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Table 2-1 Experimental conditions and results 

material 
C

[wt%] [kg m-3]

S 10-3

[m2 kg-1]

Vtotal 103

[m3 kg-1]

amount

adsorbed at 

P/Ps=1

[kg kg-1]

Inflection point 

of adsorption 

isotherm[-] 

q0.1-0.35

[kg m-3]

amount

silica [%]

AC 0 765 1390 2.61 0.52 0.68 15.3 0

0.1 767 1200 1.57 0.45 0.60 38.3 0.27

1 783 1180 1.30 0.47 0.50 38.3 2.45

9 862 1060 2.44 0.41 0.61 7.65 12.7

9 +9 937 847 2.57 - - - 22.5

AB 0 1150 1080 0.416 0.36 0.59 11.5 0

0.1 1150 - - - - - 0.069

1 1150 606 0.377 0.33 0.42 46.3 0.42

9 1190 442 0.344 0.29 0.43 47.6 3.49

BG 0 1000 1200 0.589 0.38 0.57 10.0 0

0.1 1000 851 0.467 0.38 0.47 78.0 0.94

1+0.1 1000 - 1.25 0.38 0.41 90.0 2.10

9 - 834 1.26 0.38 0.36 89.8 -

silica gel - 820 650 0.37 0.37 - 98.3 -

Na2O 3.3SiO2 + H2SO4 + 5.6H2O  3.3Si(OH)4 + Na2SO4

2Si(OH)4  (OH)3Si-O-Si(OH)3 + H2O

0.1 1 9wt% 3 1

2 1 2

350K 2 45

2 5)

24



drying

washing with water 
(removing Na2SO4)

activated carbon(10g) 
evacuation(350 K,2hour)

drying(350K,24hour)

drying(350K,24hour)

filtration

 for putting silica sol
(50ml 3.9N H2SO4 solution, 24hour)

Fig. 2-1 Scheme of adhering hydrophilic silica process 

Figs. 2-2 4 303K

3

P/PS=1 S P/PS

Table 2-1

P/PS=0.1 0.35 q0.1-0.35 Table 2-1

C=1+0.1 C=1wt% 2 0.1wt%

P/PS

AC 1) C P/PS=1

13 19% 2) P/PS C=1wt%

3) q0.1-0.35 C=1wt% 2.5 5)



6) C

AB AC 1) 2) 5) 6) 1) qAIR

C=1wt% 20 2) q0.1-0.35 C=1wt% 4

3) AC

BG AC 2) 5) 6) 1)

C P/PS=1 2) q0.1-0.35 C=1wt%

1.2 3) C

q0.1-0.35 AB C=1wt% 4

q0.1-0.35

AB

Fig. 2-2 Adsorption isotherms of water vapor for AC at 303 K 

Fig. 2-5 AC

Q[kg kg-1]

Fig. 2-5 =97.55 2.45 1)

2)

77.5 22.5 3) P/PS 0.6

4) 2)



Fig. 2-3 Adsorption isotherms of water vapor for AB at 303 K 

Fig. 2-4 Adsorption isotherms of water vapor for BG at 303K 



Fig. 2-5 Comparison of water vapor adsorption isotherms for AC at 303K 

AB BG

1) 2)

Fig. 2-6 BG SEM (Fig. 2-6 (a), (b)) EDX (Fig. 2-6 (c), 

(d)) SEM EDX

1) P/PS=1

2) q0.1-0.35

C=1wt% C=1+1.0wt%



Fig. 2-6 SEM photos (a and b) and EDX photos (c and d) 

Nomenclature 

C = concentration of sodium silicate [wt%]

P = pressure [Pa]

Q = adsorbed amount per unit mass of adsorbent [kg kg-1]

q = adsorbed amount per unit volume of adsorbent [kg m-3]

q = differential adsorbed amount [kg kg-1]

S = surface area [m2 kg-1]

T = adsorption temperature [K]

V = volume [ml g-1]

= relative pressure [-] 

 = density of adsorbent [kg m-3]

<Subscripts> 

0.1-0.35  = relative pressure region from =0.1 to =0.35 

s = saturation 

total = all pores 



Literature cited 

1) Ito, M., F. Watanabe and M Hasatani; “Improvement of Both Adsorpion Performance of Silica Gel and Heat 

Transfer Characteristics by Means of Heat Exchenge Modulation for a Heat Pump,” Kagaku Kogaku 

Ronbunshu, 22, 163-170 (1996) 

2) Tajima N., T. Takesugu and K. Hirao; “Theoretical study on adsorption and proton exchange reaction of H2O

on H-form zeolite,” Ghemical Physics, 218, 257-265 (1997) 

3) Tsunoda R., T. Ozawa and J. Ando; “Ozone Treatment of Coal-and Coffee Grounds-Based Active Carbons: 

Water Vapor Adsorption and Surface Fractal Micropores,” J. Colloid Interface Sci., 205, 265-270 (1998) 

4) Watanabe F., T. Sugiura, M. Hasatani and C. Marumo; “Operating Limits of Heat Pump Using Adsorption of 

Structural Active Carbon/Water Vapour,” Kagaku Kogaku Ronbunshu, 15, 38-43 (1989a) 

5) Crank J.; Mathmatics of Diffusion, p84-87, Oxford University Press, London, UK (1956) 



AHP

AHP

2, 3)

2 AHP

8 3

KOH

PC

q0.1-0.35 [kg/kg]

(PET) (PAN) 0.1 

mm 0.2 mm (PI) 1.5 mm

(PC) (NY) (PETY) (PAC) ABS

(PS) (ME) (PH) 1.2 mm 2.3 mm 3.4 mm 2.8 mm 2.6 mm

1.0 mm 1.5 mm 80 m

10 mg 2 K/min

KOH

Fig. 3-1 55 mm

(2 g)

2 K/min 60

pH 7

KOH KOH/ R 0.8



4 Ta 673 873 K

77K

BET
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500(unit mm) 

245
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Fig.3-1 Schematic drawing of the experimental apparatus 

Fig. 3-2 3-3 Fig. 3-2 Fig. 3-3

Fig. 3-2 PAN 550 K 700 K

600 700 K 700 750 K Fig. 3-3

PH 673 K PI ME 373 K

773 K
1

Table 3-1 850 K 1073 K Fig. 

3-4 =0.1 0.35

AHP 348 K 303 K

286 K q0.1-0.35

AHP

Fig. 3-4 Table 3-1

PAN 50 25

ME 60



PAN ME ( 0.25) PI PH (0.25

0.6) ( >0.6) q0.1-0.35 AHP

KOH

Table 3-1 Yield and water vapor adsorption ability 

Raw material  q0.1-0.35 [kg kg-1] Y[%] 

Thermoplastics resin 

Polyethylene -  0

Polyester 0.003 15 

ABS -  0 

Polyacetal -  0

Nylon (NY) -  0 

Polystyrene -  0

Polyacrylonitrile (PAN) 0.033 54

Polycarbonate (PC) 0.003 26

Thermosetting resin 

Phenol resin (PH) 0.006 59

Polyimide (PI) 0.10 60

Melamine resin (ME) 0.03 15

3 3 KOH/

R 3.2 773K KOH Fig. 3-5

3-6 (NY)

Table 3-1

q0.1-0.35 Table3-2

Table 3-2 Properties of activated carbons 

Sample Ta [K] R [-] q0.1-0.35 [kg kg-1] Y [%] S [m2 g-1]

Polyester 673 4 0.05 25 - 

 773 0.8 0.06 5 120 

 773 1.6 0.05 15 500 

 773 3.2 0.20 42 941 

 773 4 0.12 22 685 

 873 4 0.05 19 872 

Polycarbonate 773 3.2 0.21 60 - 

Polyacrylonitrile 773 3.2 0.09 10 - 

Nylon 773 3.2 0.12  6 - 

Polyimide 773 3.2 0.17 40 - 

Phenol resin 773 3.2 0.18 45 -

Silica gel   0.10  650 



PAN NY

=0.5 =0.5

4

q0.1-0.35 2 40

q0.1-0.35 1

PE PC AHP

q0.1-0.35 a PET 3/4 PC

2 Table 3-3

4 KOH AHP

Table3-3 Capability of activated carbons for silica gel

Sample q0.1-0.35 [kg kg-1] a[kg m-3] q0.1-0.35 a[kg m-3]

Polyester 0.20 290 59 

Polycarbonate 0.21 700 150 

Silica gel 0.10 770 77

4 PE PI PH 1 PC 2

PAN NY

PAN NY q0.1-0.35

AHP

AHP

q0.1-0.35 PET

KOH

Fig. 3-7 Ta=778 K R

q0.1-0.35 BET Table3-2

Fig. 3-7 R R 3.2

R 0.1< <0.4 R>3.2

V q0.1-0.35 Y

R=3.2 R 3.2

Fig. 3-8 R=4 Ta 675 875 K

Ta V Ta=875 K q0.1-0.35



Fig. 3-2 Thermogravimetric curves for thermoplastic resins 

Fig. 3-3 Thermogravimetric curves for thermosetting resins 



Fig. 3-4 Water vapor adsorption isotherms for carbonized plastics at 303 K (Polycarbonate: 30 min at 873 K, PET: 

30 min at 773 K, PAN: 60 min at 873 K, Polyimide: 60 min at 1073 K, Phenol resin: 60 min at 1073 K) 

Fig. 3-5 Water vapor adsorption isotherms for activated thermoplastic resins at 303 K (Activation condition: 

R=3.2, Ta=773 [K]) 



Fig. 3-6 Water vapor adsorption isotherms for activated thermosetting resins at 303 K (Activation condition: 

R=3.2, Ta=773 [K]) 

Fig. 3-7 Water vapor adsorption isotherms for activated PET at 303 K (Ta=773 [K]) 



Fig. 3-8 Water vapor adsorption isotherms for activated PET at 303 K (R=4)

3 S-1000,S-2000,S-3000

S-1000 S-2000 S-3000

Fig. 3-1 2 g 30 55 20 mm

/ R

373 K

1 l/min 2 K/min Ta ta

pH 7

373 K

3 S1000, S2000, S3000

303 K Table 3-4, 3-5 ta

Ta R /

AHP 0.1 0.35 q0.1-0.35 Y /

100



Table 3-4 Properties of activated carbon from polycarbonate activated by KOH

sample ta Ta R Heating rate q0.1-0.35 Y

[hr] [K] [-] [K/min] [kg/kg] [%] 

S2000 1 450 3.2 2 0.11 70.2 

S2000 1 773 3.2 2 0.14 69.3 

S2000 1 773 6.0 2 0.16 41.8 

S2000 6 773 3.2 2 0.21 63.3 

S2000 1 873 3.2 2 0.16 52.1 

S2000 1 973 3.2 2 0.06 41.2 

S2000 1 1073 3.2 2 0.03 42.7 

S2000 1 1173 3.2 2 0.01 41.0 

S1000 1 773 3.2 2 0.15 68.2 

S1000 1 973 3.2 2 0.04 51.5 

S3000 1 773 3.2 2 0.11 54.1 

S3000 1 773 6.0 2 0.16 32.8 

S3000 1 973 3.2 2 0.04 27.3 

Silica gel 0.10 

Table 3-5 Properties of activated carbons from polycarbonate activated by NaOH 

sample ta Ta R Heating rate q0.1-0.35 Y

[hr] [K] [-] [K/min] [kg/kg] [%] 

S2000 1 773 3.2 2 0.15 61.3 

S2000 3 773 3.2 2 0.19 60.9 

S2000 4 773 3.2 2 0.09 52.2 

S2000 6 773 3.2 2 0.11 51.5 

S2000 6 873 3.2 2 0.01 36.5 

S2000 6 773 4.0 2 0.11 52.3 

S2000 10 773 3.2 2 0.11 48.9 

S3000 6 773 3.2 2 0.11 53.2 

S1000 6 773 3.2 2 0.11 53.9 

Silica gel 0.10 

S1000 S2000 S3000

303 K Fig. 3-9 3-12 q0.1-0.35

Y Table 3-4 Table 3-5



Fig. 3-9 R 3.2 Ta 773 K 2 K/min ta

S1000 S2000 S3000

S1000 S2000

S3000

=1 2 15% q0.1-0.35 25% Y

S3000

R 6 30 

Fig. 3-10 R=6 q0.1-0.35 1 S1000

S2000 Y 32.8% S2000

R=3.2, 6 S2000 R

S3000

S1000 S2000 S3000 R 3.2 Ta 973 K 2 K/min

ta 303 K Fig. 3-11

0.4 S1000 S3000

S2000

20

S1000 S2000 S3000

q0.1-0.35

Fig. 3-12 R 3.2 Ta 773 K 2 K/min ta=6

S1000 S2000 S3000

1

S2000 S3000 S1000 S1000 S2000

15% Y q0.1-0.35 0.11 kg/kg

0.3 0.6

S3000

S2000



PC S-3000.ads
des
PC S-2000.ads
des
PC S-1000.ads
des

Fig.1-4 Adsorption isotherm of water vapor on activated carbons 
           activated with KOH from polycarbonate.(303K)

Fig. 3-9 Adsorption isotherms of water vapor at 303 K on carbons activated with 

KOH from polycarbonate (R=3.2, Ta=773 K, ta=1 hr) 

S-3000,R=3.2,ads
des
S-3000,R=6,ads
des

Fig.1-5 Adsorption isotherm of water vapor on activated carbons 
            activated with KOH from S3000.(303K)

Fig. 3-10 Adsorption isotherms of water vapor at 303 K on carbons activated with 

KOH from S3000 (Ta=773 K, ta=1 hr) 



Fig.1-7 Adsorption isotherm of water vapor on activated carbons  
         activated with KOH from polycarbonate.(303K)(T=700K)

Fig. 3-11 Adsorption isotherms of water vapor at 303 K on carbons activated with 

KOH from polycarbonate (R=3.2, Ta=973 K, ta=1 hr) 

Fig.1-8 Adsorption isotherm of water vapor on activated carbons
            activated with NaOH from polycarbonate.(303K)

Fig. 3-12 Adsorption isotherms of water vapor at 303 K on carbons activated with 

NaOH from polycarbonate (R=3.2, Ta=773 K, ta=6 hr) 



Fig. 3-13 R 3.2 Ta=773 1173 K 2 K/min ta

303 K

Ta=773 K

1173 K Ta=773 K 2

Y Ta 973 41 q0.1-0.35

Ta=773 0.16kg/kg

Fig. 3-14 R 3.2 Ta=773 K, 873 K 2 K/min ta 6

303 K Ta

10

S

T=773K,ads
des
T=873K,ads
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T=1173K,ads
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Fig.1-9 Adsorption isotherm of water vapor on activated carbons  
            activated with KOH from polycarbonate.(303K)

Fig. 3-13 Adsorption isotherms of water vapor on carbons activated with KOH 

from polycarbonate (R=3.2, ta=1 hr) 



T=773K,t=6h,ads
des
T=873K,t=6h,ads
des

Fig.1-10 Adsorption isotherm of water vapor on activated carbons
      activated with NaOH from polycarbonate.(303K) 

Fig. 3-14 Adsorption isotherms of water vapor on carbons activated with NaOH 

from polycarbonate (R=3.2, ta=6 hr) 

1) 11

2) 6 KOH

2

3) AHP /KOH 3.2

773K AHP

4) S2000 q0.1-0.35 KOH 0.21kg/kg

NaOH 0.19kg/kg 2

AHP

Nomenclature 

P  = pressure [kPa] 

q = adsorbed amount [kg kg-1]

q = differential adsorbed amount [kg kg-1]

R = weight ratio of KOH or NaOH to raw material [-] 

T = temperature [K]

Ta = activation temperature [K]



ta = holding time at Ta [hr] 

W/W0  = weight ratio of carbonized material to raw material [-] 

Y = yield [%] 

= relative water vapor pressure [-] 

  = time [s]

a = appearance density [kg m-3]

<Subscript> 

0.1-0.35  = relative pressure region from =0.1 to =0.35 

e  = equilibrium 

w  = water vapor 
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0.3

q0.1-0.35 0.30 kg/kg

q0.1-0.35 3

2 Fig. 4-4 1

2 Fig. 2-7 0.4

0.4

Fig. 4-5 0.4 0.33 2 1

Fig. 4-1 Adsorption isotherms of water vapor on activated carbons oxidized with HNO3 (303K) 



oxidation for 12h.ads
des
oxidation for 24h.ads
des

Fig. 4-2 Adsorption isotherms of water vapor on activated carbons oxidized with HNO3 (303K) 

Fig. 4-3 Adsorption isotherms of water vapor on activated carbon and that oxidizad with HNO3 (303K) 



oxidation 2times.ads
des
oxidation 1time.ads
des

Fig. 4-4 Adsorption isotherms of water vapor on activated carbons oxidized with HNO3 (303K) 

Fig. 4-5 Adsorption equilibria of water vapor at 303 K on activated carbons oxidized with HNO3

Zoomed at lower relative pressure range of Fig. 4-4 



Table 4-1 Properties of activated carbon oxidized

Sample: to C q0.1-0.35

HNO3 oxidation [h] [mol/l] [kg/kg] 

NaOH activation: 6h  0.11 
NaOH activation: 6h 12 13 0.24
NaOH activation: 6h 24 1 0.18
NaOH activation: 6h 24 13 0.27
NaOH activation: 10h 0.11 
NaOH activation: 10h 24 13 0.30

Silica gel - - 0.10

NaOH AHP

ta 10 13mol/l 24 q0.1-0.35 0.30kg/kg

3

Nomenclature 

C  = concentration of nitric acid [mol l-1]

q = adsorbed amount [kg kg-1]

q = differential adsorbed amount [kg kg-1]

R = weight ratio of KOH or NaOH to raw material [-] 

Ta = activation temperature [K]

ta = holding time at Ta [hr] 

to = time for oxidation treatment [hr]

= relative water vapor pressure [-] 

<Subscript> 

0.1-0.35  = relative pressure region from =0.1 to =0.35 
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