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Novel Functional Activated Carbons for the Applications to
Energy and Environmental Devices
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Structure of PAN based carbon fiber

Outer surface

Figure SEM & STM images of heat treated PAN based CFs at 1800, 2000, 2800°C

NMP CF MNMP CF PAN CF . o
Domair amanga
mant in Pich ba
sadCF od Cl
Oomain aman Domam aran  {Cross-secton)
- s gement in Piic gamant in PA
- . g b based OF N based CF

flomain_ amangal
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(Cross-section)

Control of structural units

Before heat treatment

4k L
Not or very slightly Partially Fully
fused microdomains fused microdomains fused microdomains

After graphitization

©
Glassy Carbon

% 1AMS, Kyushu University “Axial nano-scale microstructure in the graphitized fiber inherited from liquid crystal mesophase pitch
Carbon, 34, 83-88 (1996) S. H. Yoon, Y. Korai, K.Yokogawa, S. Fukuyama, M. Yoshimura, I. Mochida
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Carbon materials from the structural points

Nano ‘ ‘ Productions ‘ | Applications ‘
Structures
* Structural units :m s
+ Nano-phased units r‘ﬂh S
performances
Hybridization ‘ ) "‘
Improving ‘w :
Performances _ fun "'0“9¢
and Functions o
+ = m
Creating *
Surfaces {| New Functions
+ Edges N functions ‘
(Kinds and amounts) ‘ ’
+ Basals %
(Perfectness and ‘\\
Orientation)

Best carbon?

Carbon is an Indispensable Material for Energy related Devices

Best Structure for Best Performance

Best Selection

Best Selection

Scientific Cycle
- Structural Understanding «——

- Structure Preparation ——— Carbon

- Working Mechanism
Molecular Level
Electrochemical
Catalytic / Kinetics
Molecular / Heat Transfer

How to prepare the activated carbons

Selection of Precursor
- Pore Framework / Density
- Properties of Pore Wall, Composition / Graphitic Extent
- Reactivity at Activation

- Non-graphitizable precursors like polymer, biomass and isotropic coke for
usual AC or ACF

- Graphitizable precursors like anisotropic cokes or mesophase pitch for EDLC
electrode materials

Activation Procedures
- C0,, H,0
- Alkali Hydroxides / Carbonates; More Research
- Selective Catalytic Gasification ; Catalyst Control

*»*Very Large Surface Area > 3000 m?/g
+*Adequate Pore And Wall

N

Activation

co, co, co, 2CO 2c0

CO, co, 2C0O
DE”——C—:>Cf_/C c ¢ DEII?Q:1>ECO

Carbon materials

Activation reagents
e Air, CO2, Steam
* KOH (NaOH), ZnCI2
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Chemical activation

2KOH — K,0+H,0

(Dehydration)
C+H,0 — H,+CO
Catalytic progress 4: (Water gas reaction) Carbon is mainly
Under K20 b consumed as a form of
CO+H,0 — H,+CO, ||| K.COs
(Water gas shift reaction)

K20+C 03 = K,COS

K,0+H, — 2K+H,0 K compounds are

reduces as a metal

K,0+C — 2K+CO

«Higher surface area compared to the steam activation
« Almost no productions of CO and CO,
« K metal intercalation: higher diffusivity than steam molecule

KOH K.0 K,CO; K
MP:380°C MP-480°C (350°C, KO and MP:831°C MP:64°C
BP:1324°C K) BP:774°C

Conventional concept of activated carbons

Pore Inner surface

e
- Outer surface
Wall / ) Sub-micro pore
= 0.8 nm
Micro pore

0.8 ~ 2.0 nm

Mesa pore
2.0~ 50 nm

Macre pore
=50 nm

Classification of surface and pores Schematic shapes of pores

Macxo or Mesopore
) \

7

Schematic pore images of activated carbon fiber and activated carbon

STM images of ACFs

100nm

20nm

around Snm.

Cluster unit

+ACFs consist of structural units
Microdomain  of micro domain with diameter of

Structure of glassy carbon
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Pore nucleation in activated carbon

In order to remove oxygen containing functional groups for removing the heterogeneous effect of STM,
OGT7A and OG20A were heat-treated at 800°C in a hydrogen atmosphera ( Ha/ He =1/4).

OGT7A-800H 0G20A-800H

. Channeling
pore = .
{inter-particles)

s bole

[ partiche )

#Vacant spaces between the two domains of OG20A are larger than that of OG7A.
#Domain size of OG20A is a little smaller than that of OG7A.

& Slit res were observed in domains of OG7A and OG20A.

Novel concept of activated carbon

Surface Area, Pore:Depth & Volume
Surface Structure
Surface Chemistry
Based and Edge Plane, Substituents
Hetero Atoms in Hexagon

Carbon Structure of Wall
Micro, Nano, Macro Structure of Carbon Wall
-Graphitization Extent
-Domain Structure
Density, Reactivity (Activated Surface)
T Precursor : Structure and Reactivity

Novel concept of activation

Precursor of ACF has been composed of nano-
structural primary units

Structural factor should be ‘the better
understanding of activated heir applications.

Size and arrangement of BSU
Etching and diffusion of oxidative
agent against BSU

Pores from intraparticles (Slit shaped? Micropores less
than 2 nm)

Pores from interparticles (Channeled shaped having
wider pore size distributions (0.2 ~ 50 nm)

Novel understanding of activation mechanism

A model for cross section of ACFs

skin #0nly skin is activated, homogeneous narmow pore exist

BEO00000 DOGBORDND
middl on the surface of domains.
OG5A ; Bk +The activation does not reach to the middle and core
core I

parts.
.ﬂ.\.l. SOCOBOHOBOD
\\\\ry,//

micro domain

28kin and middle parts are activated.
w &Pores in domain become wider and longer than that of
OGSA because of the pores formed by inter-domain
OG ?A mechanism.

‘k Hetarogeneous pores exist.
1

=5

2

Ly
N

I’

OGSA has smallest surface area but homogeneous pores.
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4 The activation proceeds to near the core,
&Domains in the surface become smaller by activation,

|

QG104 have various size pores.

4Whole parts of skin, middle and core are activated.

40wing fo some demains burning, fiber diameter becomes
smaller than OGSA, TA and 10A.

|

More homoganasus pore distribution than that of OG10A

& 0ver 70% of domains are burmned-off.

+Pore portions from interparticle nucleation becomes
larger

40G20A diameter become smaller than OG15A.

OG20A have largest surface area bul helerogeneous pores.

4The pores from the intra-domain become larger by activation,

Novel recognition of the structure of ACs

ZAMEREMH LR RS0 FREEISHA

%JEB*JEEBEI'E:JIJ:UJT:&UI: TAHOEAETFIL
HLLVATALRE AHD—XLOBALKE IhEtsHOR

i (<1 nm)

é

E

=
g
8
¥

Fiber Axis

=

A 408 RELESFOR o 200 MOAYA,
A P (~2nm)  Ea ag®
o ] O
w Ly F ® ‘
g IhEETHOA -~
g (<1 nm) '
S e ] Fiber Axis

M. Shiratori, et al., Lamgmuir 2009, 25(13), 7631-7637. 1

Pore size distribution (NLDFT)

0.07 #Advantage of DFT method
~ : 3 S '
0.06- g ;EE[‘I‘_'-"S-‘%%‘-;QL Determination of a pore size
1 MAX distribution in the wide range of
0.05 fsgl}' RN pore size from micro pore to
& Model meso pore.
g 0:0n NLDFT Slit
N2/TTK GCB
0.03 PSD fitting #Disadvantage
Gauss This method needs
0.02 Peak 1 > rement in low pressure
0.01 >assumption of pore structure
o >homogeneity of adsorbent surface
3] 8
OG7A OG10A 0G15A 0G20A
pore size at peaks (nm)
Pore distribution range 58 ~3.0 50 3.0 0.44-7.0

in this DFT profile (nm)
+The pore size at peak increased in the order of OG5A<7TA < 10A < 15A < 20A,

Pore size distribution (Xe-NMR)

— . 250
g T me
g .———-‘j\' H-0G-15A g
< e b bty S £ el
z HOG-10A| | &
g ...,—-«/\‘n — g i
= N H-0G-TA | E
ot 5 50 -
150 100 50 0
Chemical shift, § (ppm) g . 2 4 X
Average Pore Diameter (nm)
HMAZ-BAZSHBAESR
129Xe-NMR N, adsorption
SRHIpY Avg. range as NLDFT  range.gniprr
H-OG-7A 0.96 0.88~1.27 0.65 1.18 0.47~1.35
H-OG-10A 0.99 0.87-1.27 0.73 1.02 0.45~4.97
H-0OG-15A 1.11  1.00~-1.29 0.80 1.1 0.45~5.13

¢N.Shiratori, et al., Langmuir 2009, 25(13), 7631-7637.
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Effect of functional groups (Xe-NMR)

oG-xaA |EfEE [ Hog-xA
(X=7,10,15) | €=>| (X=7,10,15)

) sample Vs Oitr)

A (nm)  (wt%)
f' OG-7TA 068 6.1
5 et "H-OG-7TA 065 44

~—~ 0G-10A 0.72 6.4

e/ N HOG-10A 073 2.9

SN 0G15A 078 52
1

vt | \rsstivninben, H-OG-15A 0.80 2.5

Intensity (Arb. unit)

3
2
2

150 100 50 0
Chemical shift, 3 (ppm)

Adsorption of toluene by various ACs

Il
[ X]

ppm

| Toluene gas : 22ppm
Gas flow rate : 100ml / m
17.6+| Temp. : 28°C

13.2

8.8

7A

!| Homogenepus

4.4 40A\\“

geneous?

25 30 35

Toluene concentration at outlet /

ot L

15 20
Time/h
+ The slopes of breakthrough curves for 5A and 15A were steeper than those of

curves for 7A and 10A.

+ACFs with homogeneous pores (5A and 16A) sh i rapid tol isorption and
larger capacity per unit area and longer breakthrough time, wh ACFs with
heterogeneous pores (TA and 10A) st d slow tol dsorption and

capacity per unit area,

22

Removal of SOx and NOx Using ACFs

Typical Hazard Gases in the Atmosphere
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ACF
SO, — SO,*

ACF (0.100g) ‘

520 22 - Ambientair-------------------+
g After ACF -~~~
~ 10

Q g Plhple o % & T2 o __

n

12:00 Ro
12:00
12:00
12:00
12:00
12:00

<
o
&

5
0 =3
%Jsma

Lapse of time (day)

4/24 | 4/25 | 4/26 | 4/27 | 4/28| 4/29 | 4/30 | 5/1 | 5/:

Data from Dr. Shimohara
Of Fukuoka H & E Institute

DeSOx mechanism using ACF

SO, O, H,0 H,0
NN \ \
Soz(ad.) ..... > SO3(ad) ....... 'H2804(ad.) ............ ;

ACF surface ag. H,S0,

SO,+ad.—S0,ad.
SO,ad.+1/20,—S04ad.
SOzad.+H,0—H,SOad.
H,S0,ad.+H,0—aq.H,S0,

Active Sites on Carbon Surface

; Acidic nature: Oxidative
CryeEnunEEnE ¢ el Basic nature: Reductive

Freevalence

Benzyne bonds on edge Oxygen activation

Hetero-atomsin edge Zigzag or Armchair

Hexagon stacking height

Hydrophilic/Hydrophobic
Small surface energy

-~

How to control ?

Breakthrough of SOZ Removal

Optimum Post-Heat treatment with Reductive Oxygen Removal

==0G15A-Ar/1100°C(0h)
w0 - B 0G15A-Ar/B00°C(2h)
—+-0G154-H2/600°C(2h)
—&-0G15A-H2/600°C(1h)-Ar/B00°C(1h)
—+0G154-H2/600°C-Ar/1100°C(0h)

[+=]
=

£ 60
o
o
o 40

20

0!

0 5 10 15 20 25 30
EFfE (h)

S0, 1000ppm,0, 5vol.% H,0 10vol.%,N, balance, Flow rate: 200ml/min, Temperature: 50°C
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Effect of Heat Treatment

Removal of Functional Groups

|;|/
H-O

with Least Changes of Carbon Structure
Surface Area and Hexagon Stacking

$O, SO,

O—H Heat treatmen H,SO,, —

—_

a— QN — Arcoco,

Carbon c [ H] N] o ]ashw
(Wt.%, dry)

0G15A x5] 06] os] 55 00

OGI15A -H1100(0min) 97.0 04 05 2.2 0.0

0G-15A-H1100(1h) %8| 02[ 03] 27 01

The Effect of Heat Treatment for so, Removal

100

0G20A (2150m?/g)
OG15A (1360m?/g)
OG10A (1060m?/g)
OG8A (840m?/g)
OG7A (690m?/g)
OG5A (480m?/g)

8
( 1201 R )

N
o
I

N
S
[

SO, removal at stationary state (%)
(2]
o

S0, 1000 ppm, 02 5 vol%, H,0 10%
W/F= 2.5 X 10 g.min.ml, Temperature 30 °C

1 1 1 1 1 1 1 1
Asteceived 600 700 800 900 1000 1100 1200

Heat Treatment Temp. (°C)

DeSOx by ACF and CNF-ACF Composite

DeSOx Properties of ACF and ACF-CNF 1

PO-CNF 1%
-s=[ cat., 5Smin

s =

PO-CNF 5% cat, |
~+PC 5min growing

&

H11000
——H 100

CACO(MED

=

L i

o
=

510

o 5 N & 0 &

Time (h)

DeSOx condition: SO, 1000ppm, O, 5vol%,

H,0 10vol%,

N, balance. Total flow rate: 100 ml/min
Reaction Temperature: 50 °C

PDU for SOx Removal by ACF

NO & NO, Oxidation over ACF

NO NO,

ﬁ

Identified reaction

NO  NO,/
. NO 0, NO2 Heating'
\ J

NO(ad.) - » O(ad.) --eevee » NO,(ad.)..-....& NO4(ad.) W
ACF surface

ag.HNOs

Strong Inhibition of H20

The oxidation of NO2 always produces NO
And NOs through the disproportionation.
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The Mechanism of NO Reductive Removal

N, +H,0
NO 0, I NH,
/
NO(ad.) ---- ) R » NO,(ad.) + NH4(ad.)

ACF surface

The mechanism of NO removal consists of adsor ption and
oxidation of NO into NO, which isreduced with NH5

NOx Reduction at Room Temperature

NOXx + O, N, + H,0

NOx oxidation

Urea Activation

NOx in Environment

Roles of ACF : More variety of ACF

Adsorption of NO, in ACF

20ppm Flow rate: 300ml / min
1 m
ACF (0.100 Opp
Glass tube
7 Including of O, (21%)
20

e» NO exhaust (10ppm) ,

210 g —

sl \ .~ NO, exhaust & ™==sssa

01 2 3 45 G'X 8 91011121314151017Islﬂv2122232425

‘\apse of time (hr) Breakthrough time

Half amount of adsorbed NO, is exhausted as NO.

Scavenging activities against NO

Flow rate: 300ml / min

20ppm
O ACF (0.100g)
o7 ) ()0

Including of O, (21%) Contact time: 0.3 sec
20
= 15 NO exhaust
S 10

NO, exhaust

Breakthrough time Lapse of time (hr)
05hr
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The characteristics of NOx purification Characterization of ACF purification

0.100g 3cm in length ~” o)
O [ eﬁgb fio>
8mm  Cont. time 0.3sec ‘ 0 V

Forced ventilation
Natural ventilation

Room temperature, ozonizer is no need,
no light irradiation, compact design

Three-dimensional
wind vectors

Novel applications of ACs

HCHO (Removal of sick-house gases)
Super capacitor

Medicine

Capacitive De—ionization (CDI)
Heat Pump (adsorptive heat pump)

g wLnN =

40
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1. HCHO & Toluene (Sickhouse gases)

C/Cit%

Removal of HCHO using ACs

HCHO : 22 ppm
Samgle weight : 0.1g
Gas flow rate - 100mi /'m

o 20 40 B0 an 100
Time / min

Break through time

HCHO : 22 ppm
Sample weight : 0.1g
Gas flow rate - 100mi / m

FE00 FE100

#Pitch-based ACF: 15A<20A<10A<TA<5A

#PAN-base ACF : FE400 < FE300 < FE200 < FE100

a6 6 7 8 8 10
Time h

42

Absorbance

Micro ATR-FTIR analysis of ACs

Micro-ATHF TIH analysis

EA and XS analysis

(g8 Prr:;lntc R(I:I‘_)c ':;:5: I-‘w;‘d:mc Ft(,r"'
FEIO0D 279 134 0.118 0,737 .-'n.nsr'a
FEZOD 276 108 0.066 1,050  :0.069 :
FE3M 332 0

0.044 0734 0032

1| |2 |
FE100
FE200
FE300 W \ /
2000 |R‘” Iéllﬁ 1400 ufm

‘Wavenumber (cm”)

1) Pyridinic nitrogen band
2) Internal standard

"5 - Internal standard {1560cm ) ..
10=1800cm!

"Wavenumber related with pyridinic nitrogen : 16
*RCP : relatives contents of wﬂmc nitrogen

Pyridinic N (N-6)
Pyrrolic or Pyridinic N (N-5)
Quaternary N (N-Q)

43

Micro—ATR FTIR

Relative amount of pyridinic nitrogen functional groups for PAN based ACFs by micro-ATR FTIR analysis

Sample Internal Standard
FE100 279
FE200 276
FE300 32
FE400 330

aWavenumber related with pyridinic nitrogen: 1610 ~ 1600 cmt

Pyridinic N 2

Internal Standard
[Pyridinic N

0.48
0.39
0.21

0.19

44

2012/12/18
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Effect of humidity

WATER Competitive adsorption decreases the adsorption amount of HCHO.

Dry condition (solid line) and wet condition {dashed line) for the different
kinds of a) FE series and b) OG series

50 50
40 a0
£ £
é.'. n 3
9 2
o o
H] 0
10 10
L] o .
o 2 4 6 8 00 02 04 06 08 10 12 14
Time {h} Time (k)

JOURNAL OF APPLIED POLYMER SCIENCE 106 (4):
2151-2157 NOV 15 2007

45

7
ZZA pry
61 B Wet
c
o 57
E
= 4
[=2]
S 3
<
i ?
11 g g
=GB D8 an ng ..~

FE100 FE200 FE300 OG5A OG7A OG15A

46

Novel concept of pore (shallow pore)

¥ Electrospun PAN based nanofiber (100% PAN)
Diameter: 800 nm, Nanotechnics (Korea)

100 times surface area compared to usual PAN fiber
—Can be expected very shallow and homogenous pores,

Homeogeneous and
shallow pores

47

PAN based activated carbon nanofiber

PCNF
(starting materia

Stabilized PCNF

600G In He
or
steam activation

PACNF

2710°c ; 20nm i
(0.5°C / min) e

Assembly of
1.8nm~3.6nm thin film

Nano particle
assembly structure

48

2012/12/18
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Removal of HCHO using PAN-ACNF

- BET Elemantal analysis (wi) MICroporous
(2 / ) c | w | w [ ogw ]| wsh |nio| ratiorw
) 375 .06 ] 119 | 18.02 | 11,41 | 1,32 1.80 a4.7%
ED: N I{ esl -
sob 5ai FE100 /
F a0; PACNF |I - m| FE300
§ 30+ | 5 Wt '. /
5 5 al
20+ ) 2|
10l hE1 | /PACNF
I 1wt
[ [
012 3 46 667 & 8 1011 12 [ 3 a4 & T 8 8 10 11 1
Tima l h Tima ih
HCHO : 11 ppm HCHO : 11 ppm
Sample weight : 0.05g Sample weight : 0.05g
Gas flow rate ; 100ml/ m| Gas flow rate : 100mi/ mi

Humidity of condition : 0% Humidity of condition : 50%

Under the circumstances of humidity (RH=50%),
PACNF shows specific prominent adsorption characteristics for formaldehyde.

49

Shallow pore (?)

Complete removal of HCHO using MnOx/ACNF

@ Activated nano carbon fiber @) Catalytic decomposition of
HCHO by MnOx into water an
d carbon dioxide

- ® = Clean removal into Water and Carbon diexide
* Lifetime prolonged

» MnOx .
"4 Avg. pore size
. . . . Less than 0.7 nm

i Shallow pores on

the surface

Catalysis Today, in press (2012).

KAEMABEE 1YL TE ' L—
FIL TS T400°CETRBEE,
EERELERRE
T—ERTOEEFL
0 B EETRELTL
cetag BRHFOER
g : SETOEREL
= ; FEOMADENRE
&’ : LTLERGF DR
%'15 O ool ™ NN
=
o Shallow pore
-25 A : . ; . ;
50 100 150 200 250 300 350 400 EETOEREL
Temperature /  “C ENVEFIZBEELTLS
KAFORE
Carbon, 48, 4248-4255 (2010).
50
e P AN-ACNF Dry condition
=@=FE300
12 el FE 100 1. MnOx combined with carb
= 104 on support to enhance
2 .l 41%  HCHO removal.
5
§ 2.PAN-ACNF showing the
3" highest synergy at
& 24 5% MnOx.
a

0 05 1 5 20
MnOx content (wt%)
Weight-0.05g base

Mn;0; or MnO; alone breakthrough in less than an hour.
mmm=p Deposition on carbon support improves catalytic activity of MnOx.

2012/12/18
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«] FE100

504 YA N N 7 ! MnOx content (%)
s5] MnOx content (%) PAN-ACNI E m ——20
s —0 3 = ——05
E 25 4 -— 05 g w4 —
= 2 sl
Eu] —1I Q] @ —5
e SRR = -— 20
2 25 =
g i 20 I aed
o 77 it :
B s < i R
5] Time (h)
= 104 ~ g
i p .. FE300
iz ﬂ /‘ ‘g = MnOx content (%)
Ol 205 48 68 78 8 0 B 14 a ” 0
Time (h) g ——0.5
% Breakthrough time: Time reaching 0.5 ppm g : ;
Test condition . 20
* Temp: 30°C , Relative Humidity: 90% M
* Flow rate: 100 mL/min (HCHO: N2: O2=5:4:1) S 1
* HCHO inlet concentration: 10 ppmy Time (h)

2. Super capacitor

54

Study of super capacitor using NMR

Pitch-based Activated Carbon Fibers (ACFs)
0G series : 0G-5A, OG-TA, OG-10A, OG-15A, OG-20A (Osaka Gas Co., Japan)
PAN-based ACFs
FE series : FE-100, FE-200, FE-300, FE-400 (Toho TENAX Co., Japan)

Model of micropores of OG and FE series

Ol

FE-100

0G-5A 0G-15A FE-300
Aqueous and non—aqueous electrolytes with different ion sizes
H30" BFs _'

A «
in HzS04/Hz0

in EtsNBF4/PC

Va f em¥ETPIg!

Nz adsorption/desorption isotherms @77K

g

Pore structure parameters
(calculated from t-plot method)

™ v
| . » (ol {onr/p) ten)
: o ; y
» i
| mvmmema e n s same 06150 T i o saed FEAO0 J\uuf\mn’\.‘-n-!f\w Vw!\l'-w W W.—wll\‘m-:
oot - t0-ae- s OHIA 3 38 |- e V= o0 |
e atn = Hoo |oc-salems| 12 (6756 o oz [oe22 | o |o8s| oo
F : : =
g s k % s ' OG-TA (9876 | 34 [se4z| o o034 |osa | o |os8 | oo
Relativa pressure, o/ g, Relative prassure, o' g,
G108 12117) 54 (12063 O 046 | 0 i} o oo
. T loG-158 (14880 139 (1a741| o oss [0s6 | o | 090 | oo
Pore size distributions
{calculated by NL-DFT method) nG-206 18174 154 1ems| o | os? fogr | o (108} oo
T FE-100|6388 | 12 [6357| o |0z o2 | o |07 | o0
5 fraza
% FE-200{9092 | 22 [poro| o |oss|oss| o |om2| oo
A . 1} = i
FE-000 11206 | 8 (10087 271 | 045 | o4 |00z |o78 | rE2
g FE-00{11871) 52 |e31z 2507 | 060 | oss |02z |oE2 178
Fors width W/ im Form width avf FE e R AL =1l

2012/12/18
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Capacitance (F/g)

Capacitance (F/g)

OG series

| % | inEt,NBF,/PC

(;w/Jw) asuejioeden

OG-5A ~7TA ‘~10A —15A ~20A

FE series

A

FE-100 -200 -300 400

(;w/Jw) souejioeden

- OG series ol
oy, T LT ]
Lo o - in H,S0,
8 100 g
S ow w o
= =
3 i &0 3
2w « T
L w3
9 : . .

0G=5A ~TA - J0A ~15A ~20A

= 190 FE Sﬁria__s 1o é}
2 i ; : 150
‘Ii_' 1an ] 140 g.
@ 120 120 B
E
2., w O
g %
=3 i ) Yo
S < Effect of nitrogen| %“

2 functionalities [" 2

FE-100 -200 -300 -400

19F MAS Solid—State NMR Spectra

Model of adsorbed ions in micropores of OG and FE series

0 o:® oe o &
1 H E A B2
il 0 el o bl M

0G-5A FE-100 0G-15A FE-300

H or '9F magic angle spinning (MAS) solid state NMR

JEOL ECA400

0.5 M D,S0O, (aqueous)

1 M Et4NBF,/PC (in-agueous)
Electrode states: Impregnated (IMP)
Charged plus (CP)

Charged minus (CM)

NMR equipment:
Electrolytes:

0G-5A 0G-15A

Adsarbid alesirolyte

%< | inEt,NBF,/PC

cp -
| | |
- IMP — )
ELNBF./PC | EtNBF./PC

2012/12/18
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2H MAS Solid—State NMR Spectra

T1 Values Measured from 2H MAS Solid—State NMR |

0G-5A | e OG-15A |

| Adsarbed pheatrotte
s

— J —=—7i = A CcM A in D,S0,

oGsaaFE 100 _ [

; Adsorbed H,0' ions
0G 15A & FE 300 3

Free H,0" ions

Churi S ppn]

The shorter the T value of relaxation time, the stronger the adsorption
interaction between adsorbed electrolyte ions and carbon electrodes.

18-

T (sec) for OG series o m fdzcetied jons|
0G-5A 0G-154 OG-5A 0G-15A

IMP CM MP CM E-_—

Frea |Adsorbed Free |Adsorb Frea Adsorbed Free Adsorbad)

0.54 0.8 0.41 o.19 0.61 0.63 0.29 0.23

T, (sec) for FE series | | E’.’E‘;".‘, |

FE-100 FE-300 | {
e e o o 1| FE-100  FE-300

| =

Fres |Adsorbed Free Adsorbed) Free Adsorbed Free Adsorbed

LR
1 1 02 I I
0.31 a 0.28 - 0.13 | 005 | 0.19 | 009 { l L
w0 c— — ;
e oM e oM

Surface modified PCNFs 2oo|5,a2r12(2r2)l,“9r086,

edge

i

Langmuir

Capacitances of PCNF series 2006, 22(22), 9086.

Chemical (10% HNOz)

GPCNF-M Dome-iike basal
e : planes

=)
:%'D
>

(—’“—‘\_’/] Im -
125 Flg| PCNF =

)

PCNFs having

—)
————— edge surfaces
31Fig
GPCNF_____H___"_J Showed 3-5 times
— 7 i i
e GPCNF-M Higher capacitancs

g
5.6 Fig [/__\_//

N S

GPCNF-NA
I | TR L. L L. L
-04 -0z o oz 04 (] og
E/V (vs. AgiAgCl)

O | | O |
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AC- medicine

Characteristics of activated carbons for the
selective adsorption behaviors for Indole

and Amylase

Chronic Kidney Desease

To prolong the introduction of dialysis, AC medicine was developed

AC internal medicine

Research background

Renal function decrease for removal poisons from body
Artificial dialysis

big burden to
patient

= To remove the entro—poisons like indole through the excretion

with activated carbon.
* Very hard to take a dose (6g/day)

How to decrease the dosage amount

Factors for selective adsorption ‘
*Surface area and pore size
*Shape

-Surface property

Model adsorption materials

- To be removed *Not to be removed

o
Indole (MW: 117.15)

= a kind of poisons

Amylase (MW: about 46000)

=Digestive enzyme

Samples

OG series (Osaka Gas) ‘
Relatively similar shapes of pores but different surface
area and pore size distribution
*Surface area and pore

H,—-OG series *Surface property

Hydrogenation of OG series to remove the oxygen functional
groups(600°C, 1h)

Ball type activated carbons
Ball type activated carbons with diameters of 100~300 ¢ m

a, analysis

H,-OG H,-OG H,OG H,-OG H,-0G B
OG5A OG7A OG10A OG15A OG20A| BA A 10A 15A 20A SAC OAC Scmep SAlepE
1254 1585 570 14095

Amoo| 646 982 1283 1688 1928| 728 1247 1305 1548 1802
Amot O O 0O O O0O|O O O 0 0|5 o0 108 143!
03 03 01 03 03|04 01 03 03 05|66 14 02 04!
068 074 090 111|065 070 075 091 111|069 096 0.64 0741
0 0 [120 0 58 324}

151_47._60Q__44.1

SA (m?g)

Aexlemi
W nicro! 0.65
deo! 0O O 0 0 O} 0 0 O
Owygen contents | 143 19.0_ 222 128 1211 60 _52__45__25_26

Pore
size (nm)

(%)
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Effect of functional groups for binary solutions

® H,-OG (Small functional groups)
® OG (Large functional groups)

it

OG5A OG7A OG10A OGI15A OG20A

Removal ratio of Indole (%)

i Small functional groups 49.9 70.1 69.3 70.9 72.1

Large functional groups 43.1 63.3 63.8 69.9 68.6

Removal ratio of amylase (%)
Small functional groups 16.5 26.7 26.6 26.3 24.7

i Large functional groups 105 17.4 17.8 204 17.4 5

s

of Indole
w

N

Adsorption selectivity
=

Qo

Capacitive De-ionization (CDI)

70

Principle of electrical desalination

Sea water

\‘ (separator)
(electrode) Na* cr (electrode) (electrode) 1 (electrode)
(&)
Nat | €] }
N O QN icr @
Lo
e Q) (@
Na o CF Na*: ' CI
separator) \““}/
NaCl
Distilled water Concentrated water
CHARGE DISCHARGE

¢ Diffusion of ions inside of pores
- Rapid electrochemical adsorption and desorption

Storage
tank

Experimental setup

| (Tem*7Tem) |
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Nitric ion removal behaviors

Maxsorb series OG series - Up to 1.0V

120

lonic conductivity (mS m™)

lonic conductivity (mS m™)

Electrolyte : NON (20 mg L"), Flow rate : 5 g min” Electrolyte : NO,-N (20 mg L*), Flow rate : 5 g min”*
0 120 240 360 480 600 0 120 240 360 480 600
Time (min) Time (min)

HEMEERAA VBT DR

Max-TIAC B FHES R L 1=,

ZHIMENI—YRAN0GU)—X &Y RM DTz,

lonic conductivity (mS m™)

Maxsorb > Mitsui cokes > OG series

Electrolyte : NO,-N (20 mg L"), Flow rate : 5 g min”

0 120 240 360 480 600
Time (min)

Cl-ions in the city water

Effect of flow rate

3
S 90.5
~ 82.3
)
3
o 68.4
§
3 51.3
<
g
.8
2 28.1
5’ 20.1
1 5 10 20 20 40
(flow rate :
10m¢/min)

Points

* How to increase lifetime

¢ How to increase adsorption selectivity and amount
of ions

=

O Optimization of pore and its distribution
O How to increase molecular diffusivity
O Preparation of high electric conductive AC

Application of activated carbons to Heatpump

for energy-free operation

2012/12/18
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Principle of Heat Pump

AROEn
-—

Adsorption

Staticianalysisiofiadsorptive’HP |

Pa w, Wy Heat input
p A Qi = MC(T, - T,)
d T : + Magslw, - wy)
_Jes+ cw, (TST=T)
C= Cs + CAwa+wy)/2

(Tan=T=Ty)
7 / Cooling effect
Py = I Qe = MaL (W, - wy)
» COP

To TocTon Thn T COP=0Q./Qn

How to increase power
¢ Increasing effective adsorption

How to increase COP
¢ Making temperature change smaller

78

77
Performance test results
Silica gel- water Activated carbon - ethanol
T e - ..,‘ —T7TT .
g g AT ; 4 d
= | ¥ './ ; = / i
1ob L —.—/
W 20 3 40 50 &0 7O RO 9D 100 1 20 3 40 50 60 70 80 90 100
Adsorbent temperatue | °Cl Adsorbent temperature [1C]
COP 0.69
m 2 210 kJ_l.f:C}"dE
79

Points

* How to increase adsorption amount of molecules
such as water, methanol and ethanol

=

O Optimization of pore and its distribution

O How to increase molecular diffusivity

O Preparation of high thermal conductive AC
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Carbons from now

[ Era of nano-carbons are almost finished. Only special applications are promising! ]

[

Era of GOOD Raw material to GOOD Product are almost finished. China and
other developing countries will take over whole markets!

[

Era of BAD Raw material to GOOD Product are coming. Developed countries only
have chances on such materials

[

Novel carbon, if it can be found, still has a chance to change the paradigm.
But what is that?

Nano-carbons

(Concept, methodology)

Conventional carbons
(Waste Materials)
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