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* :�� /;�,-. <()* �=�> ?�� @ABC ���� DEF GH" I��&� NaOH-HCl, HCl-HF, HF-HCl

��� "'  JH .KBLM* NOP # QL-. RST ���� ���* ;U�� ./� ��V� ����
 W

� ���* ;U� ��� X' YZ[ #$% &'() ��\ HFC-32(CH2F2)" @�()� ]' ^� _`ab c,

-. d� 0�&2e\ Pd" &�a	 fT g BLh, ��" $e(sintering) i R ijk l.BLM* NOP # QL-.

Abstract − Catalytic hydrogenolysis reaction of CFC-12(CCl2F2) was investigated over Pd catalysts supported on the acti-

vated carbons which were pretreated with alkali-acid and/or acid-acid in series. The Pd/C catalysts were characterized by ICP,

XRD, TEM, N2 physisorption, and H2 chemisorption. Minor metal components known as the side reaction catalyst in CFC-12

catalytic hydrogenolysis in the activated carbon were removed by consecutive treatment with NaOH-HCl and/or HCl-HF, HF-

HCl. The pretreated Pd/C catalysts showed higher hydrogenolysis activity and selectivity to HFC-32(CH2F2) than the corre-

sponding untreated ones. It was found that the dispersions of the pretreated catalysts were improved and the sintering phenom-
ena were significantly restricted.

Key words: CFC-12, Hydrogenolysis, HFC-32, Pd/C
†E-mail: bsahn@kist.re.kr

1. � �

CFC(������, chlorofluorocarbons)� �� 	
� �
�, � �

	 ��, ���, �
� � �� �� ��� ���� !. ��" #

$%&� '() CFC� *+,&� -.� /01�2, 34 5*)

��67� 89: ;<=� 89+> ?@=A, B� �CDE�F G

H&� IJ��  ![1, 2]. 3�� CFC�
> KL=$ M� �� �

� 'N O $P3 Q��R�S 3�� $P %TU CFCV #W�


I HFC(hydrofluorocarbons)� XYZ[� \�� 01;<] ^_�

$P� `�a2 b![3, 4]. Coq �[5]] cde"(Al2O3), graphite, AlF3
fWT Pd> f�=� CFC-12F \�� 01;<> gC=h!. �i

] Pd/Al2O3 j�� ;< %T fW� AlF3� k��� l*3 mno

p�=A, Pd/AlF3 j�q Pd/graphite j�� CFC-12T #1 r] l

*> ��2 b� s> tI=h!. B� �� gC7i[6-8]3 Al2O3

q AlF3V fW� ��=� CFC-12F \�� 01;<> uv=h!.

Moon �[9]] w�� fWT Pd> f�� j�V 3�� CFC-115

(CClF2CF3) x�\��;<> gC=h&A, w�� fW� CFC \�

� 01;< %T �w: �wF yz&� kY=� s> tI=h!.

Makkee�[10]] l*� fWT Pd> f�Z{ CFC-12F \�� 01

;<> gC=h!. �i] 3 gCTU l*�> c|L(NaOH)q w

(HCl)&� XKL=� �}�> �~� � Pd> f�Z� j�� CFC-

12 \�� ;<T #1 �] l*> ��2 b&A HFC-32(CH2F2)�F

���� ��> tI=h!.

CFC-12\�� 01;<] CFC-12F x����(dehalogenation) ;

< %TU x���(dechlorination)�> ���&� juZ[� s>

��&� =� ;<3!. ��" x���\�� ;<TU 5*�� �
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,

m-

ida-

n
on
on
w(HCl): �w(HF)&� I1 fW� k�=2 j�� ���A HFC-

32�F ���� �� k�=� ��� ���� 3d��� �=2 b!. 

l*�T 9�=� e� ��*0] \�� 01;<T ��1 �X

x���� j�� ��=� HFC-32�F ���V �=Z[� �I3

�� s&� �2�2 b![10]. Van de Sandt�[14]] l*�> c|

L O w&� g� KL=� j�F *�> z�Z[� 'N> ��=

h!. �i] Friedel-Crafts ;<: F O Cl �Y;<F j�� ��=

� Fe, Al�> c|Lq w XKL� �~=�, HFC-23(CHF3), CH4,

C2H6 �F 5*3 ���� HFC-32T #� ���� z��2, B�

;<TU 5*�� HF, HCl3 j�F �}�> �~=� HFC-32T #

� ����  ��!2 �2=h!. CFC-114a(CCl2FCF3) \�� 0

1;<TU l*�> ¡ �� w&� g�1U KL=� �¢� Pd/C

j�F *�> z�Z[� 'N] Rao[13]F £¤�:TU �2) ¥

b!. �� £¤�:TU HCl-HF }&� l*�> XKL=� fWF

�}�> �~=� �¢� j�� �¦ §] l*: HFC-134a(CF3CH2F)

T #� ���� z�¨> ��=h!.

© £¤TU� CFC-12F \�� 01;<T �ª� j�fWI l*

�> fW� �
=2 �� �� l*�F XKL 'N> ��=�, l

*�%F e�F ��*0(Fe, Ca, Mg, Si�)F �~«:V ¢�=h!.

¬o l*�> c|L O w ­] ¡ �� w&� g�=� XKL=h

> 4, fW O j�F ¬*k�V tI=2 CFC-12 \��;<TU l

*: ���T e®� yz> j�F ¬*0¯&� °±=27 =h!.

2. � �

2-1. ���� ���

c|L O w&� XKL� l*�> ��� MakkeeF £¤�:[10]

q ²�=$ M1 �³� l*�I Norit�F Norit RB-1> ��=h

!. Norit RB-1l*�] �´3 1 mm32 µ3� 3-5 mm�3F peat

extrudate3!. c|Lq w&� l*�> g�1U XKL=$ M1 �

� 
�� Norit RB-1l*�> 0.5 mol NaOH \�¶T ·2 �DT

U �;=h!. �; � ¸X) l*�> ¹º  »\� �� ¼½ �

¾=h!. �¾) l*�> 0.5 mol HCl \�¶T !Z ·2 �;�

� !Z �� ¼½  »\� �¾=h!. 100oCTU ¿¢=� fW�

l*�(C-NaOH-HCl� �$)> ÀR!.

l*�> U� !Á ¡ �� w(HCl O HF)&� g� XKL=$ M

=� Mq �³� l*�> �� 1 mol HCl \�¶T ·2 �DTU

�;� � l*�>  »\� �� ¼½ �¾=h!. Â] 'N&�

g�=� 1 mol HF\�¶T ·2 �DTU �;Z� �  »\� �

� ¼½ �¾=h!. 100oCTU ¿¢=� fW� l*�(C-HCl-HF�

�$)> �¢=h!. w KL }UV ¥Ã� �³� 'N&� 1 mol HF

\�¶: 1 mol HCl \�¶T g� KL� B!Á l*�(C-HF-HCl

� �$)> �¢=h!.

2-2. �	� 
�

Pd/C j�� Ä��I Å¸N> ��=� �¢=h!. 
�� PdCl2
V 0.087 N HClT Æ� Pd\�¶> �¢� �, Ç��F �¶> l

*�T Å¸ZÈ!. �� XKL=� É] l*�> 100oCTU 24ZÊ

�	 ¿¢Z� !� 350oC Ë$ 0M$TU 24ZÊ �*=� 1 wt%

Pd/C(3= Pd/C� �$) j�V �¢=h!. B� XP� 'NT F1

�¢) C-NaOH-HCl, C-HCl-HF O C-HF-HCl l*�> ��=� �

³� 'N&� 1 wt% Pd/C-NaOH-HCl(3= Pd/C-NaOH-HCl� �$),

1 wt% Pd/C-HCl-HF(3= Pd/C-HCl-HF� �$) �L2 1 wt% Pd/C-

HF-HCl(3= Pd/C-HF-HCl� �$) j�V �¢=h&A �¢) j�

� Table 1T �Ì=h!.

2-3. �	� ��
�

�¢� j�F ¬*] 6�0̄ (ICP), BET���(Quantachrome Cor-

poration Autosorb-1), XRD(Shimadzu XRD-6000 Lab-X), TEM(CM30

Phillips, US)0¯> £Z=� 0¯=h!. B� H2 chemisorptionT F

� j�F 0w�V Í
=$ M1 7W ��� !$� j�¬* 0¯

¦®V 3�=h!. Fig. 1F !$� j�¬* 0̄ ¦®� reaction section,

volumetric adsorption section, dynamic adsorption section&� C*��

b!.3 ¦®� j�l* £¤, BET���,�ÎÏÐ, gas pulse chem-

isorption, titration, TPD(temperature programmed desorption), TPR(te

perature programmed reduction), TPO(temperature programmed ox

tion) �> \v� \ b� ¦®3!.

j�F 0w�V Í
=$ M1 !�: Â3 H2 pulse chemisorp-

tion N> ��=h!. ³
�F j�V cellT Ñu� �, 350oCTU

2ZÊ �	 \�� Y6Z[2 !Z 2ZÊ �	 1Ò10−5 torr 3=Ó�

pÔ=� PdT �Õ�&� ÏÐ�� b� \�V �~=h!. Ö�1U

�DTU 100µl sampling loop� ¦Ð) 6-port sampling valve� \

�V G×=� j�T ²�Õ�&� ÏÐ�� \��> Í
=� j�

F 0w�V Öw=h!. B� j�F 0w�V ��=� Pd ×7F

�$V Öw=h![19, 20].

2-4. ��� 
��� �� ��

CFC-12F \�� 01;<] Fig. 2T �Z) XØ�I �Ô 2
+

g�Ø ;<$TU \v=h!. ;<$� Inconel-600 �
F 1/2 I®

(ºÙ 9.9 mm,µ3 30 cm) ÚÛÜ> ��=h!. ;<$T ³
�(0.5 g)

F j�V Ñu� !� �DTU \�V Ëm=� ;<D�T �Ý�

4Ó� j�V Y6Z[2 ;<D�T �Ý� �T CFC-12F \��

01;<> £Z=h!. ;<�I \�q CFC-12� ÞÞ ^�¢ßÖ

(Matheson, Gas products)V ��=� ;<$T Ëm=h&A, ;<5

*� % HFq HCl] water trap> Ä:Z{ �~=h2, 5*�T �Å

) \0] £Làá +> Ä:Z{ �~=h!. ;<5*�] Gas chro-

matography(HP 5890 Series II Plus)T on-line&� g�Z{ 0¯=h&

A, 0̄ � column] Poraplot Q capillary column(Plot Fused Silica 25 m

Ò0.32 mm Coating Poraplot Q)> ��=h!. B� �³� column3

¦Ð) GC mass chromatography(HP 5890 GC, 5971A MSD)V 3�=

� 5*�F *0> tI=h!.

CFCF x�� \�� ;<TU Pdj�F l*: ���� ;<â$

T �� k�V ã� s&� �2�R![5]. © gCTU� 	
�)

j�F l*> ²�=$ M=� �³� ;<¢¿TU 3ZÊ �	 ;<

Z{ 	
�(passivation)Z� !� j�F l*: ���V Í
=h!.

3. �� 	 
�

3-1. ����

XKL=� É] l*�> fW� ��� j�q c|L O w ­]

¡ �� w&� XKL� l*�&� �¢� j�V ��=� CFC-12

F \�� 01£¤> £Z� �:, ;<ZÊT äÁ ;< XYå]

Fig. 3: Â&A 50ZÊ ;< � ���� Fig. 4q Â!. ;< 3ZÊF

Table 1. Catalyst codes used in the experiment

Catalyst code Description

Pd/C 1 wt% Pd on untreated carbon(Norit-RB-1)
Pd/C-NaOH-HCl 1 wt%  Pd on carbon treated with NaOH and HCl solutio
Pd/C-HCl-HF 1 wt% Pd on carbon treated with HCl and HF soluti
Pd/C-HF-HCl 1 wt% Pd on carbon treated with HF and HCl soluti
���� �38� �5� 2000� 10�
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passivation:
> ~æ � Pd/C j�F XYå] 27%h&", XKL

� l*�> ��� j�F XYå] 50%TU 80%Ó� �� ^��

R!.¬o �¦ �] ;<l*] Pd/C-HF-HCl j�TU �L2 HFC-

32T #� �¦ �] ���� Pd/C-HCl-HFj�TU À�ç!. Passiva-

tion:
 â$T 5*�F 95%� CH4q C2H63A, 3 ¡ 5*�3 p

�=�U HFC-32� 5*�R!. j�F passivation :
TU� x��

�� ;<TU 5*) carbon3 Pd: �ª�� Pd-carbide� Ø*�2,

3 :
TU 5*) Pd-carbide� HFC-32T #� ���V z�Z[�

Õ�> =� s&� �2�� b![10, 14, 16]. XKL� j�� XK

L=� É] j��! passivation:
TU l*p�� �� "è"A

CFC-12T #� ;< l*3 �� ^�¨> c \ b!. Passivation:


> ~æ � Pd/C-HF-HCl j�q Pd/C-HCl-HF j�F l*] 50

ZÊ ;<=� �	 Ì 10%F l*�=V "èº� ;�T Pd/C j

�q Pd/C-NaOH-HCl j�TU� l*�=� ~F "è"� Éé!.

50ZÊ ;< � Pd/C-HF-HCl j�F XYå] 68%� �¦ �] l

*> "èê ;�T, Pd/C-HCl-HFq Pd/C-NaOH-HCl j�� 52%

�L2 Pd/C j�� 20%F XYå> "èºR!. B� HFC-32T #

� ���� ;<ZÊ3  �ÅT ä. ë¼  �=h&A, ;< 50Z

Fig. 1. Schematic diagram of catalyst characterization system.
1. Moisture trap 5. MKS Baratron absolute transducer 9. Gas chromatograph
2. Oxygen trap 6. Compact full range gauge 10. Programable logic controller
3. Mass flow controller 7. Electric furnace 11. Personal computer
4. Electric actuator 8. Quadrapole mass spectrometer 12. Turbomolecular pump

Fig. 2. Schematic diagram of CFC-12 hydrogenolysis reaction system.
1. CFC-12 cylinder 7. Temperature controller
2. H2 cylinder 8. Reactor
3. N2 cylinder 9. Water trap
4. Mass flow controller 10. Silicagel trap
5. Preheater 11. On-line GC
6. Electric furnace 12. Pressure gauge

Fig. 3. Conversion of CFC-12 over various catalysts.
(T=240oC, H2/CFC-12=6, WHSV=1.24 h−1, P=1 atm)
HWAHAK KONGHAK Vol. 38, No. 5, October, 2000
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Ê �T Pd/C j�F HFC-32T #� ���� 42%h&", w O

c|L KL� j�TU� 58-71%� ���� �� z�¨> tI�

\ bR2, Pd/C-HF-HCl j�F ���� 71%� �¦ �� À�ç

!. Fig. 4TU Pd/C j�V ��=� Ù�, ¬o CH4: C2H6� ì3

5*�R�S 3� j�T Å^) Fe�3 Friedel-Crafts;<F j��

��=�, alkylation3 uv) s&� 5Þ)![15]. 3T ²1 !Á

j�i] 5*�F 90%3�3 HFC-32q CH43A HFC-32F ���

� �ío z��R�> tI� \ b!. ³¼�&� l*�F XKL

T F� e� ��*0(Fe, Mg, Ca, Si�) �~� �X x�����

��) s&� îï)!. © ;<£¤�:� fW� ���� l*�F

c|L O w ­] w XKL }U� j�F XYå: ���T ��

yz> eæ!� s> ��G2 b!.

3-2. �	� ��
�

3-2-1. 6� 0¯, BET ���: j� 0w�

fWT �Å) e� ��*0: Pd j�F 0w�� CFC-12 \�

� 01;<T e®� yz> ðñ�$ M1U Þ j�F e� ��*

0> 0¯=2 j�F 0w�V Í
=h!. �¢� j�F 6�0¯

�:� Table 2T "èºR!. Pd/C-NaOH-HCl j�� ¡ �� !Á

w&� g�1U l*�> XKL=� �¢� j�T ²=� e� �

�*03 ²�� ì3 òób� s> tI� \ b!. ¬o Si� XK

L=� É] l*�&� �¢� j�q ô ¼3V "èº� É�!. Si

� HFT õ �1�� *03$ 4�T NaOHq HClF XKL�&�

� Ñ0o �~�� �ö&L. 5Þ)!. Pd/C-HCl-HF j�q Pd/C-

HF-HCl j�F �}� ÷] ô ¼3V "èº� Éé!.

Pd/C j�F BET ���, 0w� O Pd ×7F �$� Table 3T

"èºR!. XKL� l*�> ��� j�F BET ���] XKL=

� É] l*�> ��� Pd/Cj��! �� Í
�R!. 3q Â]

�:� l*�%F � ���: �] ²%> ø� e� ��*0 ­]

�}�i3 c|L O w&� �~�� XKL� j�F ���3  

�) s&� �I!. ¬o Pd/C-HF-HCl j�� Pd/C j��! ��

�3 15%  ��R!. Table 3T "èE ¥q Â3 Pd/C j�� 7%F

0w�V "èº2 b&", l*�> c|L O w XKL� j�F

0w�� 49%TU 72%Ó� �� z��R&A B� l*�T Å^)

e� ��*03 �>\ù �� "èú!. 3� Pd3 l*�F e�

��*0: �û��(interaction)=� �
3 *¦¨&�ü 0w�V �

=Z� �:.2 5Þ)!. Pd/C j�F Pd ×7�$� 16.2 nmh&

",XKLV � � �¢� j�TU ý̀ Pd×7�$� 2.3(Pd/C-NaOH-

HCl)TU 1.6 nm(Pd/C-HF-HCl)� Ì 1/10
�� ×7 �$� p�¨>

tI� \ bR!.

Albers�[18]] l*�> HCl� XKL� Pd/C j�F \�� 01

;<> ��=h!. �i] l*�> HCl� XKL=� �� �� �

}�(Si, Cl, Ca, Na, Mg, Al, Fe�)> �~=h> 4 Pd/C j�F CO

chemisorption, 0w�, Cinnamic wF \�� ;<T #� j�F l

*3 ��  �=� s> �2=h!. ¬o �i] HCl� l*�> X

KL=� l*� �F Pd� monodisperse=� 0��A l*�F �}

�3 �~�� Pd �
 *¦3 ��)!2 ��=h!. 3�� �:�þ

ÿ l*�F c|L O w KL� l*�F e� ��*0 �~, j�F

BET ���  � O j� 0w� z�T $�=h!. ¬o �w: �w

F XKL}U� Table 2TU �� ¥q Â3 e���F �~T� ��

¼3V �3� Éé&", Table 3T "èE ¥q Â3 PdF 0w�� y

z> eæ!� s> c \ b!. 3qÂ] �:� ���&� KL� w

3 l*�T 9�=� ¬
� surface groupT yz> G� j��¢Z

PdF 0w�T yz> e®� s&� 1¯� \ b!.3V tI=$ M

1U� �w: �wF XKL� l*�F surface groupT e®� yz

> ��=���A turnover number(TON)q 0w�qF �ÜÜÖ�þÿ

structure sensitive;<I� �þV tI=�� � s3!.

3-2-2. XRD 0¯�:

l*�T f�� Pd/C j�F �
Ø*> có�$ M1U �¢�

j�F ;<X�V XRD� tI=h!. Þ j�F XRD �:� Fig.

5T "èºR!. Fig. 5F (a)TU Pd/C� Pd peak> tI� \ b�

S, XKL=� É] l*�T Å¸) PdF �
3 Ø*�� b�>

c \ b!. B� 3 j�F ;<X�� XRD �:TU tI� \ b

� s: Â3 Pd peak� ;<�T 3��R�S, 3� ;< X Pd3

CFC-12 \�� 01;<�T Pd-carbide� XY) s&� îï)!.

CFC-12F \�� 01;<� Pd-carbide Ø*] !Á £¤�:TU�

tI) ¥ b![10-12]. Makkee�[10]] £¤TU Pd-carbide� HFC-

32F ��� z�T $��!2 �±=h2, Ahn�[12]F £¤TU�

CFC-12F \�� 01;<� Pd-carbide� Ø*¨> tI=h!. XK

L� l*�> ��=� �¢� j�� �¡ Â] XRD pattern> �

Fig. 4. Selectivity of products over various catalysts after reaction for 50 h.
(T=240oC, H2/CFC-12=6, WHSV=1.24 h−1, P=1 atm)

Table 2. The results of elemental analysis for the catalysts used in the
experiment

Catalyst code
Content of catalysts(wt%)

Fe Mg Ca Si

Pd/C 0.094 0.340 0.360 0.35
Pd/C-NaOH-HCl 0.041 0.075 0.055 0.31
Pd/C-HCl-HF 0.022 0.052 0.030 0.18
Pd/C-HF-HCl 0.025 0.045 0.035 00.037

Table 3. Characteristics of the catalysts used in the experiment

Catalyst code
BET surface 

area(m2/g)

Dispersion*

(H/Pd)irr

Particle size**

(nm)

Pd/C 767.8 0.07 16.180
Pd/C-NaOH-HCl 785.0 0.49 2.31
Pd/C-HCl-HF 802.4 0.55 2.06
Pd/C-HF-HCl 883.3 0.72 1.57

*Dispersion was measured by H2 pulse chemisorption
**Particle size was calculated for dispersion
���� �38� �5� 2000� 10�
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Fig. 5. XRD results of catalysts.

Fig. 6. Transmission electron microscopes(TEM) of various Pd/C catalysts.
32 b&A Pd/C-HF-HCl j�F XRD pattern] Fig. 5(b)q Â!. 3

j�F XRD patternTU� Pd peak> tI� \ 	R!.;< � XRD

pattern� ;<XF �:q �³=� Pd: Pd-carbide peakV tI�

\ 	R&A XKL� !Á ¡ j�F Ù�T� �³� XRD pattern

> "èºR!. 3�� �:� l*�T Ø*) Pd�
 �$q Ü
b

� s&� Pope�[17]] Pd/C j�F ¬*0¯> Ä1U Pd�
 �$

� 50�3=³ 4 XRD� Pd peak> �(� \ 	!� s> tI=h

&A 3�� 0w�� §] PdF �
V ‘XRD amorphous’.2 �±

=h!. B� �� Pd/C j�F �¢:
TU PdF Å�3 fWT ²

=� �2 l*� ��T 2�� 0�=� ;<�T j�F ��3 �

�)!2 �2=h!.;<� j�F XRD patternT� Pd peak� �(

�� Éé�S 3s] Pope�3 �	� ¥q Â3 �¢� j�F Pd

Å�3 �2 l*� ��T 2�� 0��R$ 4�T ;<� PdF �

�3 ��o ���� 34F Pd �
� XRD amorphous �
�> "

èê!. XRD 0¯�:� l*�> c|L O w ­] ¡ �� w&

� g�1U XKL=� j�V �¢ö> 4, l*�T f�) Pd �


> XRD� tI� \ 	� XRD amorphous �
�> "èº2 b!.

3s] l*�> c|L ­] w&� XKL=h> 4 Pd �
F �$

� 50�3=� 2�� 0�=� s> "èºA �³� ¬*> TEM&

�� tI� \ bR!.
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cubic lattice)F �
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j� �F #þ0 Pd �
] Pd ïM�
 6-14Q� �
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b� �
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TEM: XRD, H2 chemisorptionF �:V �ª=� c|L O w ­
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\�� 01;<> £Z=h&A, l*�F XKLT äÁ j�F ;<
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(2)l*�> NaOH O HCl ­] ¡ �� w(HCl, HF)&� g�1U
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B� TEM: XRD 0¯�:�þÿ �³� ��> À> \ bR!.

(3) Pd/C j�� CFC-12 \�� 01;<TU Pd-carbide Ø*="

c|L O w ­] ¡ �� w&� g�1U XKL� l*�> ��=

� �¢� j�TU� Pd: Pd-carbide� XRD amorphous �
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� XRD�� peakV tI� \ 	R!. 3�� ��] NaOH-HCl,

HCl-HF, HF-HCl� l*�> XKL� Ù� l*�F e� ��*03

�~�� Pd �
*¦3 ���2 Pd] 30�3=� 2�� 0�=$

4�I s&� îï�R!. 3�� j�V ��� CFC-12F \�� 0
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