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## 4570622421: MAJOR DEPARTMENT OF CHEMICAL ENGINEERING

KEYWORD: POROUS CARBON / CARBONIZATION / ADSORPTION / PROSITY
ADISAK SIYASUKH: EFFECTS OF ULTRASOUND ON THE POROUS
CHARACTERISTICS OF RESORCINOL-FORMALDEHYDE GEL AND CARBON
GEL. THESIS ADVISOR: MISS NATTAPORN TONANON, M.Sc., THESIS CO-
ADVISOR: PROF. WIWUT TANTHAPANICHAKOON, Ph.D., 69 pp. ISBN 974-17-
6453-7

Mesoporous carbon gels are usually obtained by carbonizing resorcinol-formaldehyde (RF) gels,
which are synthesized via the sol-gel polycondensation of resorcinol with formaldehyde in a slightly basic
aqueous solution followed by drying. However, mesoporous carbon gels can not be prepared under condition of
high catalyst concentration or C/W value (C/W > 70 mol/m3) of RF solution. In this work, mesoporous carbon
gels are prepared by ultrasonic irradiation to RFE solution during sol-gel polycondensation step followed by
freeze drying. It is found that the gelation time of RF solution becomes greatly short by ultrasonic irradiation
and the ultrasonic can improve mesopore volume of carbon gels. Although the carbon gels prepared by
ultrasonic at high C/W value (C/W = 80 mol/ms) can be retained mesopore after carbonization and they have
sharp mesopore radius size distribution.

The ultrasonic using in the preparation of RF gel is an interesting way in improving mesoporosity in

carbongels prepared at high C/W value.
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Hydrogel Preparation Step
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n.1 wa lo Tsnounsgasu-n e (Adsorptiom - Desorption Isotherm) ¥4 [uTasiauil 77 1na

U Y04 RF Sonogel ag RF Gel

C/W =20 mol/m’

Power =0 W Power =30 W
Adsorption Desorption Adsorption Desorption

Vol P/P, Vol P/P, Vol P/P, Vol P/P,
0.00 0.00 500.10 0.91 0.00 0.00 863.98 1.00
33.70 0.00 498.98 0.88 32.94 0.00 802.71 0.98
74.65 0.01 495.78 0.85 73.76 0.02 798.90 0.95
82.53 0.02 496.92 0.81 79.84 0.02 792.08 0.92
85.01 0.03 478.28 0.79 82.07 0.03 782.43 0.90
87.04 0.03 430.91 0.77 84.03 0.03 594.72 0.88
88.97 0.04 323.77 0.75 85.86 0.04 486.01 0.87
90.68 0.04 251.26 0.70 87.47 0.04 419.54 0.86
92.24 0.04 213.43 0.64 88.71 0.04 371.50 0.84
93.87 0.05 200.46 0.60 90.05 0.05 346.37 0.83
94.84 0.05 183.06 0.54 91.59 0.05 321.90 0.82
97.90 0.06 168.38 0.48 94.76 0.06 301.17 0.80
99.18 0.06 155.79 0.42 95.93 0.07 271.96 0.77
100.60 0.07 148.04 0.37 97.02 0.07 254.32 0.73
101.66 0.07 98.48 0.07 238.42 0.70
102.56 0.08 99.58 0.08 222.56 0.66
103.64 0.08 100.43 0.08 211.13 0.63
104.70 0.09 101.21 0.09 197.60 0.56
105.51 0.09 102.08 0.09 180.00 0.50
106.61 0.10 103.26 0.10 171.56 0.45
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C/W =20 mol/m’

Power =0 W Power =30 W
Adsorption Desorption Adsorption Desorption

Vol P/P, Vol P/P, Vol P/P, Vol P/P,

107.41 0.10 103.89 0.10 160.70 0.40

128.10 0.22 124.91 0.22 152.67 0.36
136.43 0.27 134.35 0.28
145.23 0.33 142.10 0.33
155.53 0.39 150.98 0.38
163.81 0.44 160.81 0.44
174.20 0.50 170.63 0.50
186.91 0.55 183.15 0.55
199.17 0.61 195.37 0.61
217.77 0.66 212.39 0.66
236.43 0.72 229.24 0.72
265.06 0.77 253.46 0.77
309.25 0.82 286.08 0.82
380.55 0.86 342.76 0.87
506.55 0.94 461.64 0.91
611.57 1.00 553.23 1.00
754.38 1.00
954.75 1.00

M1397 .1 udaINamInIsgasu-mesy Tulasion n

1A C/W 19101 20 mol/m’

a

QUL 77 1AAIU Y03 RF Gel 11az RF Sonogel 11

a u
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C/W = 80 mol/m’

Power =0 W Power =30 W
Adsorption Desorption Adsorption Desorption

Vol P/P, Vol P/P, Vol P/P, Vol P/P,

0.00 0.00 673.38 1.00 0.00 0.00 711.19 0.96
41.10 0.00 580.89 0.99 37.68 0.00 703.65 0.93
100.66 0.01 579.39 0.95 95.60 0.01 708.91 0.89
118.75 0.03 575.45 0.92 122.04 0.02 697.89 0.87
122.31 0.03 573.28 0.88 126.30 0.03 694.86 0.84
125.18 0.03 570.11 0.85 129.27 0.03 690.50 0.81
127.64 0.04 567.80 0.82 131.87 0.04 692.26 0.79
129.98 0.04 564.54 0.79 134.58 0.04 683.95 0.74
132.37 0.04 559.99 0.74 136.38 0.04 674.43 0.70
134.62 0.05 556.81 0.71 138.11 0.05 643.74 0.67
136.11 0.05 555.20 0.66 140.49 0.05 526.77 0.66
137.56 0.05 548.83 0.62 143.25 0.05 449.97 0.63
141.97 0.06 491.48 0.61 147.78 0.06 368.89 0.60
143.52 0.07 401.42 0.58 149.42 0.07 330.93 0.55
145.65 0.07 335.02 0.55 151.38 0.07 294.04 0.51
147.70 0.08 298.66 0.50 153.00 0.08 271.46 0.46
149.55 0.08 270.18 0.45 154.35 0.08 258.01 0.42
151.08 0.08 251.34 0.40 155.99 0.08 242.47 0.38
152.59 0.09 236.91 0.36 157.44 0.09
153.94 0.09 158.70 0.09
155.61 0.10 160.34 0.10
156.90 0.10 161.60 0.10
191.10 0.22 163.32 0.11
206.66 0.27 198.52 0.23
222.21 0.33 212.24 0.28
238.39 0.38 228.87 0.34
255.24 0.44 243.10 0.39
276.79 0.50 259.82 0.45
303.22 0.55 281.23 0.50
336.14 0.60 304.69 0.56

Haonrhoa i
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C/W = 80 mol/m’

Power =0 W Power =30 W
Adsorption Desorption Adsorption Desorption
Vol P/P, Vol P/P, Vol P/P, Vol P/P,

388.16 0.65 328.38 0.61
456.37 0.71 363.51 0.66
526.72 0.76 432.55 0.70
565.39 0.85 523.60 0.77
570.95 0.91 622.00 0.81
574.33 0.96 702.77 0.91
590.02 1.00 709.56 0.98
678.07 1.00 723.85 1.00

777.45 1.00

a

M0 1.2 naaawamsmsgasu-medy Tulasou Ngangl 77 19a3u ¥o9 RF Gel 1ag RF Sonogel

]
A

ARA C/W 191100 80 mol/m’
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C/W = 20 mol/m’

Power =0 W Power =30 W
Adsorption Desorption Adsorption Desorption
Vol P/P, Vol P/P, Vol P/P, Vol P/P,
0.00 0.00 464.38 1.00 0.00 0.00 711.03 1.00
3.81 0.00 460.65 0.85 5.58 0.00 695.92 0.86
15.16 0.00 421.17 0.73 22.12 0.00 561.54 0.84
33.94 0.00 349.97 0.69 49.27 0.00 436.48 0.81
60.29 0.00 291.53 0.64 87.37 0.00 335.51 0.75
90.29 0.00 255.70 0.56 130.26 0.00 277.59 0.64
123.89 0.00 236.09 0.46 166.62 0.02 247.38 0.52
155.68 0.00 223.85 0.37 181.05 0.06 229.88 0.42
175.69 0.03 214.80 0.30 185.91 0.08 217.61 0.34
183.68 0.06 205.98 0.23 187.14 0.08 205.37 0.25
186.73 0.07 198.33 0.16 189.02 0.09 195.33 0.18
188.31 0.08 190.44 0.11 191.00 0.10 185.99 0.12
190.22 0.09 182.55 0.06 198.30 0.15 176.59 0.07
192.27 0.10 206.40 0.20
198.55 0.14 214.15 0.26
205.50 0.20 222.78 0.32
212.26 0.26 230.75 0.39
219.69 0.32 239.90 0.45
227.06 0.38 249.81 0.51
234.32 0.45 261.60 0.57
242.81 0.51 272.66 0.63
252.31 0.57 289.03 0.69
264.02 0.63 309.13 0.75
277.44 0.68 335.27 0.80
296.21 0.73 371.12 0.84
322.72 0.78 423.55 0.87
355.59 0.82 484.59 0.90
398.91 0.85 561.70 0.92
448.75 0.89 651.70 0.93

a

M13199 1.3 udaswammIgasu-mesu Tulasiou Ngauvgl 77 na
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C/W =20 mol/m’

Power =16 W Power =22 W
Adsorption Desorption Adsorption Desorption
Vol P/P, Vol P/P, Vol P/P, Vol P/P,
0.00 0.00 533.28 0.89 0.00 0.00 677.36 0.88
3.29 0.00 489.13 0.85 4.45 0.00 567.52 0.85
13.20 0.00 439.57 0.84 17.65 0.00 457.05 0.83
29.53 0.00 363.16 0.81 39.37 0.00 359.91 0.79
52.43 0.00 300.71 0.76 65.30 0.00 289.87 0.72
81.67 0.00 257.97 0.68 95.68 0.00 250.71 0.60
111.09 0.00 231.58 0.57 129.56 0.00 229.78 0.49
138.22 0.01 215.55 0.47 158.93 0.02 215.46 0.39
155.57 0.03 204.16 0.39 172.19 0.05 205.45 0.31
163.03 0.06 195.41 0.32 177.05 0.07 195.32 0.23
166.02 0.07 186.52 0.24 178.54 0.08 186.27 0.16
167.77 0.08 178.55 0.18 180.37 0.09 177.74 0.11
169.65 0.09 171.23 0.12 182.41 0.10 169.24 0.06
171.67 0.10 163.48 0.08 189.11 0.15
177.83 0.14 196.54 0.20
184.64 0.20 204.10 0.26
191.64 0.26 211.80 0.32
198.79 0.32 219.07 0.39
206.07 0.38 227.63 0.45
213.82 0.44 236.44 0.51
221.76 0.51 246.25 0.57
231.30 0.57 257.67 0.63
240.74 0.63 271.22 0.69
253.82 0.69 287.79 0.74
268.29 0.74 310.10 0.79
287.65 0.79 339.36 0.84
313.01 0.83 381.58 0.88
347.80 0.87 434.30 0.90
395.39 0.89 494.59 0.92
447.77 0.92 567.18 0.93
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C/W =20 mol/m’

Power =16 W Power =22 W
Adsorption Desorption Adsorption Desorption
Vol P/P, Vol P/P, Vol P/P, Vol P/P,
511.92 0.93 647.77 0.94
548.67 1.00 695.92 1.00

A13199 1.4 nAAINAMINMIRATU-AB%Y TuTasion Ngmngi 77 1naIu ¥4 Carbon Sonogel

ARA C/W 191100 20 mol/m3

C/W = 40 mol/m’

Power =0W Power =30 W
Adsorption Desorption Adsorption Desorption

Vol P/P, Vol P/P, Vol P/P, Vol P/P,
0.00 0.00 492.61 0.92 4.01 0.00 549.34 0.91
3.63 0.00 488.34 0.79 15.84 0.00 545.04 0.78
14.11 0.00 465.51 0.65 35.40 0.00 499.36 0.68
31.58 0.00 402.28 0.63 58.90 0.00 427.68 0.66
55.95 0.00 346.03 0.60 86.35 0.00 362.17 0.63
84.00 0.00 304.57 0.55 117.65 0.00 315.78 0.57
115.44 0.00 279.16 0.47 152.00 0.00 285.66 0.49
146.78 0.00 261.80 0.39 180.10 0.02 265.69 0.42
174.95 0.01 249.39 0.33 196.09 0.04 252.25 0.34
193.68 0.03 237.19 0.25 203.02 0.07 238.00 0.27
202.49 0.06 226.49 0.19 205.69 0.08 227.87 0.21
206.14 0.07 216.61 0.13 208.53 0.09 218.39 0.16
208.39 0.08 207.24 0.09 211.30 0.10 209.06 0.11
210.87 0.09 219.78 0.14 199.29 0.07
213.38 0.10 229.41 0.20
221.21 0.14 239.33 0.26
229.94 0.19 249.70 0.32
239.19 0.25 260.51 0.38
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C/W = 40 mol/m’

Power=0W Power =30 W
Adsorption Desorption Adsorption Desorption

Vol P/P, Vol P/P, Vol P/P, Vol P/P,

248.88 0.31 272.29 0.44

259.53 0.37 285.51 0.50

270.17 0.44 299.71 0.56

282.49 0.50 317.41 0.62

296.27 0.56 340.46 0.67

313.73 0.61 369.37 0.72

334.39 0.66 404.76 0.76

360.07 0.71 451.54 0.80

394.69 0.75 505.73 0.83

435.23 0.79 548.17 0.91

478.73 0.83 577.91 1.00

49251 0.96

525.01 1.00

M3 0.5 uaaIwamsN1sgadu-medy lulasau ﬁqmwgﬁ 77 1A U9 Carbon Gel Uaz
Carbon Sonogel ﬁﬁ@h C/W 1117 40 mol/m’
C/W = 80 mol/m3
Power =0 W Power =30 W
Adsorption Desorption Adsorption Desorption

Vol P/P, Vol P/P, Vol P/P, Vol P/P,
0.00 0.00 136.10 0.83 4.89 0.00 419.53 0.89
5.76 0.00 135.40 0.62 19.36 0.00 414.93 0.76
16.41 0.00 134.70 0.46 43.37 0.00 409.50 0.58
30.93 0.01 133.20 0.34 77.10 0.00 368.28 0.51
47.85 0.01 132.50 0.23 114.84 0.00 311.73 0.48
65.30 0.02 130.90 0.14 152.15 0.01 276.48 0.42
79.93 0.04 126.90 0.07 171.74 0.04 256.06 0.35

Haenioaldl




59

C/W =80 mol/m’

Power=0W Power =30 W
Adsorption Desorption Adsorption Desorption
Vol P/P, Vol P/P, Vol P/P, Vol P/P,
86.30 0.06 179.88 0.07 237.85 0.27
89.07 0.08 183.37 0.08 223.09 0.22
90.78 0.09 186.84 0.09 208.63 0.16
91.43 0.10 190.14 0.10 196.67 0.11
92.24 0.11 199.11 0.14 184.28 0.07
93.27 0.13 209.10 0.20
93.90 0.19 219.46 0.25
94.69 0.26 231.63 0.32
96.53 0.33 243.50 0.38
98.92 0.41 258.12 0.44
99.96 0.49 205:28 0.50
101.43 0.56 294.53 0.55
103.56 0.63 319.57 0.61
107.44 0.71 347.24 0.66
109.02 0.79 382.20 0.71
112.88 0.85 404.56 0.79
117.14 0.93 411.44 0.88
122.08 1.00 417.34 0.96
441.80 1.01
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Abstract

Mesoporous carbon gels are usually obtained by pyrolyzing resorcinol-formaldehyde (RF) gels, which are synthesized via the
sol-gel polycondensation of resorcinol with formaldehyde in a slightly basic aqueous solution followed by drying. However, meso-
porous carbon gels cannot be prepared under the conditions of high catalyst concentration or high pH of RF solution even by using
supercritical drying or freeze drying. In this work, mesoporosity of carbon cryogels is improved by ultrasonic irradiation to RF solu-
tion. It is found that the gelation time of RF solution becomes greatly short by ultrasonic irradiation and that ultrasonic can
improve mesoporosity of carbon cryogels prepared at high catalyst concentration (C/W). Although the carbon cryogels prepared
from C/W = 80 mol/m? have no mesopores, the carbon sonogels prepared by ultrasonic irradiation under the same catalyst condition
have sharp mesopore size distribution. The utilization of ultrasonic in the preparation of RF gel is an interesting way in improving

mesoporosity of carbon gels prepared at high C/W or pH.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: A. Porous carbon; B. Pyrolysis; C. Adsorption, Scanning electron microscopy; D. Porosity

1. Introduction

RF gel was first synthesized by Pekala et al. by sol-
gel polycondensation of resorcinol (R) and formalde-
hyde (F) with sodium carbonate (C) as a basic catalyst
[1-4]. Carbon cryogels prepared by freeze drying and
pyrolysis of RF gels are porous materials with moder-
ately high BET surface areas (500-1200m?/g) and large
mesopore volume (>0.89cm?/g) [5], therefore, carbon
cryogels are suitable for many applications such as col-
umn packing materials for high-performance liquid
chromatography, electrode materials for electric double
layer capacitors and materials for catalyst supports

* Corresponding author. Tel.: +66 2 218 6865; fax: +66 2 218 6877.
E-mail address: nattaporn.t@chula.ac.th (N. Tonanon).

0008-6223/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/j.carbon.2004.10.015

(both metal catalyst and enzyme). Morphologies and
porous properties of carbon cryogels can be changed
in many ways. From previous work [6-9], the effect of
catalyst concentration, drying conditions of gels, gela-
tion conditions and carbonizations on porous properties
of RF carbon cryogels, have been investigated. The ef-
fect of surfactant types and concentrations was also
studied [10]. Previous works on the effect of synthesis
method (RF sol-gel polycondensation) such as reactant
concentration, initial pH of RF solutions, gelation and
curing on the properties of RF gel have been reported
in the review [11].

The unique power of ultrasonic in driving chemical
reactions under extreme conditions comes from the
hot-spot and thermal theories [12], extreme pressures
and hot spots accompanied by rapid heating and cooling
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created by cavitation bubble collapse [13]. Cavitation
has three stages, nucleation, growth and impulsive col-
lapse of cavitating bubbles [14]. The number of cavita-
tion site depends on the ultrasonic intensity [15].

Since there are many special properties can be ob-
tained after sonication, there are many works such as
polymerization and other chemical reactions accelerated
by ultrasonics. In some materials, structure has been im-
proved outstandingly by ultrasonic irradiation. Most of
interesting works and unique role of ultrasonic in chem-
istry can be found in the reviews [13-15]. Ultrasonic is
found to be very helpful by increasing reaction rates
and yields of products, shortening the reaction time,
altering the reaction path and making milder reaction
conditions (lower temperature) possible. Some examples
of interesting effects of ultrasonic irradiation on increas-
ing reaction rate and yield, decreasing reaction time and
introducing milder reaction condition are obviously
shown in increasing the reactivity of reactive metals
(Mg, Li or Zn) [15], the addition-rearrangement in the
reaction of 4-bromobenzenesulfonyl azide with 1,2-
cyclohexadiene and cyclohexene substrates [12] and the
synthesis of diaryl ethers [12]. There are many applica-
tions of ultrasonic into polymer chemistry for both
thermoplastics and thermosetting polymers such as dis-
persion of particles in polymer matrix, shortening the
reaction time [12,16,17]. Many sonochemistry researches
have been done in polymerization (initiation) of vinylic
monomers such as styrene, methylmethacrylate and
N-vinylcarbazole [12,15].

When ultrasonic irradiation is applied on sol-gel reac-
tion, sonogel with unique properties such as porous prop-
erty and density is obtained [14]. The obvious result of
ultrasound irradiation is outstandingly shorter gelation
time in the preparation of sonogel [14]. In silica sonogel
finer, sphere-shaped pore was obtained compared to the
silica aerogels [15]. For zirconium sonogel, short gelation
time and much smaller particle size was observed after
ultrasonic irradiation [15]. For ormosils after sonication,
denser structure and less porosity were obtained [14].
Interesting structural changes was found in nanostruc-
tural materials [15]. After sonication hydroxyapatite got
better crystallinity and shorter reaction time. For MoS,,
a big difference in'morphology was observed by high
intensity ultrasonic irradiation. Interesting results can
be seen from inorganic sonogels. What will happen when
ultrasonic is applied into organic resorcinol-formalde-
hyde polycondensation has not been reported.

In this work, ultrasonic with different intensities is ap-
plied to RF gel prepared under different catalyst concen-
trations (the ratio of catalyst to water, C/W) and the
effect of ultrasonic on porous properties of carbon cryo-
gels is clarified. In general by using high C/W (high pH)
RF carbon gel with high surface area, good mesoporos-
ity and short gelation time cannot be obtained. Hence,
the authors want to emphasize that ultrasonic can make

synthesis of mesoporous RF carbon gel (with short gela-
tion time) at high C/W (high pH) possible. Ultrasonic
irradiation in the preparation of RF gel is an interesting
way in improving mesoporosity of carbon gels prepared
at high C/W (high pH).

2. Experimental
2.1. Preparation of RF sonogels

In order to prepare RF hydrogels, resorcinol-formal-
dehyde (RF) solutions were prepared from resorcinol
(C¢H4(OH),) (R), formaldehyde (HCHO) (F), sodium
carbonate (Na,COj) (C) and distilled water (W). All
chemicals are research grades from Wako Pure Chemical
Industries. Na,CO5 and distilled water were used as a
basic catalyst and a diluent, respectively. The synthesis
conditions are presented in Table 1. Here the molar ratio
of resorcinol to formaldehyde (R/F) was fixed at 0.5.
Ultrasonic was applied into RF solution by Vibra Cell
model VC 130 (frequency 20kHz, adjustable output
between 0 and 30 W) with a titanium alloy transducer
(6mm in diameter) at different intensities 0, 57, 78,
106 W/em?. The temperature of RF solution was con-
trolled at ~308 = 5K. When no cavitation bubbles was
observed in high viscosity RF solution the ultrasonic
irradiation was stopped then the RF solution was poured
into the cylindrical glass tube (inner diameter = 3mm,
length = 40mm) followed by aging for 7 days at 348K
in the oven. Before freeze drying, water in RF sonogels
was replaced by solvent exchange with #-butanol for
three times. After that, RF sonogels were freeze-dried
at 263K for 3h to obtain freeze dried RF sonogel.

2.2. Preparation of carbon sonogels

RF carbon sonogels were obtained by pyrolyzing RF
sonogels at 1023 K. Pyrolysis was conducted under a
200cm’-STP/min flow of nitrogen gas. At first, the RF
cryogels were heated to 523K at a constant heating rate
of 250K/h, and were kept at this temperature for 2h.
Then they were heated to 1023K at a constant heating
rate of 250K/h and were kept at 1023K for 4h.

2.3. Characterization of gels

The porous properties of RF carbon gels were deter-
mined by the N, adsorption method using an adsorption
apparatus (BEL Japan Inc.; BELSORP28). BET surface
area, Sger mesopore size distribution, and mesopore
volume, Vi, were evaluated. The pore size distribu-
tions and Vs were obtained by applying the Dolli-
more—Heal method [18] to their desorption isotherms.

The cross sections of RF carbon gels were observed
by a scanning electron microscope (JEOL, JSM-6700F).
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Table 1

Synthesis conditions and porous properties of RF carbon gels prepared by application of various ultrasonic intensities with different catalyst

concentrations in the starting RF solution

Sample R/C (mol/mol) C/W (mol/m®) Ultrasonic intensity Sper (M%/g) Vimes (cm>/g) Vinic (cm*/g) Mesopore size
(W/em?) peak radius (nm)

Cl1 400 20 0 650 0.53 0.19 4

2 400 20 57 590 0.67 0.16 6

C3 400 20 78 630 0.91 0.17 6

Cc4 400 20 106 660 0.93 0.16 6

C5 200 40 0 750 0.61 0.17 3

Cc6 200 40 57 690 0.73 0.16 3

C7 200 40 78 740 0.75 0.17 3

C8 200 40 106 740 0.71 0.17 3

C9 100 80 0 360 0.08 0.12 ND

Cl10 100 80 57 720 0.60 0.10 2

Cl1 100 80 78 740 0.65 0.11 2

C12 100 80 106 690 0.54 0.11 2

Mole ratio of resorcinol to formaldehyde (R/F) = 0.5mol/mol; ratio of resorcinol to water (R/W) = 0.89 g/cm3; gelation temperature (7)) = 308 K;

pyrolysis temperature (7o) = 1023 K.ND = not detected.

3. Results and discussion

The authors have experimentally elucidated that RF
sol-gel polycondensation cannot be proceeded by only
ultrasonic irradiation. Therefore, it is found that the cat-
alyst, Na,COs, is required as a basic catalyst for the
polycondensation. Here the effect of ultrasonic on gela-
tion time of RF gels and the porous properties of carbon
cryogels prepared under several catalyst concentrations
(C/W =20, 40 and 80mol/m?) has been investigated.

3.1. Effect of ultrasonic irradiation on gelation time
of RF gel

Fig. 1 shows the gelation time of RF gels and RF sono-
gels prepared under the conditions of C/W = 20, 40 and
80mol/m®. One can see that the gelation time decreases
with the increase of the catalyst concentration (C/W)
from Fig. 1(a). This result can be explained by the model
proposed by the authors [9]. During the first stage of the
gelation process, each particle grows individually at the
position of the catalyst, subsequently they aggregate with
each other to form the interconnected structure, and fi-
nally the cross-linked structure (RF hydrogel) is formed.
If the concentration of catalyst is high (large C/W), the
starting points of the growth of the particles exist densely.
Since they easily aggregate and form interconnected
structure, the gelation time becomes short. On the other
hand, if the concentration of catalyst is low (small C/
W), the starting points exist sparsely. Hence, it takes long
time to form the cross-linked structure.

It is found that RF sonogels prepared under the con-
ditions of ultrasonic intensity = 57, 78, 106 W/cm? have
much shorter gelation time compared with their RF car-
bon gel counterparts from Fig. 1(a) and (b). One can
also see that the gelation time of RF sonogel depends
on both the catalyst concentration in the starting RF
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Fig. 1. Gelation time of (a) RF gel and (b) RF sonogel.

solution and the ultrasonicintensity. For example, when
RF starting solutions with C/W = 20, 40 and 80 mol/m?
are irradiated by ultrasonic 106 W/cm?, the gelation
times change from 36, 24 and 18h to 130, 100 and
50min, respectively. For the same C/W ratio, the higher
ultrasonic intensity, the shorter gelation time it becomes.

3.2. Effect of ultrasonic irradiation on porous properties
of carbon gel

Fig. 2 shows adsorption and desorption isotherms of
nitrogen on carbon cryogels and carbon sonogels



528 N. Tonanon et al. | Carbon 43 (2005) 525-531

800

600

400

glem*(STP)/g]

200

C/W =20 mol/m*

0 1 1 1 1
0.0 02 04 06 08 1.0

(@) plpol-]

800

600

400

glcm*(STP)/g]

200

C/W =40 mol/m’

0.0 02 04 06 08 1.0
(b) Plpol-]

800 —A— C9ad

—a— C9de
—e— Cl0ad
600 | —o— C10de
——Cllad
—o— Cllde
400 | ™ Cl2ad
-0~ Cl2de

C/W = 80 mol/m’

qlem*(STP)/g]

200 |

© Plpol-]

Fig. 2. Adsorption and desorption isotherms of nitrogen on RF
carbon gel (with different C/W ratios and ultrasonic intensities) at
77K. Closed symbols, adsorption; open symbols, desorption.

prepared under the conditions shown in Table 1. This
figure suggests that the amounts of nitrogen adsorbed
(g¢) at low relative pressure (p/py, p: partial pressure,
po: saturated vapor pressure) are the same in all RF car-
bon gels (except the carbon gel prepared from C/W =
80mol/m® pH =7.4) and sonogels. The results mean
that microporosities of the carbon cryogels and sonogels
are the same. On the other hand, the amounts of nitro-
gen adsorbed at high relative pressure are different be-
tween carbon gels and carbon sonogels prepared from
C/W =20 and 40mol/m>. This difference means the

change of mesoporosity of carbon gels by irradiation
of ultrasonic. Although the change in mesoporosities
of carbon gel and carbon sonogel is very obvious for
C/W = 20mol/m>, the change is not big for carbon gels
prepared under the condition of C/W = 40mol/m>. Note
that for RF carbon gel prepared from C/W = 80mol/m?
(starting pH = 7.4), the shape of isotherm is different
from other RF carbon gels or sonogels. The amounts
of nitrogen adsorbed are increased by irradiation of
ultrasonic. The outstanding changes in both micropo-
rosities and mesoporosities of carbon gel and carbon
sonogel can be observed for C/W = 80mol/m? (starting
pH = 7.4).

Fig. 3 shows pore size distributions of the carbon gels
and the carbon sonogels prepared under the conditions
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Fig. 3. Mesopore size distributions of RF carbon gel (with different
C/W ratios and ultrasonic intensities).
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shown in Table 1. There are remarkable changes in
mesopore size distribution between carbon gels and car-
bon sonogels prepared from C/W =20 and 80mol/m?
(starting pH = 7.4). However, from both adsorption—
desorption isotherm of nitrogen in Fig. 2 and mesopore
size distribution in Fig. 3, there is no outstanding effect
of ultrasonic intensities on porous properties except the
carbon sonogel prepared from C/W =20mol/m’ with
ultrasonic intensity 57 W/em?.

Although the carbon cryogel (C9) prepared from
C/W = 80mol/m® (starting pH = 7.4) has no mesopores
as shown in Fig. 3, the carbon sonogels prepared for
the same C/W has sharp pore size distributions. Under
the condition of C/W =20mol/m?, the peak radius of
pore size distribution, rpe,i of the carbon gels increases
from 4nm to 6nm by ultrasonic irradiation. However,
no change in rpe, can be observed on the carbon cryo-
gels prepared for C/W = 40mol/m°.

The preparation conditions and the porous properties
of carbon cryogels and carbon sonogels are shown in
Table 1. Ultrasonic can clearly increase Vies and rpeax
of carbon cryogels prepared under the conditions of C/
W =20 and 80mol/m’ (starting pH = 7.4). Especially,
SBETs Vimes and Fpeax of carbon sonogels are much larger
than those of carbon cryogel counterparts. Hence, ultra-
sonic irradiation to RF solution can outstandingly im-
prove the mesoporosity of carbon cryogel prepared
under the conditions of C/W = 20 and 80mol/em® (high

pH).

3.3. Effect of ultrasonic irradiation on inside structure of
carbon gel

Fig. 4 shows the cross sections of carbon cryogel and
carbon sonogel prepared under the condition shown in
Table 1. The carbon cryogels (C1 and C5) are composed
of primary particles of nanosize as shown in Fig. 4. The
carbon sonogels (C4 and C8) have the similar inside
structure to C1 and C5, respectively. Hence the pictures
suggest that the carbon sonogels with almost the similar
structure to the carbon cryogels can be prepared by
using ultrasonic under the conditions of C/W =20 and
40 mol/cm?.

The cross sections of carbon cryogel (C9) prepared
under the condition of C/W = 80mol/m?® suggests that
the inside structure is collapsed during freeze drying
and pyrolysis and that the cryogel has no mesopores,
which result is confirmed by the mesoporosity estimated
by nitrogen adsorption as shown in Fig. 3. Hence, it is
impossible to keep mesoporosity during freeze drying
and pyrolysis for C/W = 80mol/m>. On the other hand,
the cross section of carbon sonogel (C12) prepared from
C/W = 80mol/m® suggests that the sonogel is composed
of primary particles of nanosize similar to C1, C4, C5
and C8. The mesoporosity of carbon cryogel prepared

from high catalyst concentration (high pH) can be
greatly improved by irradiation of ultrasonic.

3.4. Effect of ultrasonic irradiation on preparation of
carbon cryogels

Most works on mesoporosity improvement of carbon
gels focus only on the initial stage of gelation such as
addition and condensation but in the present work
ultrasonic is applied to RF solution from the beginning
until viscosity of RF solution becomes too high. Sonica-
tion can shorten the gelation time of RF solution and
greatly improve mesoporosity of RF carbon gels. The
results may be explained by co-working of ultrasonic
and catalyst during the gelation process of RF solution
such as the addition reaction, polycondensation, cluster
formation, particle formation and gelation. It has been
reported that ultrasonic can generate more free radicals
and active species [15] which results in faster addition
reaction together with faster condensation and gelation
as a consequence. Since ultrasonic irradiation increases
the number of free radicals/active species in RF solution
and promotes the addition reaction at the first stage of
the process, the gelation time is shorten by ultrasonic
irradiation as shown in Fig. 1. However, ultrasonic does
not alter the reaction path because the catalyst concen-
tration influences both carbon gel and carbon sonogel
as shown in Figs. 2 and 3.

In addition to promotion for sol-gel polycondensa-
tion and gelation by free radicals and active species,
ultrasonic may have another role in the next step. Pitting
in the surface (much larger surface area compared with
cavitation bubbles’ resonance) caused by ultrasonic irra-
diation has been reported [12]. Hence, there is also a
possibility that ultrasonic can play an important role
in improving porous properties such as Sggr and Vipes
due to the surface modification by ultrasonic irradiation.

In this present work the authors have particular inter-
est in synthesis of RF carbon gels at high C/W (high
pH), which-have high surface area, good mesoporosity
and short gelation time. It has been reported that carbon
xerogels synthesized from the starting RF solution with
pH = 6.5 or higher are non-porous [19]. RF carbon
cryogels prepared at C/W = 45mol/m® have no mesopo-
rosity [9]. From previous works, a suitable pH range for
synthesis of RF carbon gels is 5.4-7.6 [11]. In the present
work for C/W =80mol/m® (starting pH = 7.4), after
ultrasonic irradiation carbon sonogels with good meso-
porosity can be obtained, on the contrary without ultra-
sonic irradiation mesoporous structure can not be
obtained in carbon gel. There is also an outstanding
improvement in mesopore volume and mesopore size
distribution when C/W =20mol/m® (lower pH). It is
obviously seen that when C/W or pH is high in starting
RF solution, sonochemistry produces a mesoporous
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Fig. 4. SEM micrographs on the cross section of RF carbon gels C/W = 20, 40 and 80 with different ultrasonic intensities 0 and 30 W/cm? (sonogel).

carbon which cannot be produced by methods already
established.

The mesoporosity of carbon cryogels prepared from
C/W =20 and 80mol/cm® (high pH) are improved by
ultrasonic irradiation. On the other hand, ultrasonic
does not influence porous properties of carbon cryogels
prepared for C/W = 40mol/cm®. However, the authors
cannot completely explain the effect of ultrasonic on
the changes in mesoporosity of carbon cryogels with
the catalyst concentration wused in  sol-gel
polycondensation.

RF carbon gels with good mesoporosity can be syn-
thesized at high C/W (high pH) by using ultrasonic irra-
diation to the RF solution. In other word the synthesis
conditions of RF carbon gel are expanded by ultrasonic
application. Although the carbon gels prepared in this
work are not outstandingly different from carbon gels
prepared in previous works. However, further investiga-

tion will be needed in near future for this interesting
work on resorcinol-formaldehyde carbon sonogels.

4. Conclusion

By ultrasonic irradiation together with suitable cata-
lyst concentrations, interesting improvement in mesopo-
rosity of resorcinol-formaldehyde carbon gels can be
observed especially when the catalyst concentration (C/
W) or pH is high. The gelation time is also greatly short-
ened by ultrasonic irradiation. Although the carbon
cryogels prepared by the existing synthesis method at
C/W = 80mol/cm® have no mesopores, the carbon sono-
gels prepared by ultrasonic irradiation under the same
catalyst concentration have sharp mesopore size distri-
bution. Hence, ultrasonic irradiation is useful for
expanding the synthesis conditions of mesoporous car-
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bon cryogels via sol-gel polycondensation of resorcinol
with formaldehyde.

Acknowledgments

This research was partially supported by the Thai
Government (Matching Fund), the Thailand Research
Fund (Senior Researcher Scholarship), Thai-Japan
Technology Transfer Project (TJTTP)/Chulalongkorn
University, Metal and Materials Research Institute/
Chulalongkorn University, Silver Jubilee Research
Fund/Chulalongkorn University, National Metal and
Materials Technology Center (Thailand). N.T. would
like to thank Dr. Hathaichanok Vanichsri for an intro-
duction to sonochemistry.

References

[1] Pekala RW. Organic aerogels from the polycondensation of
resorcinol with formaldehyde. J Mater Sci 1989;24:3221-7.

[2] Pekala RW, Alviso CT, Kong FM, Hulsey SS. Aerogels derived
from multifunctional organic monomers. J Non-Cryst Solids
1992;145:90-8.

[3] Pekala RW, Alviso CT. Carbon aerogels and xerogels. Mater Res
Soc Symp Proc 1992;270:3-14.

[4] Pekala RW, Schaefer DW. Structure of organic aerogels. 1.
Morphology and scaling. Macromolecules 1993;26:5487-593.

[5] Tamon H, Ishizaka H, Yamamoto T, Suzuki T. Preparation of
mesoporous carbon by freeze drying. Carbon 1999;37:2049-55.

[6] Yamamoto T, Sugimoto T, Suzuki T, Mukai SR, Tamon H.
Preparation and characterization of carbon cryogel microspheres.
Carbon 2002;40:1345-51.

[7] Tamon H, Ishizaka H, Yamamoto T, Suzuki T. Influence of
freeze-drying conditions on the mesoporosity of organic gels as
carbon precursors. Carbon 2000;38:1099-105.

[8] Yamamoto T, Nishimura T, Suzuki T, Tamon H. Effect of drying
conditions on mesoporosity of carbon precursors prepared by sol—
gel polycondensation and freeze drying. Carbon 2001;39:2374-6.

[9] Yamamoto T, Nishimura T, Suzuki T, Tamon H. Control of
mesoporosity of carbon gels prepared by sol-gel polycondensation
and freeze drying. J Non-Cryst Solids 2001;288:46-55.

[10] Tonanon N, Tanthapanichakoon W, Yamamoto T, Nishihara H,
Mukai SR, Tamon H. Influence of surfactants on porous
properties of carbon cryogels prepared by sol-gel polycondensa-
tion of resorcinol and formaldehyde. Carbon 2003;41:2981-90.

[11] Al-Muhtaseb SA, Ritter JA. Preparation and properties of
resorcinol-formaldehyde organic and carbon gels. Adv Mater
2003;15:101-14.

[12] Pestman JM, Engberts JBFN, Jong FD. Sonochemistry: theory
and applications. Recl Trav Chim Pays-Bas 1994;113:533-42.

[13] Suslick KS, Didenko Y, Fang MM, Hyeon T, Kolbeck KIJ,
McNamaralll WB, et al. Acoustic cavitation and its chemical
consequences. Philos Trans R Soc Lond A 1999;357:335-53.

[14] Blanco E, Esquivias L, Litran R, Pinero M, Ramirez-del-Solar M,
Rosa-Fox N. Sonogels and derived materials. Appl Organometal
Chem 1999;13:399-418.

[15] Suslick KS, Price GJ. Applications of ultrasound to materials
chemistry. Annu Rev Mater Sci 1999;29:295-326.

[16] Limin G, Jian L, Gang W, Zhen H. Initiation of polymerization
with ultrasound in dental composite resin. Biomater Art Cell
Immob Biotechnol 1992;20:125-9.

[17] Hoshi K, Akatsu T, Tanabe Y, Yasuda E. Curing properties of
furfuryl alcohol condensate with carbonaceous fine particles
under ultrasonication. Ultrason Sonochem 2001;8:89-92.

[18] Dollimore D, Heal GR. An improved method for the calculation
of pore-size distribution from adsorption data. J Appl Chem
1964;14:109-14.

[19] Job N, Pirard N, Marien J, Pirard JP. Porous carbon xerogels
with texture tailored by pH control during sol-gel process.
Carbon 2004;42:619-28.



69
A Y A a a d
TJ‘EZZWIQ!GUE]H?TIEHH‘W‘MS

4 X H v
WeeAfng laogu Ao Tui 22 Sunay WA, 2522 AWMsANEIFUITENANE1IN
a @ o < a a @ A Aa Aa
Tsaseunydunineas dusamsanulSaimnssumansiaugiann A1nIaInssuail
a 4 o a [ ~ = [ 09: Y 9 =K 1

AULIAINTTUAIEAT PaensainInetae  Tuilmsdnet 2543 wasnniuladndnuee
@ a @ a a a J L4
NANGAIIAINTINAAATUHITUNA A1V1IAINTINAY AMLIAINTIUAIAAT JWIAINT Ol

a o ~ = o < = = =<
PNIND IWTMIANYI 2545 nazdusams ANy liln1sAnul 2547



	ปกภาษาไทย
	ปกภาษาอังกฤษ
	หน้าอนุมัติ
	บทคัดย่อภาษาไทย
	บทคัดย่อภาษาอังกฤษ
	กิติกรรมประกาศ
	สารบัญ
	รายการคำย่อ
	บทที่ 1 บทนำ
	1.1 บทนําและมูลเหตุจูงใจ
	1.2 วัตถุประสงคของวิทยานิพนธ
	1.3 แนวทางในการทดลอง
	1.4 ขอบเขตงานวิจัย
	1.5 ประโยชนที่คาดวาไดรับ

	บทที่ 2 ความรูเบื้องตน
	2.1 รีโซซินอล-ฟอรมัลดีไฮด เจล และคารบอนเจล
	2.2 ความรูเบื้องตนเกี่ยวกับการใชคลื่นเหนือเสียงในกระบวนการเคม
	2.3 การตรวจวิเคราะหลักษณะสมบัติของวัสดุที่มีรูพรุน

	บทที่ 3 การทดลองและการตรวจวิเคราะห
	3.1 วัตถุดิบและเครื่องมือที่ใช
	3.2 รายละเอียดวิธีการทดลอง
	3.3 การตรวจวิเคราะห

	บทที่ 4 ผลการศึกษาและการอภิปรายผล
	4.1 อิทธิพลของคลื่นเหนือเสียงที่มีตอรีโซซินอล-ฟอรมัลดีไฮด เจล
	4.2 ลักษณะสมบัติรู พรุ นของรีโซซิ นอล-ฟอรมัลดีไฮด เจล ภายหลั งการเผาใหเปนคารบอน หรือคาร์บอนเจล

	บทที่ 5 สรุปและขอเสนอแนะ
	5.1 สรุป
	5.2 ขอเสนอแนะ

	รายการอางอิง
	ภาคผนวก
	ประวัติผูเขียน

