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� �

Methylphosphonicdifluoride(DF)� �� ���� �	
 �� 
�� ��� � �� ����� ������ ����

������ F ���
 � , !��"#. DF$ NaOH ���� %& 6 mole, [OH]/[DF]� '( 4 )*�� 5� +�

80%� ��, -., �� �����$ H2O/DF� �/ ' 1.5 )*�� 93-97%� ��(
 0"#. ���� 1 ����

� HF2 � �� 
�� �3�45
 6��"78 ��9:� ;�� <= >� ? *@� AB�� HF� CD� �

EF�"#. -., �� ����� ����G DF� ���H MPA, HF � IJ� methylphosphonofluoridic acid(MF)�

AB�"#. MPA$ KL�) M$ NO� �P)� HF$ �Q R'S
 T� �U� �
 V��7� -W�� RX�.

� -Y Z[�� HF2 �)�\ �  ] � ^_#. ���� ���
 Z[ G `Q �a 99.7%� F )b
 � �"7

c Z[ 1 !�, d3� �e %&$ 20% )_#.

Abstract − The hydrolysis of methylphosphonicdifluoride (DF) both in NaOH solutions and neutral waters was studied to

find optimum reaction conditions. Separation of F ions from the reaction products was also conducted. The destruction effi-

ciency of DF in NaOH solutions was above 80% in five minutes at the mole ratio of [OH]/[DF] 3-6, while the efficiency of 93-

97% was obtained in water when the the volume ratio of the H2O/MPD was above 1.5. Ca(OH)2 was added to to remove HF in

the product solutions after DF hydrolysis in alkaline solutions but it was not easy to remove due to coagulation of the products.

On the other hand, HF was easily separated by repeated distillation adding water periodically to the reactor from the reaction

products of DF hydrolysis in water. 99.7% of the total fluoride ions were removed from the products by repeated distillation.

The final concentration of HF solution recovered was 20 wt%.
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1. � �

� ��� methylphosphonicdifluoride(DF)� ���	 
 � �
�

��� ���� ���� HF� ���� �
 ���� �� � !

"#� $%��! &�" '(. DF� )� �*+, -./� 012

3(Chemical Weapons Convention: CWC)45 67 -.�*8 1� �

*+ �9:; '(. 1� �*"< -./�4 =>:?@ -./�8

���*+5 AB4 CD�"?@ E� /F-GH� )�� �I �

* J"([1, 2]. DF� �" KL�M ���	�� )�" (N 3-

:� methylphosphonofluoridic acid(MF)O PQ� ���R MF� (

G 55S ���	�� MPA+ �	 T(. DF� PN��� (U(38

wt%) VW�; 'X YZN�G N�+ [\]8 ^-�� _`�?@

a	bcdC e�� f� �R ���	 ���A MFO HF E
 e

g�" f; 0hi �
�� �N� j��� -LO kj ���"

'([3].

DF8 l�� mn� opO q, r, &, s4 ;tuv mn� w;

ix yzG s��� j�
(. {eZ| G {e8 ��i ���	

�� HF� ��}4 ~� 2-3x8 -�� �� � '�R, ���>�

8 ���*+ =>:�+ 6���i �� bd" ��:� 
�, �

�yzG �
 �� PN4 8
 �� Wj� � '��+ �; yz�

�� 1� 8G� ����C E� w 40G� ��G 0.008 mg/m3�+
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�
:X '(. "� =�8 �� ���> �x(0.0001 mg/m3)O  ¡

�M 3 1/808 )�� ¢�([3].

�� W)�*4 �
 �� £ 6�� "¤ ¥ ¦§  ̈©�@[4, 5], �

ª �>�8 �h
 �)(de-toxification)i s�� �
 �- £ ��

�	 �«" ¤¬8 J ��N� ���+ ­� ��� �G:®;[6],

�l��� ¯°
 ± '([7]. E
 CWC j²4 ~� W)�*� �

��� ³�� � '� N�[8] £ N�� �B� � '� ��« ">

4 ­� yF� �´"; '([9-11].

µ¶4x P��; DF4 �
 �), �	 £ s�4 �
 ��·i

� ?8 ¸X " �*8 6�� W=�*8 ��·i45 W¹�; '

(. 6S, W�Aº )��*� acetyl cholinesterase (ACheE)8 »��

t�� �¹ £ ¼ ��º4 ½¾� ¤CR �e�3 £ ¿À�x W

�Aº -Á�" ÂV}4 ~� " �*8 ���	 6�� "	�M

W=�*8 �)Ã ÄÅ� s�G ���; W>
 7Æ� �a� �

'(. 6S, DF� ���	 6�" Ç��+ �� ZªÈÉ�+ Êb

���	 �« ��� Ë��� :®(.

Fig. 1� Nassar Ì[12]" �G
 =�8 ���	 �+4 DF� ¹�


 Í"(. Î �*8 ���	� �>Ï45 OH"Ð4 8�� P4 ·

Á
 F8 ÑÒ" w �
�+� T(. "O Ó" =� Ì W�Aº �

*"@ DF� at��+ ���	 G pH� fM �hS �	:X �

���+ MPAO PQ� ��
(. µÔ@ "Õ �*8 �
��� ��

�8 �h
 �Öi �×x� Ø� �Ö�É" ��:R 7Ù
 �Ö�
31P £ 19F NMR� ">��Ú �@ ���*8 )�i ���	G eg

�" Û
 HF� j���+ ��dC8 ÜC, ;�d 8 Ý�, d eg

Ì ­� Þ�� Ú�:X Bº�A ��� "ßX1; '1 à�(.

~�5 � ��� NMR� ">�� W)�*A DF8 ���	 6�

� "	�; ���	�
 ���+e# HF� ��, ���� �
 �

��� � má $% &��+ �â�ã(.

2. � �

2-1. DF� ����

DF8 s� E� �)� =�8 �) E� _`a7�+ ¦§¨ '�

�-, ¦rä >Ï45 å�O8 �
, Q-|æ�>4 8
 ���	 £

4çèÄéi8 �
� ;§� � '�@[6, 7], "� Zª" >"�; s

��� êQ�1 ëÄ ìG ����+ í>� � '� å�� �>Ïi

�4 8
 ���	 ÈÉ� îï�; ���	ð� 31P NMRi 19F NMR

£ F"Ð îï� �n� ">, ñ7�ã(. å�� >Ï45� pHO

[OH]/[DF]8 �x  4 ~ò DF8 ���	  ð�, �>Ï45� H2O/

DF8 e{  4 ~ò �	ð� ñ7�ã(. ��ÈÉ� ÄóO Ó(.

2-1-1. å�� >Ï458 ���	

�Ð45 vial(Pyrex glass, 20 ml)4 2.0 M8 NaOH� ô; stirring

bar+ ¥ õÁ�M5 DF(485µl, 0.66 g)� 14 �4 ö÷ ô®(. " �

� [NaOH]/[DF]8  � 3"(. �
Ðx� 14  � 45oCø1 �ù�

ã�R �
� æ� úû�ã(. �
 � �7G� �ú�+ Gá� �

�; D2O4 üÖ�� ���	 Iâ�ý� 31P NMR+ ñ7�ã; E


 þÀ>ÏA TISAB(Total ion strength adjustment buffer) II4 10ÿ

üÖ
 � F "Ð �n�+ �
Ï � F "Ð �x� ñ7�ã(. NaOH

�>Ï8 �x��� 2-10 M, [OH]/[DF]8  ð� 3-6ÿ+ Ñ-GHM

5 ���	�; ���� 31P NMR+ ñ7�ã(.

2-1-2. �� �>Ï458 ���	

�Ð45 vial(Pyrex glass, 20 ml)4 � 1.0 ml� ô; stirring bar+

¥ õÁ�M5 DF 1.0 ml� 30 � ���ã(. " �� DF:H2O8 e{

 � 1:1"(. �
>Ï8 Ðx� 17  � 94oCø1 �ù�ã; �


� æ� úû�ã�@ þ� ���	� ��� ¹�+ 80oC45 5�

� �
G� � �Ð�+ W1�ã(. "� >Ï4� ����" ��

:®(. �
 � �7G� �ú(1/2/3/5� Ì)�+ Gá� ��; D2O

4 üÖ�� ���	 Iâ7x� 31P £ 19F NMR+ ñ7�ã(. DF

8 ��U� ¤U�Ö� ��� 0.6, 0.8, 1.0 £ 5.0 ml+ �ã�R DF

£ �8 e{  � 50:50, 40:60 £ 30:708 3�1 �	�+ ñ7�ã

(. =� G�·i �8 ê" ��M DF� >	:1 ë
� �Þ4 DF

O ��
 ê "?@ iU8 �� =>�ã(.

2-2. ����� �	

DF� ���	�M Fig. 1i Ó" MF� ?÷ ����+ MPAO HF

� ���R "�4 NU8 ¤ �
 MFO �7�� KL� Í�+ 


ñ:®(. "� DF4 �� G 3 2.0�0.2 wt%8 N,N,-diisopropylcarbo-

diimide� �7�+ VW:X '� �Þ"([14]. MPA� �j�" �

� ¸� ��� ;��*"R HF� �i 112oC45 a �� ���

�[13] HF ��� ��� Í�+ �[:X Î ÈÉ� �â, ���ã(. 

2-2-1. ¦�� 0hå4 8
 ��(�� �iÉ)

1) 250 ml polypropylene >�4 >U 125 ml8 W� funnel� eË�

; stirring barO Ðxº� >�4 ô; �� �4 dC� ÜC�ã(.

>�4� l9� 93 ml� ��; DF 40 ml� w��ã(. " �
� j

\�
"�+ �
>Ï" 60oC4 x� � �ø1 DF� �ò hx+

ôXw; Ðx� 60oC W1 :x� w�hx� ���� 3�30  N

�:®(. �
>Ï� DF w� � �7G� �ú4 ~� 31P NMR+

�Ö�ã(.

2) ��
 ÈÉ�+ �
>�4 >Ï 1)� �� ô; 20 wt% Ca(OH)2
�>Ï� 8�� 55S ô�M5 ¥ bX wM �
>Ï� 25oC45

75oCø1 �ù�ã; >Ï� (N P�D	��@ ���� ��:1

ë
(.

3) � � h4 1,000 ml W�  !� ô;  !4 20% NaOH �>

Ï� ô®(. ��4 2)8 >Ï� w��M ìG "� ��" �� :

®; >Ï Ðx� 4� ^4 25oCø1 �ù�ã(. ���� ����

��� W�O �"##� =>�ã�@ µ�+ ti�ã; $%&A

##(0.45µ, '())� =>�� X*� ��
 �iÏ8 �e� Ion

Chromatography(I.C.)+ �Ö�ã(.Fig. 1. Hydrolysis pathways for DF and GB.
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2-2-2. �+l9('() l9dC ">)4 8
 ��

'() >�45 �4 DF 100 ml� 40 vol%8  ð+ ôX 1G� "

� ���	 
 � 90� �e# �+l9� G��ã(. ��T ��

��
 l9�� HF+ ���; (G �� 30-60 ml, w���+ �

��� ºh l9�ã(. �� ¹�+ a��� "W� l9[º45

MPAO HF �x� !-4 ~� MF� ��:� .�
� È1�; HF

� ��
 �?�� �
 Í"(. l9� Fluoride �?ð� 99.9% "

� �� � �ø1 ºh �ã�R l9G�4 ~ò ÆÀ�O l9U�

ñ7�; F VU� I.C+ �Ö�� Fluoride �?ð� ºQ�ã(.

2-3. �
�� 
 ��

2-3-1. NMR �Ö

DF8 ���	 ���i �
8 Iâ7x� 19F NMR(188 MHz)i
31P NMR(81 MHz)+ ñ7�ã(. NMR u/0¶� Brucker AC-200

Spectrometer(200 MHz)+, >æ� D2O� =>�ã(. Gá 1�� îï

�� �
>Ï4 KL�� MFO MPA8 1 ��ð� P £ F NMR+

ñ7,  ¡
 ·i 31P NMR45� MF:MPA� 1:2.13 "®; 19F NMR

+� 1:2.57+5 19F NMR" (N Ø
�R F ñ74 ~ò �×x� Ø

"� ��� 19F NMR� w+ =>�ã(.

2-3-2. MF £ HF8 �x �Ö

MF £ HF �x� DIONEX8 DI-300 I.C.+ �Ö�ã(. �¶� IonPac

AS4C-SC�, Eluent� Na2CO3 1.8 mM/NaHCO3 1.7 mM �>Ï� =

>�; Wh� 2 ml/��+ �ã(. I.C. �Ö� ���	 ���� w

��*A MF, MPA £ Fluoride "Ð4 ��� 6�G3� blank Gá

+ Æ7 �ã; Gá Æ7��(0-20 ppm) ̂ 458 �×x� 99.9% "

®(. Fig. 2� �i DF8 ���	 ���(1), 12(2) £ 22 l9 �

(3) I.C. �Ö·i� 
G
 Í"R ���	G ��T F, MF £ MPA

�x� l9[º� t�� Ñ-:; ' � Æ�w; '(.

3. ���� 	 
�

W)�*A DF� /	�*+ ÑÒGH� ��� å�� >Ïi ��

�>Ï45 ���	4 ½¾� ¤C� w�Am+5 DFO NaOH £ �

8 �x ð, �
G�, pH Ñ-4 ~ò DF8 �	ð� ñ7�; ��

�	 ���+e# HF� ��, �?�� �
 ��·i� ÄóO Ó(.

3-1. NaOH ����� ����

å�� >Ï45 DF8 �� ���	 �	� 3� ��� NaOH �

x 2-10 M, [OH]/[DF]  � 3-6�+ Ñ-GHM5 ���	 
 � �


���8 NMR ñ7·i MF £ MPA� ÙA�ã�R, >Ï �

Fluoride "Ð�x� F"Ð îï� �n�+ ñ7�; �
>Ï8 pH

� ñ7�ã(. Fig. 3� NaOH >Ï45 DF �	ð(MPA ��ð)�

[OH]/[DF]8  ði �
G�8 V�+ xG
 ·i"(.

� ���	45 DF� NaOH >Ï8 �x 4 M, [OH]/[DF]8 �x 

4 "�45 4-5� ^4 �	�� MPA� 80%"� ��:®(. 6"


�� NaOH 4 M >Ï�+ [OH]/[DF]8 �x  645 ���	 
 ·

i MPA ��ð" 100% ªZ�ã�@ 6 M >Ï�+ [OH]/[DF]8 �

x  3-645� �
G�4 4º¸" NMR u/0¶4 p+5 {f�

j��ã(. "� ���	 i7 � ��T MPA8 dimer+ 
ñ:®

(. " �
45 NaOH8 �x� 6-10 M =>
 �� �
� æ� ú

û
 j\�
�+ >Ï8 Ðx� 7045 105oCø1 �ù
 �M 2 M

8 NaOH� =>
 �� >Ï Ðx� 40-45oC "®(. ~�5 NaOH

>Ï4 8
 DF8 ���	 �
� NaOH �xO pH Ñ-4 ½¾"

f(� Í� ¦
(. " �� æ� 6� �x8 DF� =>�� ���

	 
(M Ðx��" ���� Ðx4 8
 �
²i� �[� � '

� Í"@ � ��&�� � � a74 �>�� ��� ;�x �*�

=>V4 ~� �h j\�
�+ Iâ:X  � Ðx8 m��X� P

���ã(. ~�5 pH4 8
 �
½¾� w+ ñ7�ã(.

"� 78 ÙA�� ��� æ �� G �
4 =>T NaOH>Ï8

�x� �
G��+ �� ���8 pH� ñ7�; pH Ñ-4 ~ò

MPA ��ð� xG
 ·i Fig. 4O Ó(. ���	4 =>
 NaOH

>Ï8 �x� 2, 4, 6, 8 £ 10 M "®�R [OH]/[DF]8 �x  3-64

5 4� "� �

 � MPA8 ��ð� �Ö�M NaOH >Ï 2M�

=>
 ��4� pH8 ¤9l�4 ~� MPA ��ð" f� l��ã

�@ NaOH >Ï8 �x� 6-10 M+ l�GHM pH 4.545 68 ��

Fig. 2. Typical ion chromatogram at DIONEX DI-300 ion chromatog-
raphy. (1) DF hydrolysis product in water, (2) and (3) after 1st
and 2nd distillation respectively.

Fig. 3. DF destruction (MPA production) in NaOH solutions with
respect to [OH]/[DF] ratio and reaction time. NaOH concentra-
tions were a; 2 M, b; 4 M, c; 6 M and d; 10 M.
���� �41� �4� 2003� 8�



Methylphosphonicdifluoride� ���� � HF �� 467
45� pH ��4 ~� MPA ��" l��ã�@ pH 6� ���+

pH 9.0ø18 ��45� [OH]/[DF] @ �
G�4 4º¸" DF�

�7��+ �	 :X MPA� �� 87% "� ��:®�R NMR �

Ö·i MF� KL�1 ë 4 ~� MPA dimer� 3 13% KL
(;

�[:®(.


�, MPA �>Ï� D2O45 31P NMR+ ñ7
 ·i pH4 ~�

chemical shift� ��� Ñ-�ã�R(Fig. 5) "8 4º� xG�M Fig. 6

i Ó" pH 4-78 ��45� þ:�ã�@ " �� "�45� �


Ñ-� Æ�w®(. " ;�� MPA8 pKa1=2.38 £ pKa2=7.744 ~ò

½¾�+ �[:®(.

E
 ���� F "Ð îï� �n�+ ñ7
 ���	 �
·i�
31P NMR+ ñ7
 <i =2�� ^45 �C��+ F-Á�8 �	

��4 NMR�� F"Ð �n� ">� � ' � ¦
(.

DF4 �
 NaOH8 ���	 ��·i� Æ;T ± ¸��+ GB4

�
 NaOH �-a7� ;>�M " �
� ¤ ?J" @� �� 
 ±

'�@ 1982A �>�8 s�ÈÉ� N��+ ·7
 "� �-���

�[:®(. µ "W� ��a745 ���	 G (U8 eQ�" j

��R õ-(mixing)� ¥ :1 ë
; �
� f�� l� GBÚ �

� Ì ­� Þ��" yz:X �CD8 �-�
" E<�(; �[

�ã� �Þ"([8, 10]. GBO DF4 �
 NaOH8 �
� �� g(1)

£ (2)O Ó" FG� � '(.

CH3P(O)FOCH(CH3)2+2 NaOH G CH3P(O)ONaOCH(CH3)2+NaF+H2O

(Sarin, GB) (1)

CH3P(O)F2+2 NaOH→CH3P(O)(OH)2+2 NaF

 (DF)  (MPA) (2)

" �
� þ��
� ��� iU8 NaOH� =>�� �Þ4 (U

8 så" j�� Ã: ÄÅ� diesterO Ó� PH�" VW:X 'X

þ� ³�+ �w� � ¸®(. Diester mB� W)�� f1 ë�@

HFO �
�M Ió�*+ �ÒJ � '� �Þ4 iU8 ��N(�

���� T(. �45 �Q"Ði GB8 �
�(k=23.7 liter/mole·sec)

" Ø� Í� ;§�M �>Ï �ý8 KDÅÄ@ b�mU8 Äé"

GB� ²i��+ �)� � '� Í�+ �[:@ NaOH �� NH4OH

� =>�M s�� ��" ��1R "� j��� (U8 s å4 �


 �³� Þ�� �ÎJ � '(.

3-2. �� ������ ����

DF� ���	 �M g (3)i Ó" MFO HF� ���R " �
�

úû
 j\�
�+ IâT(. MF� (G ���	:X g (4)O Ó"

MPAO HF� ��
([3].

CH3P(O)F2+H2OLCH3PF(O)(OH)+HF

(DF) (MF) (3)

CH3PF(O)(OH)+H2O G CH3P(O)(OH)2+HF

       (MF) (MPA) (4)

�>Ï45 GB8 ���	 �
hx� b �x8 3 Q�"@ ��

45� �[S M�R ;Ð, ;�x8 �>Ï(30-50%)45� �
hx

� �N(; ¦§¨ '(. ì, �i DF8 e{   7:3"�, �
Ðx

90oC45� þ� ���	� 
ñ:®(. DF8 �� ���	 �	�

Fig. 4. Mol % of MPA after hydrolysis of DF in NaOH solutions with
respect to pH.

Fig. 5. 31P NMR spectra of MPA with respect to pH.

Fig. 6. Chemical shift in 31P NMR spectra of MPA with respect to pH.
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3� ��� DFO �8 e{  � �� 50:50(1:1), 40:60(1:1.5) £

30:70(1:2.33)45 ���	 
 � G��i4 ~ò �
�� NMR+

ñ7
 ·i� Fig. 7i Ó(. Fig. 78 a45O Ó" DFO H2O8 e{

 � Ó�M �
G�" l���� MPA8 ��ð" l��ã�@

H2O/DF8 e{ � 1.5�  i�M �
G�4 O ½¾� P1 ë�R

5� ^4 DF� 96%"� �	 :®(. �
Ðx� 80-90oC+ �ù�

ã�R ��:� �8 ê" ­��� Ðx� 6
(. Fig. 78 a, b45

� �
 �· G �Ð45 �� ��" ��:X "� ��, �Ö
 ·

i MPA8 ·7"®(. c(e{  1:2.33 "�) 45� �� ��" j�

:1 ë
(. "� �4 MPA� À�S >	:®� �Þ"R �4 �


MPA8 �� >	x� 32.3% Q� c��M À�S �lT(.

Fig. 78 b, c �	45 DF� 5� "^4 MPAO HF+ �	 :®�

R "� �
G�4 ~� MF� 3 3-7 mol% KL�ã�@ 20�7x

G�" �i�M þ�S ���	 :®(. "� DF �	G j�:�

MPA� Q |æ+ �>�� m�|æ .�� �ã� �Þ�+ �[T

(. ì, DF� >Ï8 �x� f?@(30-50 wt%) 70-90oC8 Ðx�	4

5 �ò hx+ MPAO HF+ �	}� ¦ � '®(. � ��45 H2O/

DF8 e{ � Ó� ��4� �
G�8 l�4 ~� DF8 �	ð"

l��ã(. Fig. 8� DF ���	G �
G�4 ~ò MF £ MPA8

�xÑ-ð� 31P NMR+ ñ7
 ��·i8 
 
� Æ�w; '(.

"�8 ��·i� �Á�M � ���	45 5� ^4 DF� 97%

�	 :®�R �
G�� l��M ?8 þ��	 T(� Í� ¦ �

'®(.

NMR ñ7G ñ7 tube� W�4� =>�ã��+ G� �i4 ~

� ñ7>Ï � Fluoride "Ð" W�O �
�� 55S NDJ �x

'(; 
ñ:®(. ~�5 NMR u/0¶45 MF {f� @R@1

ë�(; 	5 þ� ���	� "ßX�(; [7� �� ¸®(. �

��4 �×�� e��; F "Ði NMR tube4 �
 ½¾� 78 Ù

A�� ��� S� HF>Ï� ���; G��i4 ~� 19F NMR u

/0¶� ñ7�ã(. W�+ ��T NMR tube4 HF �>Ï� ô�

Y�4� Fig. 98 aO Ó" −165 ppm (CFCl3=0 ppm��)45 HF {

f� j��ã�@ 2G� �4� bO Ó" HF {f "�4 Si-F -Á

�+ ¹7:� p+5 {f� −129.7 £ −150.2 ppm45 j��ã(.


�, W�44 �
 �ÖGá8 ½¾� ¦ÄÆ� ��� DF ���	

Gá� glass tube4 Æ4 � G��i4 ~� ñ7
 ·i ³ 4� MF

{f� ñ7:®�@ 24G� �4� {f� j��1 ë
(. ~�5

� ��45 DT Gá� ��ìG �Ö�ã(. "O Ó" F "Ð" Â

VT Gá� �UG ìG �Ö�?@ '() NMR tube� =>�� Í

" ±VY�@ " �� W8 �i� �
}4 ~� cx� b�J �

'��+ Xn��+ ; �	�8 NMR� =>�?@ =Y G� ��

scanning" #��� T(. ��+ '() tube� ">�� ñ7
 ·i

S/N  � W�4Æ( 3-4ÿ l��ã(.

3-3. ���� ���� �	

3-3-1. ¦�� 0hå4 8
 ��

�Q-�Z� PN"Ði �
�M  �>�8 CaF2� ����+

[13] DF ���	 � �
 ���A MPAO HF� ¦�� 0hå� =

>�� g (5)O Ó"  �>�A CaF2+ ���?@ HF� l9�� �

�� � '(.

Ca(OH)2+2 HF→CaF2+2 H2O (5)

" ÈÉ� í>�� ��� '() >�4 DF� 30 vol%8  ð+ ôX

���	 
 � �� 10, 45 £ 120� � �
>Ï� �Ö
 ·i G�

4 ~ò O ½¾� ¸®�@ 2G� � MPA £ MF8 mole  � 3

96.2:3.8+, �[U8 MF� KL�ã(. µ� 3 10�� 80oC+ �\

�� Æ
�@ MF� þ�S ¸X11 ë
(. ��4 1[U8 20 wt%

Fig. 7. DF destruction (mole % of MPA production) in water with respect
to volume ratio of water and reaction time. The volume ratio of
DF:H2O were a; 1:1, b; 1:1.5, and c; 1:2.33 respectively.

Fig. 8. Change of 31P NMR spectra from the DF hydrolysis with respect
to reaction time.

Fig. 9. Chemical shift in 19F NMR spectra of HF with time (a denotes
19F NMR spectrum of HF at time 0, while b is that of the sam-
ple stored in a glass NMR tube for 2 hrs.)
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Ca(OH)2 �>Ï� ô®7Å �
>Ï� �D
 �ý+5 ÄY Q� >

Ï"�+ CaF2 ��� ��1 ë
(. (G ��4 1[U8 20 wt%

NaOH >Ï� w��M CaF2 ��" j��ã(. ���� �?��

��� c+ �i� Gx�ã�@ �m� �Ä E<�ã�R �e� $

%&A ##(45µm)+ �i
 � �iÏ� I.C.+ �Ö
 ·i F "Ð

" 4.8 mole% \Ä '®(.

"O Ó" ���	 ���4 KL�� HF� �Q-�Z�+ �?�

� Æ
�@ ��T CaF2 �m� æ� �; gel �ý+ KL�ã� �

Þ4 �i4 8
 þ��?� æ� E<�ã�R � a74 �>� �

� �i £ ��i7" #��R ]^
 �ºdC� N�J Í"�+

l9ÈÉ� =>�� :®(.

3-3-2. �+l94 8
 ��

���	 � >Ï4 KL�� w��� g (4)O Ó" MPAO HF"

R, "�4 ¤U8 ¤ �
 �*A MFO ��[G DF4 õÁT NU

8 �7�� KL
(. MPA� �j�" ¸� ��� ;B"R, HF�

1�+ 112.1oC45 �i a �� ����+ l9�� HF� �� �

� '(; �[:®(. E
 >Ï�8 �7�� �j�" ¸��+ HF

� l9�; @M MPAO V_ �
�4 \Ä'� T(. ~�5 DF�

�+ ���	
 � �
�* � HF� ���; @`1 �*� ��

>	xø1 �>Ï�+ :ÕX Ï� N��M Ió�*� þ�S ��

�� s� � � '(.

�
� Ì DT l9dCO ea� HF8 Û
 eg� �Þ4 '()

L*� î7�ã(. �
 1G� � oil bath45 ^e>Ï8 Ðx� 95-

120oC+ W1
 � l9�ã(. µÔ@ HF� þ�S �?�� ���

�7G� �ú�+ 1h�A �8 ÆÀ" #��ã(. � ���	45

���	 � l94 8
 F"Ð ��ð� Fig. 10i Ó" ³  3-4G�

��� �úS �ù�ã�@ µ � þ:�� Iâ:X 99% ��4 10

G� "� N�:®(. HF �� ��4� 13G�" N�:®�R "�

��ð� 99.7% "®; ��>Ï8 ���x� 20 wt%"®(.

���	 � MF� ̄ z:1 ë
�@ l9i745 �" ̧ �M MF

� �[U ¯z:®(. ~�5 �" eb�M g (4)8 .�
" Iâ}

� ¦ � '®(. "� ÙA�� ��� �� � MF� (U ÂVT G

á4 c� �� w��ã7Å MF� ìG MPAO HF+ �	 :®(.

~�5 l9i7 � ��:� MF� �]l9� ��� �Ð �ý45

�� w���+ ÆÀ�M5 l9�ã(. 

3-3-3. �-a74 �
 ;>

DF8 ���	 ��·i� ¦§I Í" �+ ¸��+ µ �� ­�

��� �âT GBO  ¡�M GB� NaOHO �
�� g (1)i Ó"

  W)�8 W�åi NaF £ �" ��:R pH £ Ðxl�4 ~�

�hS �	 :R pH 10 "�45� ?8 �G4 �

(. �>�8

þ��	 N�G�� ·7�� �
 pilot CD8 ��45 " �
�

�hS Iâ:X 5� � GB8 �x� Äw 6Ä(<0.037µg GB/ml>Ï)

NaOHO GB8 �CD �-� G�:®�@ (U8 þÀ>Ïi �->

å�� N�:X d�" �+ ¸®([8].

GB8 ���	 �
� g (6)i Ó�R,

CH3P(O)FOCH(CH3)2+H2OGCH3P(O)OHOCH(CH3)2+HF (6)

1� Äé� GB8 ���	� |I�@ ���" ]^	¨ �Us�

4 �>:1 ë
(. Cu, Mn, Mg Ì 0h"Ðx ���	 |æ�>�

�@ ��� � ÂVT 0h"Ð8 s�Þ�� �Î:®(. Q�>Ï4

8
 ���	� hx�X� E<�; e�
i eQ�" ��:®�

R, "Ð¡Ò �1� ���	 |æ+ ²i�"@ ���"1 à�ã(. 

GB8 ���	� E
 .�
4 8
 L� ���" �Î:®(. å

�� �*+ ���	 
 � j��� å8 ³�ÈÉ�+� -Á�*

õÁ, Ö�>Ï8 w�, å8 ��, isopropyl methylphosphonic acid8

�� £ d Q-³� Ì" '�@ �d ���"; [H
 ÈÉ� ��

ljGH� Í"([8].

�-8 �d O [�� Q��	� Ñ-GH; \i �� �?�M

.�
4 8�� �>�� L�� :� �"R �
� |I�� ��

� iU8 ��N(� =>V�+5 (U8 så" j��� Í"(.

~�5 GB8 �� .�
� È1�� ��� �
 ���A NaF,

sodium isopropyl methylphosphonate� ��, �?�ã(.

DF ³�ÈÉ� ¦§¨ '1 ë�@ � ��·i �� �>Ï45 �

��	 
 � HF >Ï� �+45 �] l9�� ��� � '®�R

e9>Ï4 \Ä'� Í�+ 
ñ�ãf MF� jg:1 ë
(. µÔ

@ a7 � l9G�" =ó N�}4 ~� HF� �h, ��� � '

� p+5 ÈÉ" #��ã(.

"�4 GB@ DF s�ÈÉ� ¦rä >Ï ^45 å�O8 �
, Q

-|æ�>4 8
 ���	, 4çèÄéi8 �
� ;§� � '(. "

� W	s�� ³�4 =>:� ¦rä >Ï45 GB £ DFO KOHO

8 �
� �� g (7) £ (8)i Ó(.

CH3P(O)FOCH(CH2)3+2 KOH

 →CH3P(O)OKOCH(CH3)2+KF+H2O (7)

CH3P(O)F2+2 KOH→CH3P(O)(OH)2+2 KF (8) 

¤ ?J8 F� �)�A, DS2� NaOH 2%, ethyleneglycol monomethylethe

(CH3OCH2CH2OH) 28% £ diethylenetriamine(NH2CH2CH2NHCH2CH2NH2)

70% >Ï�+ ��:X '�R[6] í���� CH3OCH2CH2O
−"(.

h@(� içè4 >	T KOH+ �>�� _`
 � e9>Ï� N

� ³�
 ��" '�R j�4kl m�n4 oA KOH� PCB@ (

"p�8 _`a74x ">:; '(. /� KDÅÄ4 Na� >	


solvated electron �«i humic acid� ">
 ³��«x jF:; '

([7, 10]. µÔ@ "Õ ÈÉ� W)�*8 �)ÈÉ�+ =>J � '

�@ ­� s��� j�GB �³���Ú �� Í" [�"R ÄY

­� �«� 	·i�� \Ä'(.

Q |æ ���	 �
hx� åQ"@ qQ�xO Ðx8 ½¾� P

�(. GB8 �� �Ði �N"Ð �x 1 mol/L (3 4% HCl �>Ï)

45 �>�8 �c�� 1.38�"R 27.6� :4 99.9999%� _`:®

(. GB� � h45 XM 7x mj��+ ���	 :R ���	 �

��A HF� �
� �h-Gr Í�+ 
ñT(. ~�5 � h4 GB

� ô; �[G� sÄÎM mj�A �
i m�|æ �>4 8	 GB

Fig. 10. Percent of HF recovery from the hydrolysis products of DF in
water with respect to distillation time at 110oC and normal-
pressure.
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+ �
�e� >"�� ÙA� � '� 
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 ���+e# Q���+ "> ��
 HF� ��, ���;
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Methylphosphonic difluoride (DF)8 ��³�� ��� å� £ ��

�>Ï45 ���	�; ���	 ���8 HF ���� ·i ÄóO

Ó� ·)� xz�ã(.

(1) DF� å�� �>Ï45 �ò hx+ �	 :®(. NaOH 4-61

>Ï�+ [OH]/[DF]8 �x  4 "� ��45 ��"^4 80%"�
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