23 (∆EMC)

18 RH 80% RH

RH 80% RH 80 % RH

23 ( 5–95% RH)

( 95–5% RH) (a. b. WPG 0.5% c. 

WPG 8.6% d. WPG 20.9%)

Fig 23. Moisture increment in the adsorption run(arrow direction, RH from 5 to 95%) 

or moisture decrement in the desorption run(arrow direction, RH from 95 to 5%) of 

untreated and treated wood at each RH level. (a. Untreated control, b. treated to WPG 

of 0.5%, c. treated to WPG of 8.6%,d. treated to WPG of 20.9%) The moisture 

content is derived from the modified wood(MC). (Xie et al., 2011)
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2.4

2.4.1 –GAB

GAB(Guggenheim-Anderson-de Boer) (

) 5 3 ( 1) 3

3

BET

(Brunauer–Emmett–Teller) GAB (Timmermann, 

2003;Prothon and Lı́lia, 2004; Ricardo et al., 2011)

Vads(cm3/g)

Vm(cm3/g) c

( – ) (an energy constant related to the difference 

of free enthalpy of water molecules in the upper sorption layers and in the monolayer)

k ( – ) (related in turn to the difference 

of free enthalpy of water molecules in the pure liquid and the upper sorption layers)

RH(%) (Timmermann, 2003; Bratasz et al., 2012)

c 30 % RH (knee)

k (

80 % RH ) ( 24)

Vm(cm3/g) SGAB(m2/g)( 2)

M(g/mol) ρ(g/cm3) L

(Avogadro’s number) σ(nm2)

(Bratasz et al., 2012)
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1

……………….……… 2 

24 GAB

Fig 24. The experimental data for water vapour sorption by lime wood are compared 

with the curve calculated from the least-square regression of data to the GAB 

isotherm. (Bratasz et al., 2012)

IUPAC(International Union of Pure and Applied Chemistry)

IUPAC (type )( 25)

(mesopore)

(p/p0)

(type ) ( 25)
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(B ) B

B – –

BET (type 

) (Sing et al., 1985; Timmermann, 2003; Kitagawa et al.,

2004; Zapata et al., 2014)

25

Fig 25. Types of physisorption isotherms(Sing et al., 1985)

 

2.4.2 –PEK

PEK(The Parallel Exponential Kinetic model)
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/

2 (fast curve) (slow curve)

( ) ( )

PEK t1 t2 MC1

MC2( 3 26)

…………. 3

26 0–9.25 %

Fig 26. Nonliear curve fit to adsorption data (25 ºC) for Endospermum malaccense

exposed to a change in relative humidity from 0 to 9.25% and results in inaccurate 

values of characteristic times. (Zaihan et al., 2010)
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3.1  

 3.1.1

(Swietenia macrophylla)

SM2-225

 3.1.2

20 g 16 mesh ( 1 mm ATSM No.18) 105

ºC 4 5 g

(CH-10T) (Furnaces) 3 (170

190 210 ºC)

4

1hr 5 ºC

27
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27

Fig 27. The process of heat treatment.

 3.1.3

3 170

190 210 ºC

4

…………………………… ………………………… 4

(g) (g)

(Dubey et al., 2012) 1hr (Pinus radiata)

160 180 210 14 10 3%



45
 

 3.1.4

(Commission International del' Eclairage CIE) 1976 L* a* b*

L* ( ) a* ( ) b* (

) L* 100 0 a*

+ a* - a *

b* + b * - b *

( 28)

(color difference value, 

∆ ) ( 5 6

7 8) L*
a a*

a b*
a L*

b a*
b b*

b

…………………………….………∆ L*
a-L*

b……..……………...……….. 5

…………………………….………∆ a*
a-a*

b……..….…………...……….. 6

…………………………….………∆ b*
a-b*

b……..….…………...……….. 7

…………………………∆   =  ∆ 2+ ∆ 2+ ∆ 2 .………….....……….. 8
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28 CIELab

Fig 28. CIELab system 3D color space. (Bekhta and Peter, 2003)

TES TES-135 10

3.1.5

Bio-Rad FTS-40

(Fourier transform infrared spectroscope, FTIR) DTGS (Deuterated 

triglycine sulphate) 64 4000 – 400 cm-1

4 cm-1 Graseby specac Selector (Diffuse 

reflectance accessory)
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D3V-10

0.420 mm (Mesh No.40)

400 – 4000 cm-1

3.2

20 mg

( ) ( 0 5 10 15 20 30 40 50 60 70 80 85 90 95

RH%) 25 ºC

20 mg TA Instruments VTI-SA

(Dynamic vapor sorption analyzer, DVS)

3,000 12,000

3.3

 170

190 210 ºC 1 h L*(

) a*( ) b*( ) ∆E ( )

FTIR(Fourier transform infrared spectroscope)

DVS(Dynamic vapor sorption

) (Hygroscopic 

Properties) GAB(Guggenheim-Anderson-de Boer)

PEK(parallel exponential kinetics)

MATLAB

( 29)
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29

Fig 29. Flow diagram of experiment
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4.1

3

8 90 %

0.95

8

Table 8. Yield of different temperature heat treatment for Swietenia macrophylla.

Temperature (ºC)

170 190 210

Yield (%) 94.36 93.89 92.83

(Candelier et al., 2015) (ºC) (min)

(relative area)

170 190 210 ºC 10.2 11.4 12.6

(ºC min /103)

(enthalpy)

0.95

(Candelier et al., 2015)

4.2  

CIELab

(L*) (a*) (b*)



50
 

(∆ )

30 31

( 30) L* a* b*

(Dubey et al., 2011; Tuong and Li, 2011; 

Bilgin, 2012; 2013)

30 CIElab

Fig 30. Relative between temperature of heat treated and CIELab value.
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31 170 190 210 ºC

Fig 31. Samples of untreated and heat treated by 170, 190 and 210 ºC for Swietenia 

macrophylla.

4.3  

FT-IR 9 32

1743 cm-1 (carboxyl group)

1513 cm-1 (benzene ring)

(Dubey et al.,

2012) 1503 cm-1 (splitting of the aliphatic side chains in lignin) 1106

cm-1(cross-linking formation by condensation reactions of lignin)

1106 cm-1 (-C-O,-C-C stretching) C-O

1743 cm-1(cleavage of the acetyl side 

chains in hemicelluloses)
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(carboxyl acids) 897 cm-1

(asymmetric ring stretching band of cellulose) ( )

(Kocaefe et al., 2008) 3420 cm-1 (hydroxyl 

group stretching) 

9 FT-IR

Table 9. The area of all characteristic band in FT-IR for Swietenia macrophylla

different temperature of heat treatment. 

Peak

(cm-1)

Heat Treatment (ºC)

ctrl 170 190 210

3420 5,424.56 7,252.01 6,971.28 6,205.38

1743 332.94 322.56 334.33 310.05

1503 129.97 130.96 133.71 133.91

1106 1,461.91 1,801.40 1,539.09 1,791.48

897 0040.11 0038.80 37.80 35.52

1335 cm-1 I / II

1335 cm-1 1316 cm-1 I 1335

cm-1/1316 cm-1 I

10

(Colom and Carrillo, 

2002; Colom et al., 2003)
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10 FT-IR 1335 cm-1

Table 10. Characteristic of band 1335 cm-1 in FT-IR spectra for Swietenia 

macrophylla.

Control
Heat Treatment (ºC)

170 190 210

1335/1316

(cm-1/cm-1)
1.0178 1.0205 1.0277 1.0309
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32 FT-IR

Fig 32. FT-IR spectra of untreated and all treated Swietenia macrophylla.
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4.4  

DVS 25 ºC 33 (Xie et al.,

2011) (Pinus sylvestris) RH

100 % EMC (%) 15 % 23 %

EMC (%)

(min) 4,500

min 3,300 min

(Xie et al., 2011)

20 mesh 40 mesh

RH (dm/dt) 10 min < 0.002 

%/min 5 min < 0.005 %/min

(+/- low/high µg) (+/- low/high µg) 5 / 

<50 0.1 / 1.0 0.1 / 0.5 0.01 / 0.05 3

33 25.0 ºC

Fig 33. Plotting a typical DVS isotherm run for Swietenia macrophylla at 25 ºC.
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MC RH

RH

16 (Xie et al., 2011)

0 – 5 %RH 5 – 10 %RH MC 0 – 4.8

%RH 4.8 – 10.4 %RH MC RH

MC RH

( 34) 0 – 4.37 %RH

4.37 – 9.97 %RH

(Xie et al., 2011) MC

34 25.0 ºC 0 – 10 %

Fig 34. Adsorption kinetics curve for Swietenia macrophylla at 25.0 ºC showing 

change in sample moisture content and RH within 0 – 10 % against time.
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25 – 30 %RH ( 35) (Xie et al., 2011)

MC 33

RH MC RH

MC MC (

) MC

35 25.0 ºC 25 – 30 %

Fig 35. Adsorption kinetics curve for Swietenia macrophylla at 25.0 ºC showing 

change in sample moisture content and relative humidity within 25 – 30 % against 

time.

25

26

27

28

29

30

31

32

0.0

0.2

0.4

0.6

0.8

1.0

0 10 20 30 40 50 60 70 80

R
H

 (%
)

M
C

 (%
)

Time (min)

MC

RH
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36 RH MC RH EMC

a b c d 170 190 210 ºC 1h

RH EMC 210 ºC

EMC

36

(a. b. 170ºC 1h c. 190ºC 1h d. 210ºC 1h)

Fig 36. Measured MC of Swietenia macrophylla during the sorption run under 

stepwise target RH.
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37 RH ∆EMC

RH RH

∆EMC

(Xie et al., 2011)

0 – 20 %RH ∆EMC 20 – 30 %RH

∆EMC 80 %RH 95 % 80 %RH

30 – 80 %RH ∆EMC (Xie et al., 2011)

90 – 80 %RH

70 %RH 70 – 20%RH 20 %RH

15 %RH (Xie et al., 2011)

0.5 % 15 %RH

170 190 ºC 37

( 46)

37 ∆EMC

Fig 37. ∆EMC of Swietenia macrophylla at each given RH level.
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38 RH

(Xie et al., 2011)

(Xie et al., 2011)

20 %RH RH

38

Fig 38. Equilibrium time of Swietenia macrophylla at each given RH level over the 

full RH range.
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39 RH EMC( 37) ( 38)

39

(Xie et al., 2011) RH

(< 20 %RH) (Xie et al., 2011)

RH

20 %RH RH (Xie et 

al., 2011)

20 %RH (Xie et al., 2011)

∆EMC

37 38 39 EMC

(Xie et al., 2011)

39

Fig 39. Absorption rate of Swietenia macrophylla at each given RH level.
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40 25 ºC

S

RH 95 %RH

( EMC) 170 190 210 ºC

(Dubey et al., 2011; Tuong and Li, 2010) RH

(Bilgin, 2012) RH

40 25 ºC

(a. b. 170ºC 1h c. 190ºC 1h d. 210ºC 1h)

Fig 40. Hysteresis curves in adsorption and desorption process for Swietenia 

macrophylla wood powder at each given RH level at 25 ºC.(a. untreated control, b. 

heat treated by 170 ºC for 1 h , c. heat treated by 190 ºC for 1 h, d. heat treated by 210

ºC for 1 h.)
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41 42

( 41) ( 42)

(Xie et al., 2011)

RH EMC 11 EMC

170 ºC

190 ºC EMC 210 ºC EMC

11 95 %

Table 11. The EMC of different treatments for Swietenia macrophylla.

Heat treated temperature (ºC)

Ctrl 170 190 210

EMC(%) 18.84 18.80 17.44 14.04

41

Fig 41. Moisture adsorption behaviour all treatments for Swietenia macrophylla.
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42

Fig 42. Moisture desorption behaviour all treatments for Swietenia macrophylla.
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43 RH RH

EMC EMC EMC

50 – 70 %RH

60 – 80 %RH

(Xie et al., 2011)

43

Fig 43. Hysteresis of untreated and treated Swietenia macrophylla during the sorption 

process.

(Hill et al., 2009) (Sitka 

spruce) ( )

( ) ( 43)

FT-IR



66
 

44

(Xie et al., 2011)

44

44

Fig 44. Ratio of isotherm loop area of Swietenia macrophylla treated to different 

treated temperature.
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45 RH

RH

RH RH

210 ºC RH 80 – 95%RH

170 190 ºC

(Xie et al., 2011) 0 – 70 %RH

70%RH 0 – 70 %RH

70%RH

45 RH

Fig 45. Hysteresis ratio of treated Swietenia macrophylla to untreated control at given 

RH level during the sorption process.
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46 RH

37 37

46 RH

5 – 70 %RH

70 %RH 3 70 %RH

95 %RH

( 46)

(Xie et al., 2011) 70

%RH

23

46

Fig 46. Moisture increment in the adsorption run or decrement in the desorption run 

of untreated and treated Swietenia macrophylla by different temperature.
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4.5 – GAB

GAB RH Vads

Vm(cm3/g) ( – )

c(an energy constant related to the difference of free enthalpy of water molecules in 

the upper sorption layers and in the monolayer) k ( –

) (related in turn to the difference of free enthalpy of water molecules 

in the pure liquid and the upper sorption layers) SGAB (m2/g)

12

12 GAB

Table 12. GAB constants and specific surface areas obtained from the regression of 

the experimental data for water vapour sorption by different temperature of heat 

treated.

Sample

Adsorption Desorption

Vm

(cm3/g)

c k SGAB

(m2/g)

Vm

(cm3/g)

c k

ctrl 0.04697 4.617 0.8059 179 0.09731 6.198 0.5786

170 0.04864 3.695 0.8006 185 0.09781 6.445 0.5764

190 0.04314 3.698 0.8104 164 0.09492 6.843 0.5552

210 0.03372 4.24 0.8151 129 0.08998 7.698 0.4793

12 ( 1–4)

Vm 20 GAB (Bratasz et al., 2012)

(min – max) 0.03372 – 0.04864(cm3/g) 0.045 –

0.071(cm3/g) c 3.695 – 4.617

6.3 – 15.0 k

0.8006 –0.8151 0.66 – 0.81
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GAB c

( – ) k

c (knee) ( 47) 30 %RH

k

( 47) 80 %RH

Vm c

k Vm c k Vm

c

RH

c k

( 12) 47 RH 80 %

GAB

12

210 ºC

28.1 %

DVS

170 ºC RH95 % ( )

0.1879 (0.1909) (cm3/g) 0.1872 (0.1916) (cm3/g) 190 ºC

0.1734(0.1776) (cm3/g) 210 ºC 0.1398 (0.1430) 

(cm3/g) 25.3 %
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47 25.0 ºC

Fig 47. Adsorption and desorption isotherms of water for untreated and different 

temperature of heat treatment Swietenia macrophylla at 25.0 ºC.

13 (Bratasz et al., 2012) GAB

c 3 RH

(< 20 %) RH ( 20 – 80 %) 

RH

c ( 48) 48 13

6.4 %

Swietenia macrophylla
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13 (Bratasz et al., 2012)

GAB

Table 13. Comparison of GAB constants and specific surface areas obtained from the 

regression of the experimental data for water vapour sorption between this work and

reference(Bratasz et al., 2012).

Sample

Adsorption Desorption

( )

c k

( ) ( )

c k

ctrl 0.04697 4.617 0.8059 179 0.09731 6.198 0.5786

ref 0.05000 14.000 0.8100 190 0.11200 7.860 0.5900

48 (Swietenia macrophylla) (Bratasz et al., 2012)

25.0 ºC

Fig 48. Comparison of adsorption and desorption isotherms of water for untreated

mahogany in reference (Bratasz et al., 2012) at 25.0 ºC.
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4.6 – PEK

PEK

(fast) (slow)

PEK

49 t1

t2 MC1 MC2

49 25.0 ºC RH 30 – 40% (

PEK )

Fig 49. Example of a curve fit to adsorption data at 25.0 ºC for Swietenia macrophylla

exposed to a change in relative humidity from 30 to 40 %. (Inclusion of all

experimental date and the curve fitting data by using the PEK model.)

RH

PEK 25

3 100

0.99 ( 5–12)
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(Hill et al., 2010;Zaihan et 

al.2010) PEK

50

RH MC

EMC

RH MC

( ) EMC

80 %RH 80%RH

(Zaihan et al., 2010; Hill et al., 2010)

PEK

t1

t2 MC1 MC2

t1 MC1 t2 MC2
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50 25.0 ºC RH30 – 40% PEK

Fig 50. Example of a curve fitting for Swietenia macrophylla at 25.0 ºC exposed to a 

change in relative humidity from 30 to 40 % showing the slow and fast exponential 

kinetic processes.

 

51 t1 t2

RH

(Hill et al., 2010) 0 – 25 %RH



76
 

51 25.0 ºC PEK RH

t1 t2

Fig 51. Variation characteristic time (t1 and t2) for Swietenia macrophylla at 25.0 ºC 

exposed to a change in relative humidity for fast and slow process in adsorption and 

desorption. 

51 PEK MC1

MC2 RH ( 52) RH 5 %

0 – 5%RH 5 %RH

5 – 10%RH ( 53) 0 %RH

0 – 5%RH

52

53

RH
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EMC EMC

80 % RH 170 190 210 ºC

80 % RH RH 0.14

0.10 0.11 0.09 MC/RH(%/%) 80 %RH RH

0.34 0.42 0.31 0.26 MC/RH(%/%)

80 % RH 80 %RH 2 – 4

( / ) 170 190 210 ºC

21.14 ( 4.98 / 16.16) 20.69( 6.03 / 14.66) 18.22 ( 4.57 / 13.65) 14.27 ( 2.89 / 11.38) 

(%) DVS 95 %RH 18.85 18.10 17.44 14.04 

(%)

52 PEK

Fig 52. Plots showing the cumulative content values associated with the PEK 

processes of adsorption for untreated Swietenia macrophylla sample.
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(Zaihan et al., 2010; Hill et al., 2010)

80 %RH ( 52) 80 %RH

( 53)

EMC EMC

(OH group binding site)

( )

( )

53 PEK

Fig 53. Plots showing the cumulative content values associated with the PEK 

processes of adsorption for untreated Swietenia macrophylla sample.
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L* a* b*

∆E

FT-IR 1743 cm-1

1513 cm-1 1503

cm-1 1106 cm-1

1335 cm-1 1316 cm-1

RH EMC

EMC

EMC

EMC

170 190 210 ºC 18.849756 18.807966 17.441886

14.042916 % EMC

GAB

0.04697 0.04864 0.04314 0.03372 (cm3/g)

179 185 164 129 (m2/g)

PEK

( / ) 170 190 210 ºC 21.14

( 4.98 / 16.16) 20.69( 6.03 / 14.66) 18.22 ( 4.57 / 13.65) 14.27 ( 2.89 / 11.38) (%)

DVS 95 %RH 18.85 18.10 17.44 14.04 (%)
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1 MATLAB GAB ( )

Fitting equation = ((v*c*k*x/100)/((1-k*x/100)*(1+(c-1)*k*x/100)))*100
SSE R2 DFE Adj R2 RMSE #Coeff SSE

Ctrl 0.3214 0.9993 11 0.9991 0.1709 3 0.3214
170ºC 0.1425 0.9996 11 0.9996 0.1138 3 0.1425
190ºC 0.1778 0.9995 11 0.9994 0.1271 3 0.1778
210ºC 0.1009 0.9996 11 0.9995 0.0958 3 0.1009
 

2 MATLAB GAB ( ) 

Fitting equation = ((v*c*k*x/100)/((1-k*x/100)*(1+(c-1)*k*x/100)))*100
c

(Min, Max)
k

(Min, Max)
v

(Min, Max)

Ctrl 4.617
(3.633, 5.602)

0.8059
(0.7887, 0.8232)

0.04697
(0.0434, 0.05055)

170ºC 3.695
(3.154, 4.235)

0.8006
(0.7877, 0.8136)

0.04864
(0.04575, 0.05153)

190ºC 3.698
(3.035, 4.361)

0.8104
(0.7956, 0.8252)

0.04314
(0.04011, 0.04616)

210ºC 4.24
(3.539, 4.942)

0.8151
(0.8022, 0.8279)

0.03372
(0.03172, 0.03573)

 
3 MATLAB GAB ( )

Fitting equation = ((v*c*k*x/100)/((1-k*x/100)*(1+(c-1)*k*x/100)))*100
SSE R2 DFE Adj R2 RMSE #Coeff SSE

Ctrl 0.3862 0.9992 11 0.9991 0.1873 3 0.3862
170ºC 0.4186 0.9991 11 0.9990 0.1950 3 0.4186
190ºC 0.5383 0.9987 11 0.9985 0.2212 3 0.5383
210ºC 0.4769 0.9983 11 0.9980 0.2082 3 0.4769
 

4 MATLAB GAB ( ) 

Fitting equation = ((v*c*k*x/100)/((1-k*x/100)*(1+(c-1)*k*x/100)))*100
c

(Min, Max)
k

(Min, Max)
v

(Min, Max)

Ctrl 6.198
(5.238, 7.157)

0.5786
(0.5401, 0.617)

0.09731
(0.08727, 0.1074)

170ºC 6.445
(5.425, 7.464)

0.5764
(0.5371, 0.6157)

0.09781
(0.08763, 0.108)

190ºC 6.843
(5.581, 8.105)

0.5552
(0.5053, 0.6051)

0.09492
(0.08286, 0.107)

210ºC 7.698
(6.295, 9.101)

0.4793
(0.41, 0.5486)

0.08998
(0.07549, 0.1045)
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5 MATLAB PEK (ctrl)
 
Fitting equation = f(x) = b*(1-exp(-x*c))+d*(1-exp(-x*e))
 

RH(%) b
(Min, Max)

c
(Min, Max)

d
(Min, Max)

e
(Min, Max)

0-5 1.579
(1.506, 1.652)

0.0371
(0.03622, 0.03797)

-0.6532
(-0.728, -0.5784)

0.08394
(0.08007, 0.08781)

5-10 0.9277
(0.9102, 0.9452)

0.06704
(0.06561, 0.06847)

-0.2114
(-0.2303, -0.1925)

0.3745
(0.3324, 0.4165)

10-15 -0.1676
(-0.1987, -0.1365)

0.6636
(0.443, 0.8841)

0.7374
(0.7087, 0.7661)

0.08888
(0.08448, 0.09328)

15-20 0.1994
(-0.03642, 0.4352)

0.01294
(-0.02264, 0.04851)

0.3875
(0.3107, 0.4643)

0.1206
(0.1036, 0.1375)

20-30 -0.1912
(-0.2308, -0.1516)

1.225
(0.1074, 2.343)

1.038
(1.001, 1.075)

0.09248
(0.08792, 0.09704)

30-40 0.4391
(0.4258, 0.4524)

0.02186
(0.01957, 0.02414)

0.5154
(0.4921, 0.5388)

0.1338
(0.1282, 0.1394)

40-50 0.8032
(0.7893, 0.8171)

0.01402
(0.01317, 0.01488)

0.5266
(0.5023, 0.5509)

0.09167
(0.08744, 0.09591)

50-60 1.325
(1.307, 1.342)

0.01491
(0.01445, 0.01538)

0.4208
(0.3954, 0.4461)

0.08521
(0.08027, 0.09015)

60-70 1.027
(0.976, 1.079)

0.007614  
(0.006704, 0.008524)

1.234
(1.152, 1.315)

0.0296
(0.02856, 0.03063)

70-80 0.2251
(0.1994, 0.2509)

0.1017
(0.0859, 0.1175)

2.35
(2.329, 2.371)

0.01428
(0.01405, 0.01452)

80-85 1.5
(1.493, 1.507)

0.007681  
(0.007505, 0.007858)

0.2359  
(0.2231, 0.2486)

0.07381
(0.06855, 0.07906)

85-90 2.103  
(2.1, 2.106)

0.008613  
(0.008565, 0.008661)

0.1501  
(0.1456, 0.1546)

0.1037
(0.09796, 0.1094)

90-95 3.441
(3.436, 3.447)

0.007535  
(0.007486, 0.007585)

0.06471
(0.05571, 0.07372)

0.07996
(0.06175, 0.09817)

95-90 0.175
(0.1454, 0.2045)

0.6879
(0.2546, 1.121)

-1.178
(-1.204, -1.152)

0.0446
(0.04271, 0.04648)

90-85 -0.7668
(-0.9016, -0.632)

0.05406
(0.04647, 0.06165)

-1.563
(-7.76, 4.634)

0.001953  
(-0.007623, 0.01153)

85-80 -0.5345
(-0.5469, -0.522)

0.0842
(0.08182, 0.08658)

-0.844
(-0.8553, -0.8328)

0.007873  
(0.007415, 0.008331)

80-70 -1.192
(-1.228, -1.156)

0.007978  
(0.006401, 0.009555)

-1.187
(-1.274, -1.1)

0.05783
(0.05378, 0.06189)

70-60 -0.9038
(-0.9199, -0.8876)

0.08405
(0.08216, 0.08593)

-1.167
(-1.177, -1.157)

0.01061
(0.01029, 0.01092)

60-50 -0.994
(-1.004, -0.9843)

0.01284
(0.01224, 0.01345)

-0.7445
(-0.7635, -0.7256)

0.1034
(0.1003, 0.1065)

50-40 -0.7584
(-0.7852, -0.7315)

0.09661
(0.09294, 0.1003)

-0.9809
(-0.9971, -0.9646)

0.01432
(0.01354, 0.0151)

40-30 -0.8462
(-0.8625, -0.8299)

0.01356
(0.01254, 0.01458)

-0.8167
(-0.8464, -0.7869)

0.09321
(0.08966, 0.09676)

30-20 -0.8129
(-0.8281, -0.7977)

0.01914
(0.01834, 0.01994)

-0.7908
(-0.8119, -0.7698)

0.1136
(0.1105, 0.1167)

20-15 -0.4641
(-0.4682, -0.46)

0.01448
(0.01366, 0.0153)

-0.4617
(-0.4713, -0.452)

0.1079
(0.1056, 0.1101)

15-10 0.06775
(0.05008, 0.08542)

2.459
(-10.52, 15.44)

-0.9075
(-0.9234, -0.8917)

0.05827
(0.05608, 0.06047)

10-5 -0.5383
(-0.5651, -0.5115)

0.01441
(0.0133, 0.01552)

-1.072
(-1.107, -1.037)

0.04995
(0.04911, 0.05079)

5-0 -0.8256
(-0.8389, -0.8124)

0.005955
(0.00565, 0.006261)

-0.9408
(-0.9653, -0.9162)

0.0249
(0.02454, 0.02525)
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6 MATLAB PEK (ctrl) 

RH(%) SSE R2 Adjusted R2 RMSE

0-5 0.0001787 1 1 0.001554

5-10 0.0004922 0.9998 0.9998 0.003271

10-15 0.001603 0.9988 0.9987 0.006673

15-20 0.0004639 0.9993 0.9993 0.003807

20-30 0.00787 0.9975 0.9973 0.01353

30-40 0.0006272 0.9998 0.9998 0.003347

40-50 0.002278 0.9998 0.9998 0.005059

50-60 0.003113 0.9999 0.9999 0.005394

60-70 0.002165 1 1 0.003947

70-80 0.02109 0.9997 0.9997 0.01134

80-85 0.00441 0.9998 0.9998 0.005593

85-90 0.002111 1 1 0.003453

90-95 0.008568 1 1 0.006298

95-90 0.01736 0.9973 0.9972 0.01634

90-85 0.01369 0.9981 0.9981 0.01351

85-80 0.001721 0.9998 0.9998 0.004108

80-70 0.05072 0.9987 0.9986 0.01998

70-60 0.004903 0.9998 0.9998 0.006118

60-50 0.003125 0.9998 0.9998 0.005705

50-40 0.0044 0.9997 0.9997 0.006735

40-30 0.004617 0.9997 0.9997 0.007008

30-20 0.001691 0.9999 0.9999 0.00446

20-15 0.0001794 0.9999 0.9999 0.001649

15-10 0.006461 0.998 0.9979 0.01148

10-5 0.0001603 1 1 0.001335

5-0 0.0002745 1 1 0.001335
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7 MATLAB PEK (170 ºC)
 
Fitting equation = f(x) = b*(1-exp(-x*c))+d*(1-exp(-x*e))
 

RH(%) b
(Min, Max)

c
(Min, Max)

d
(Min, Max)

e
(Min, Max)

0-5 -0.3767
(-0.3925, -0.361)

0.1299
(0.1264, 0.1333)

1.153
(1.139, 1.168)

0.03951
(0.03909, 0.03994)

5-10 0.7664
(0.7487, 0.784)

0.08008
(0.07799, 0.08218)

-0.1712
(-0.1906, -0.1519)

0.4071
(0.3579, 0.4563)

10-15 -0.2604
(-0.3277, -0.193)

0.5026
(0.3519, 0.6532)

0.7625  
(0.6978, 0.8271)

0.1092  
(0.1012, 0.1173)

15-20 0.6299
(0.5978, 0.662)

0.09539  
(0.08971, 0.1011)

-0.1734  
(-0.2082, -0.1386)

0.5773  
(0.4035, 0.7511)

20-30 0.6844
(0.6685, 0.7002)

0.1228
(0.1199, 0.1257)

0.3889  
(0.3771, 0.4007)

0.01388  
(0.01179, 0.01597)

30-40 0.627
(0.6021, 0.6519)

0.01378
(0.01153, 0.01603)

0.6212  
(0.5722, 0.6702)

0.084  
(0.07818, 0.08982)

40-50 0.4202
(0.4071, 0.4333)

0.1213
(0.117, 0.1256)

0.9354  
(0.9268, 0.944)

0.01748  
(0.01702, 0.01794)

50-60 0.4662
(0.439, 0.4935)

0.09115
(0.08519, 0.09711)

1.167  
(1.146, 1.187)

0.01444  
(0.0139, 0.01497)

60-70 0.3132
(0.3021, 0.3242)

0.1207
(0.1149, 0.1265)

1.609  
(1.601, 1.616)

0.01463  
(0.01443, 0.01483)

70-80 1.965
(1.886, 2.045)

0.02288
(0.02238, 0.02339)

1.026  
(0.9832, 1.068)

0.004159  
(0.003065, 0.005254)

80-85 1.464
(1.46, 1.468)

0.008779
(0.008669, 0.00889)

0.2132  
(0.2074, 0.219)

0.1163  
(0.1107, 0.1219)

85-90 0.2151
(0.2048, 0.2253)

0.08371
(0.0775, 0.08992)

2.209  
(2.203, 2.215)

0.008205  
(0.008109, 0.008301)

90-95 3.346
(3.343, 3.349)

0.007569  
(0.007539, 0.007598)

0.1595  
(0.1545, 0.1645)

0.1014  
(0.09482, 0.1079)

95-90 0.1816
(0.1499, 0.2134)

0.655  
(0.2947, 1.015)

-1.159  
(-1.186, -1.132)

0.04875  
(0.04649, 0.051)

90-85 -0.7111
(-0.7209, -0.7012)

0.01234  
(0.01119, 0.01348)

-0.5442  
(-0.5688, -0.5196)

0.08689  
(0.08328, 0.0905)

85-80 -0.61
(-0.6682, -0.5517)

0.0676  
(0.06155, 0.07365)

-1.106  
(-1.574, -0.6381)

0.004314  
(0.001224, 0.007404)

80-70 -1.265
(-1.278, -1.252)

0.01085  
(0.01038, 0.01133)

-1.096  
(-1.122, -1.071)

0.07197  
(0.07031, 0.07363)

70-60 -1.169
(-1.18, -1.158)

0.01214  
(0.01172, 0.01255)

-0.8473  
(-0.8661, -0.8285)

0.09057  
(0.08822, 0.09293)

60-50 -0.9839
(-0.9994, -0.9684)

0.01103  
(0.01018, 0.01187)

-0.8506  
(-0.8822, -0.8191)

0.08187  
(0.07862, 0.08513)

50-40 -0.8963
(-0.9062, -0.8863)

0.0119  
(0.01127, 0.01254)

-0.8135
(-0.8332, -0.7938)

0.09271  
(0.09016, 0.09527)

40-30 -0.7858
(-0.8106, -0.761)

0.09572  
(0.09266, 0.09877)

-0.8427  
(-0.8583, -0.8271)

0.01516  
(0.01433, 0.01599)

30-20 -0.6566
(-0.6651, -0.6481)

0.01103  
(0.01036, 0.0117)

-1.096  
(-1.114, -1.078)

0.06809  
(0.06711, 0.06907)

20-15 -0.4495
(-0.4582, -0.4408)

0.01367  
(0.01232, 0.01502)

-0.4463  
(-0.4585, -0.4342)

0.1203  
(0.1169, 0.1236)

15-10 -0.915
(-0.9436, -0.8863)

0.01132  
(0.009504, 0.01314)

-0.4181  
(-0.4616, -0.3747)

0.114  
(0.09895, 0.129)

10-5 -1.355
(-1.368, -1.343)

0.03759  
(0.0368, 0.03839)

0.1283  
(0.114, 0.1426)

0.8683  
(0.3909, 1.346)

5-0 -1.297
(-1.37, -1.224)

0.02146  
(0.02067, 0.02225)

-1.743  
(-5.354, 1.867)

0.0008794  
(-0.001349, 0.003108)
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8 MATLAB PEK (170 ºC) 

RH(%) SSE R2 Adjusted R2 RMSE

0-5 0.00006422 1 1 0.001002

5-10 0.0002356 0.9998 0.9998 0.002558

10-15 0.001505 0.9984 0.9983 0.006858

15-20 0.000829 0.9989 0.9987 0.005257

20-30 0.0004623 0.9999 0.9999 0.002823

30-40 0.004365 0.9994 0.9994 0.007387

40-50 0.00104 0.9999 0.9999 0.003478

50-60 0.007904 0.9996 0.9996 0.008082

60-70 0.002286 0.9999 0.9999 0.004421

70-80 0.001678 1 1 0.003333

80-85 0.001713 0.9999 0.9999 0.003658

85-90 0.006895 0.9999 0.9999 0.006295

90-95 0.005116 1 1 0.004706

95-90 0.01158 0.9977 0.9976 0.01464

90-85 0.001249 0.9998 0.9998 0.004001

85-80 0.007577 0.999 0.9989 0.009856

80-70 0.004378 0.9999 0.9999 0.006091

70-60 0.00411 0.9998 0.9998 0.006005

60-50 0.006951 0.9997 0.9996 0.008175

50-40 0.003073 0.9998 0.9998 0.005571

40-30 0.002668 0.9998 0.9998 0.005386

30-20 0.000886 1 1 0.002977

20-15 0.0002534 0.9999 0.9999 0.002109

15-10 0.01539 0.9982 0.9981 0.01362

10-5 0.00717 0.9993 0.9992 0.01012

5-0 0.003131 0.9999 0.9999 0.004712
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9 MATLAB PEK (190 ºC)
 
Fitting equation = f(x) = b*(1-exp(-x*c))+d*(1-exp(-x*e))
 

RH(%
)

b
(Min, Max)

c
(Min, Max)

d
(Min, Max)

e
(Min, Max)

0-5 -0.2145
(-0.2299, -0.1991)

0.1179
(0.113, 0.1227)

0.9293
(0.9147, 0.9438)

0.0392
(0.03873, 0.03966)

5-10 -0.067
(-0.08032, -0.05369)

0.5475
(0.3884, 0.7066)

0.6049
(0.5927, 0.617)

0.07952  (0.07742, 
0.08163)

10-15 0.0886
(-3.334, 3.512)

0.00536
(-0.2785, 0.2892)

0.4514
(0.2883, 0.6146)

0.09619
(0.07197, 0.1204)

15-20 0.4539
(0.4406, 0.4672)

0.1049
(0.09955, 0.1103)

-0.04467
(-0.05952, -0.02983)

1.74
(-1.549, 5.028)

20-30 0.9765
(0.9306, 1.022)

0.09615
(0.09001, 0.1023)

-0.197
(-0.2458, -0.1481)

1.201
(-0.03707, 2.439)

30-40 0.5011
(0.4947, 0.5074)

0.01755
(0.01666, 0.01844)

0.5547
(0.5427, 0.5668)

0.1124
(0.1101, 0.1147)

40-50 0.792
(0.7815, 0.8024)

0.01622
(0.01559, 0.01686)

0.4702
(0.4541, 0.4863)

0.1157
(0.1111, 0.1203)

50-60 1.072
(1.064, 1.081)

0.01601
(0.01556, 0.01647)

0.3361
(0.3219, 0.3502)

0.1302
(0.1231, 0.1374)

60-70 1.488
(1.462, 1.514)

0.01347
(0.01297, 0.01396)

0.4227
(0.3875, 0.4579)

0.07954
(0.07265, 0.08644)

70-80 1.136
(1.04, 1.232)

0.02678
(0.02566, 0.02791)

1.453
(1.376, 1.53)

0.008135
(0.007547,0.008723)

80-85 1.408
(1.403, 1.412)

0.007175
(0.00708, 0.00727)

0.2401
(0.2342, 0.246)

0.1082
(0.1031, 0.1133)

85-90 0.2451
(0.2388, 0.2515)

0.09404
(0.08948, 0.09861)

1.927
(1.922, 1.932)

0.006478
(0.006407,0.006549)

90-95 3.207
(3.203, 3.212)

0.006414
(0.00638, 0.006447)

0.1905
(0.1832, 0.1977)

0.06237
(0.0587, 0.06604)

95-90 0.1809
(0.154, 0.2078)

0.7279
(0.3705, 1.085)

-1.03
(-1.053, -1.006)

0.05339
(0.05117, 0.05561)

90-85 -1.092
(-4.224, 2.04)

0.003417
(-0.00918, 0.01601)

-0.5736
(-0.6689, -0.4784)

0.07667
(0.06727, 0.08606)

85-80 -0.7897
(-0.8406, -0.7389)

0.006754
(0.005554,0.007954)

-0.5446
(-0.5684, -0.5209)

0.07613
(0.07271, 0.07955)

80-70 -1.131
(-1.137, -1.125)

0.0121
(0.0118, 0.01241)

-0.8905
(-0.9024, -0.8786)

0.09044
(0.08913, 0.09176)

70-60 -0.8357
(-0.8638, -0.8076)

0.08238
(0.07943, 0.08534)

-1.09
(-1.107, -1.073)

0.01217
(0.01154, 0.01279)

60-50 -0.7051
(-0.7183, -0.6918)

0.1081
(0.1056, 0.1107)

-0.9468
(-0.954, -0.9396)

0.01274
(0.0123, 0.01317)

50-40 -0.6946
(-0.7083, -0.6808)

0.1271
(0.1239, 0.1304)

-0.8736
(-0.8815, -0.8657)

0.01518
(0.01463, 0.01573)

40-30 -0.8358
(-0.8474, -0.8242)

0.01664
(0.01591, 0.01738)

-0.6781
(-0.6968, -0.6593)

0.1155
(0.112, 0.1191)

30-20 -0.9581
(-0.9761, -0.9402)

0.07828
(0.0771, 0.07946)

-0.6858
(-0.6947, -0.6769)

0.01386
(0.01312, 0.0146)

20-15 -0.4509
(-0.4594, -0.4423)

0.01376
(0.01206, 0.01547)

-0.4505
(-0.471, -0.4299)

0.1017
(0.09724, 0.1061)

15-10 -0.5788
(-0.6964, -0.4611)

0.08037
(0.0697, 0.09105)

-0.6132
(-1.574, 0.3472)

0.006774
(-0.0109, 0.02444)

10-5 -1.471
(-1.483, -1.458)

0.03488
(0.03431, 0.03546)

0.05353
(0.0399, 0.06716)

0.7189
(0.08465, 1.353)

5-0 -0.7707
(-0.7868, -0.7547)

0.00575  
(0.005232,0.006267)

-0.947
(-0.9831, -0.911)

0.02498
(0.02446, 0.02549)
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10 MATLAB PEK (190 ºC) 

RH(%) SSE R2 Adjusted R2 RMSE

0-5 0.00003976 1 1 0.0007944

5-10 0.0003112 0.9997 0.9997 0.002862

10-15 0.001727 0.9978 0.9976 0.007126

15-20 0.0006455 0.9986 0.9984 0.00489

20-30 0.00965 0.9963 0.996 0.01553

30-40 0.0002411 0.9999 0.9999 0.001911

40-50 0.001794 0.9998 0.9998 0.004464

50-60 0.002085 0.9998 0.9998 0.004787

60-70 0.012 0.9996 0.9996 0.009571

70-80 0.003271 1 1 0.004453

80-85 0.003239 0.9999 0.9999 0.004542

85-90 0.004097 0.9999 0.9999 0.004924

90-95 0.006781 1 1 0.005187

95-90 0.008321 0.9979 0.9978 0.01241

90-85 0.001724 0.9994 0.9994 0.005932

85-80 0.002337 0.9997 0.9996 0.005243

80-70 0.001023 1 1 0.003167

70-60 0.006266 0.9997 0.9997 0.00748

60-50 0.00192 0.9999 0.9999 0.004449

50-40 0.00181 0.9999 0.9999 0.004535

40-30 0.001932 0.9998 0.9998 0.00474

30-20 0.0004066 1 1 0.002227

20-15 0.0007917 0.9998 0.9998 0.003438

15-10 0.0009439 0.9996 0.9996 0.004685

10-5 0.01014 0.9994 0.9993 0.01061

5-0 0.0004495 1 1 0.001767
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11 MATLAB PEK (210 ºC)
 
Fitting equation = f(x) = b*(1-exp(-x*c))+d*(1-exp(-x*e))
 

RH(%) b
(Min, Max)

c
(Min, Max)

d
(Min, Max)

e
(Min, Max)

0-5 -0.1873
(-0.2092, -0.1655)

0.1302
(0.1199, 0.1405)

0.8133
(0.7937, 0.8328)

0.03582
(0.03492, 0.03672)

5-10 0.5073
(0.4948, 0.5199)

0.07971
(0.07696, 0.08245)

-0.04347
(-0.05757, -0.02936)

0.5123
(0.2927, 0.7319)

10-15 -0.0283
(-0.04522, -0.01138)

0.9474
(-0.02478, 1.92)

0.4094
(0.3942, 0.4247)

0.1117
(0.1054, 0.1179)

15-20 0.3612
(0.3503, 0.3721)

0.1038
(0.09846, 0.1092)

-0.01387
(-0.02649,-0.00125)

0.8923
(-0.4644, 2.249)

20-30 -0.1968
(-0.2508, -0.1428)

1.008
(0.0951, 1.921)

0.8579
(0.8062, 0.9096)

0.1002
(0.09305, 0.1074)

30-40 0.4442  
(0.4208, 0.4676)

0.1329
(0.1254, 0.1403)

0.3929
(0.3819, 0.404)

0.01742
(0.01486, 0.01998)

40-50 0.3701
(0.3584, 0.3818)

0.1348
(0.1297, 0.1399)

0.6038
(0.597, 0.6106)

0.01735
(0.01663, 0.01808)

50-60 0.7961
(0.7893, 0.8029)

0.01708
(0.01645, 0.01771)

0.3167
(0.3044, 0.3291)

0.142
(0.135, 0.1489)

60-70 1.166
(1.153, 1.18)

0.0129
(0.01248, 0.01332)

0.3913
(0.3715, 0.4111)

0.1036
(0.09649, 0.1107)

70-80 1.72  
(1.71, 1.73)

0.01041
(0.0102, 0.01061)

0.3024
(0.2876, 0.3173)

0.1169
(0.1064, 0.1273)

80-85 0.1782
(0.1741, 0.1822)

0.1467
(0.1402, 0.1531)

1.139
(1.129, 1.149)

0.006658
(0.006509, 0.00681)

85-90 1.886
(1.883, 1.89)

0.006334
(0.006289,0.006379)

0.1866
(0.1828, 0.1904)

0.1258
(0.1197, 0.1319)

90-95 2.582  
(2.58, 2.585)

0.00502
(0.005001, 0.00504)

0.2294
(0.2269, 0.2318)

0.09985
(0.09732, 0.1024)

95-90 0.07939
(0.05856, 0.1002)

0.6848
(0.3796, 0.9899)

-0.5912
(-0.6084, -0.5741)

0.08612
(0.08159, 0.09064)

90-85 -0.6142
(-0.7391, -0.4893)

0.05114
(0.03919, 0.06308)

0.004633
(-0.06323, 0.0725)

-0.02724
(-0.1537, 0.09923)

85-80 -0.3938
(-0.4297, -0.3579)

0.09311
(0.08471, 0.1015)

-1.135
(-4.356, 2.086)

0.002083
(-0.00481,0.008975)

80-70 -0.7447
(-0.7585, -0.7308)

0.01156
(0.01035, 0.01277)

-0.6993
(-0.723, -0.6755)

0.1026
(0.09876, 0.1065)

70-60 -0.8076
(-0.8129, -0.8022)

0.01247
(0.01207, 0.01288)

-0.6597
(-0.67, -0.6493)

0.1069
(0.1049, 0.109)

60-50 -0.7746
(-0.7812, -0.768)

0.01232
(0.01185, 0.01279)

-0.6389
(-0.6506, -0.6272)

0.116
(0.1131, 0.119)

50-40 -0.7012
(-0.7077, -0.6947)

0.01314
(0.01253, 0.01375)

-0.6005
(-0.6127, -0.5882)

0.1204
(0.1172, 0.1236)

40-30 -0.7084
(-0.7176, -0.6993)

0.01512
(0.01434, 0.01591)

-0.6358
(-0.6523, -0.6193)

0.116
(0.1125, 0.1195)

30-20 -0.6712
(-0.681, -0.6615)

0.01699
(0.01632, 0.01766)

-0.7376
(-0.7523, -0.723)

0.1137
(0.1112, 0.1161)

20-15 -0.3556
(-0.3681, -0.343)

0.1301
(0.1257, 0.1345)

-0.3784  
(-0.3837, -0.3731)

0.01798
(0.01646, 0.01951)

15-10 -0.4495
(-0.4635, -0.4354)

0.01683
(0.01289, 0.02077)

-0.4261
(-0.4693, -0.3828)

0.09316
(0.08666, 0.09966)

10-5 -1.252
(-1.307, -1.198)

0.03335
(0.03197, 0.03473)

0.06013
(0.001137, 0.1191)

0.1276
(0.03143, 0.2238)

5-0 -0.884
(-0.9052, -0.8627)

0.02502
(0.02469, 0.02536)

-0.7519
(-0.7697, -0.7342)

0.004136
(0.003681,0.004591)
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12 MATLAB PEK (210 ºC) 

RH(%) SSE R2 Adjusted R2 RMSE

0-5 0.000127 0.9999 0.9999 0.00152

5-10 0.0002146 0.9997 0.9997 0.00255

10-15 0.0003845 0.9991 0.999 0.003846

15-20 0.0001863 0.9994 0.9993 0.002786

20-30 0.009489 0.9946 0.9942 0.01485

30-40 0.001235 0.9995 0.9995 0.004537

40-50 0.0006515 0.9998 0.9998 0.003008

50-60 0.0009523 0.9998 0.9998 0.003587

60-70 0.008058 0.9996 0.9996 0.008094

70-80 0.01759 0.9996 0.9996 0.01045

80-85 0.0006891 0.9999 0.9999 0.002652

85-90 0.002778 0.9999 0.9999 0.00394

90-95 0.00172 1 1 0.002835

95-90 0.0004219 0.9994 0.9993 0.004028

90-85 0.02322 0.9894 0.9888 0.02093

85-80 0.00171 0.9989 0.9988 0.005681

80-70 0.002619 0.9997 0.9997 0.005758

70-60 0.0009607 0.9999 0.9999 0.003231

60-50 0.002041 0.9998 0.9998 0.004541

50-40 0.001354 0.9998 0.9998 0.003992

40-30 0.001493 0.9998 0.9998 0.004294

30-20 0.001082 0.9999 0.9999 0.003568

20-15 0.0001898 0.9999 0.9999 0.001893

15-10 0.0003763 0.9999 0.9998 0.002716

10-5 0.003441 0.9997 0.9996 0.006517

5-0 0.000117 1 1 0.0009637

 


