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Abstract 

Radioactive nuclides in incinerator fly ash of municipal solid waste before and after the 

Fukushima daiichi nuclear power plant accident were determined using γ-ray spectrometry.  

Potassium–40, 
137

Cs, 
226

Ra, 
228

Ra, and 
228

Th were determined in the ashes before the accident and 
134

Cs was also determined along with these nuclides in the ashes after the accident.  Activity 

concentrations of natural occurring radioactive nuclides (
40

K, 
226

Ra, 
228

Ra, 
228

Th) in the fly ashes 

were constant, while the concentrations of radioactive cesium (
134

Cs, 
137

Cs) increased due to the 

accident; the reason why 
134

Cs/
137

Cs activity concentration ratio was equal to 1, corresponding to 
137

Cs existing in environment before the accident.  However, concentration level of radioactive 

cesium is not a ploblem for disposal or recycling at all. 

    Notification No. 13 elution test and an adsorption experiment with its solution and andosol 

were applied to predict elution and adsorption behavior in a disposal site.  Forty percent of 
137

Cs 

in incinerator fly ash eluted by the elution test, and adsorption ratio of Cs
+
 onto the andosol 

showed 90% as primary concentration was equal to or more than 5000 µg L
-1

.  In addition, 

desorption results used to 5 types of solvent showed that desorption ratio of adsorbed Cs
+
 from the 

soil was 3.6% at a maximum.  Hence, it is anticipated that using a soil which is similar in 

composition to the andosol suppresses leaching out radioactive Cs from reclaimed land. 

     A sequential extraction was carried out for the nuclides in the fly ash, since the 

characterization data is useful for a management of incinerator fly ash.  Alkaline metal nuclides 

(
40

K, 
134

Cs, 
137

Cs) in the fly ash have high water-solubility due to basicity (Ca/Si ratio) of 

municipal solid wastes and/or operation condition of incinerator plant in Japan.  Hence a 

treatment of leachate would be necessary for management of the nuclides in incinerator fly ash.  

In contrast, 
226

Ra, 
228

Ra and 
228

Th were enriched in the residual material of fly ash, corresponding 

to the fact that these nuclides are generally incorporated in the SiO2, which is one of major soil 

minerals.  The distribution of 
210

Pb is different from that of stable Pb, although 
210

Pb and stable 

Pb are isotopes of each other.  The differences in the chemical states of 
210

Pb and stable Pb might 

result from their distinct origins; 
210

Pb originates from the decay of 
222

Rn and is associated with 

aerosols, whereas stable Pb is mainly derived from relatively inert chemical forms. 

 

Keywords: Fly ash, Radioactive nuclides, Radioactive Cs, Monitoring, Cs adsorption, Sequential 

Extraction 
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1-1 �����	
�����	
�����	
�����	
 ��
�������
���������������� ��
� !"�#$���
���� ��%&!"�'$�(��
�������)*+,���-�.�/012+3/45���6��7845�(9���6�����:�����;<=>
 (
-�

 NOx, SOx, HCl) 
.?@A. BC�DEFGBCHI��JKLM&,�(N OPQRS�T'���U��
������Cr, Ni, Cu, Zn, Pb 

.$VUWXY8FZ[\]^_8�`ab�Jc�� 1) 
Ud�ef ghijFklm nopqr$(sU�N5t cjEu������vdw'Ux�yzF{|z�}~�+���Uc�;. ���OV'������5p,�(�UpV'�cjEu Jc% �Qt���ab&�����45�cjEu �����������E���� V.V'��F]��������_���.$VU?����TUx����7Lmvdw't5� 2)(��+�����7L vw') �¡p¢£�'�¤�¥¦§�$���7L¨{ ©ª«¬­®¯°±²³´µ¥¶·¸¹º»¼½«¾¿µÀÁÂÃ¨ÄÅ³´µÆ²³Ç·¸¹º»¼½È��É�ÊËÌµÀÁÍÅÁÎ¤ÏÐÑÒÅÓÔÕÖ³Õ×ÓØÙÖ³ÚÛ«²³ 3)ÇÜÝÏÞßÉàµ»¼á½âãä«åÁæ³ÝçÏè½èµé±»äÖ³´µêëìÞßÉàÓíîÖ³´µ«êï³«Ï´âðñêòóôõÓö÷Ö³´µ«øùê²³ 4)ÇÞßÉàúûüâÂÃ¨ÈÏîýþ±ÿ�ÄÅ³��â�����«�	
ÄÅÁæ³Ýç

5) Ï��êÈ»¼½âÂÃ¨ðñê
µ���������Óÿ�À®æ����à
6) �������7)Ï�É����� !�"#$� 8) 

µæ%Ý&'üâÂÃ¨Æ(ç¶ÅÁæ³Ç)ç*Á+,ê²ÅÏÂÃ¨ê²ÅÏ»¼½â-¯Ó./Ö³Ýç±01±23Ý,4«56ê²7Ï89 X :,4; 9)Ï<-=>?�,4; 10)Ï@=A9,4; 11)ÏÔBCDE�F�Õ9;�ÔBCDE�F�G�,9; 12, 13) 
Ó¨æÝH�,4�ÏIJ X :KL,4;Ó¨æÝCMN,4 9, 14) 

«OPÅÁïÝÇ ÜÝÏ2011 
�âQRST@=UÕVWXYZ[Ï\]<±^_̀ aÀÝ>?-Þ�� 

 (134Cs, b1/2 = 2.06 y; 137Cs, b1/2 = 30.1 y) 
±c³de«�	µ®%ÝÇ·¸¹º»¼á½±fæÁÆ

 100000 Bq kg-1 
Ógh³>?-Þ�� «i�ÄÅÝ´µj¶kâlm«n3¶ÅÏ2012 

�
 1 o 1 pqOâ>?-rGdel+st;êÈÏ8000 Bq 

kg-1 
Ógh³uvwxrÈy«z{ÓÆ%Á+,Ö³µÄÅÝÇÀjÀ®«¶Ï´â;|êÈuvwxrâ+}Èÿ�ÄÅÝ·~���êOæÏ��âwxr+}q�ÓÍ�ÀÁ�¨Ö³´µ«vç¶ÅÁæ³ÇÄ¶±·¸¹º»¼½ÓÂÃ¨Ö³�DÏ@=���Ù;±��_����É��� 15) 

±c7)*Á���c7Æ�Àæ
 100 

Bq kg-1 
µæ�>?ù�����«vç¶ÅÁÎ7ÏwxÏÂÃ�æ�Åâ�DêÆ>
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?-Þ�� Ó���_,4Ö³´µ«56µÄÅ³Ç>?-Þ�� â��Ï���â�æ
 134Cs, 137Cs 

Èæ�ÅÆ���:µ�É�:Ó>�Ö³«Ï´â 2 	
È��
ê²³Ýç��1,�«�øù®ÝçÏ�T�û�±Ê�Ö³>?-Þ�� â���:��ÈÏkâ@}�ïPçÁ¬­ê²³ÇÀÝ«%ÁÏ>?-Þ�� âv�±ÈT�1±�É�:���à#ßà��«�æ¶Å³Ç 

 

1-2 �������� !�"#�������� !�"#�������� !�"#�������� !�"# �É�:���à#ßà��È�ûj¶>�ÄÅ³�É�:Ói�$ê,9ÀÁÏ>?-	
âv-µv�ÓO�%;ê²³Ç�É�:Z&±��'(:����:Ó>�Ö³	
ÈkÅ)Å��'(:���à#ßà��Ï���:���à#ßà��êÆ�v«øùê²³«Ï*+È��'(:â,ðU«-_.T®/0¯â�û1î«56ê²7Ï2+È3¶Å³���à�«45���à�ê²³Ýç±6	
Ó�þ±�vÖ³´µ«¬­ê²7Ï7Tâ	
Ó3³Ýç±89®*+}«56µ®³ÇT%Ï�É�:���à#ßà��ÈÏ�É�:â,ðU«:æÝçÏ�ûÓ{;â<¯ê�vÖ³´µ«êïÏÜÝÏ3¶Å³���à�È:���à�ê²7Ï>�ÄÅÝ�É�:âë=�>�j¶6	
Ó�þ±�vÖ³´µ«øùê²³ÇÀÝ«%ÁÏ�vÖ³�ûâ¯?±@¶�A$±BCÖ³DEê,4êï³�D«6æÇÜÝF
Ó,4Ö³�DÏGHIê²³JÓæjÀÁ�É�:�v2±Kâ,4L$ê�ûÓ,4Ö³´µÆøùê²³ÇÄ¶±Ï�vlMâ>?-	
«�É�:Ó>�À®æ	
ê²%ÁÆÏkâINOä	
«�É�:>�	
êjfP	
â���c7ÆQ,±Ræ�DÏINOä	
â>?ù«P	
â>?ùµ�À_®³´µÓÃ�ÀÁ
 (
>?ST

)Ï>?ùÓv�Ö³´µ«øùê²³Ç �É�:È��'(:����:µUæÏV=êÈ®_9=ê²7VWÓXÝ®æÝçÏ Ǻ¶âV=µÈY®%Ý<ZâN[í�±��æÁ�É�:���à�Ó3³Ç�É�:�vêÈÏF
CM�êâ9=ë=�>�âA\ÓÕ9±N]ÀÁi�Ö³F
�É^_�� É̀i�$�Ï�B
a���"±bc���ÓdeÀÏk´êO3Ýfgh�ê�É�:µâN[í�êOäÀÝWVlÓVijkµÀÁi�Ö³�B
i�$«�æ¶Å³Ç F
�É^_�� É̀i�$È
 Tl 
âc�®�-�rGÓleÀÝ

 NaI � CsI 
âCM²³æÈIJÓ�æ³Ç Ǻ¶âIJÈAm-ÓnÖ³Ýç±��oîâpqA$±qrÀÁ�æ¶Å³Ç´â�v%;È9=âr?j¶Õ9âi�Üêâþs«Gt±R_i�ÚuÆvæ«Ïë=�>�,wù«xæÝçÏyz�û<â>?-	
Ó�vÖ³�DÏ���à��{âò®7«�ï_®7�v«¬­µ®³ÇT%êÏ�B
i�$Èv|�â

 Si, Ge 
7CM� Ga-As 

�B
«i�$±�æ¶Å³«ÏT�1±�É�:±lÖ³G�A\�}«�ï_Ï~�-â�æWVl«7�ë=�>
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�²Ý7±6_OäÀÏv|�ê
���®7CM«3¶Å³®�âÃJ«6æ
 Ge �B
i�$«c_�æ¶Å³ÇcÉ">��E«�Ä_�ÅV�«�ïæÝçÏ��þ±	

���

 (77 K) Üê�¼Ö³56«²³«Ïi�Úu«
�1v_ÏF
�É^_�� É̀i�$±
�Áë=�>�,wù«��±væµæ�ÃJ«²³Ç �É�:���à#ßà��ê>?-	
Óv�Ö³�DÏkâ>?ù � 
ÈZ�âZÓ�æÁ��ÄÅ³Ç � = � / (�•�) ����1) � 

È�vê3¶ÅÝ���â�}u (cps), � È,�

, ε 
Èi�ÚuÓ�ÖÇ,�
È>?-	
«>�ÀÝ�É�:â>�ÒDêFn�Óµ7Ïi�Úu � µi�$±r?ÀÝ�É�:âë=�>� �γ 

âs±ÈZ�â��«²³Ç � = � �γ ����2) �, ! 
Èi�$âfghâ�ïÄÏ:¿â"#�1<¯®�±c%Á$%1±��ÄÅ³�}ê²³Ç$&â�É�:�vêÈÏfghâ�ïÄÈÏ�Tâi�$Ó�æÁdeV'ÓTv(ÖÅ)t(Tvê*+ÝçÏ�v,â"#�1<-ÓTv(./�vÓO�Xê>?ùÓv�Ö+012(Ï�vþâ3 ì�4�54�ÚÛ�67A\ÚÛ(c%/>?ùâ89:O�03 ì�4�54�ÚÛ;<>?-	
=i�$âþs,wùc7>Ræþs�(

 2 KZ�IN.Ý�D<�4�:â�}u=�?ÜÝ;@e.<ABCê;
 134Cs 

=DEF+0GâHI;i�$
–
�ûsâJ�:fE+GKê<LM:N
êï+
��1_F+GK=øùê*+ 16)0OP<67A\HI;�ûj2>�1QPR4ST=�U:VWF+&(<XnF+YZ([\1QR4ST]^=_`F+abc*+0de.PR4STfghijkKlmfnopqfro:stK.Puv<VWwx

 dy z{|}~lm�
 �dy (�: �^

) �deR�STf�q�
 � z��}~�deR�ST�

 dy ��lm��VW���z[\�Q~R�STf�q�
 –d� �� 

–d� = ���� ����3) ��~�� �m�[\��c�R�STfghijk�lmfroz�{}~t�c�~�3) ��[\�f��z ¡¢£¤}~�� �  = �0exp(–��X) ����4) �¥¦Q~�4) ��§Uf��
 � z ¡¢£¤���, �0 

�¨Q©Qª«�f¬e­
 ® �̄ f¬e­

 ®0 z°±²³~� ®0 = ®��� {1 – exp(–��d)} ����5) ��~��´�µ¶·¸z´¡¢�¹º»¼�½¾�¿ÀÁ�´ÂÃÄÅ[\ÀÁfÆÇ�ÈÉc±~Ê^c�Ë��Ì�ÍÎ¦fÆÇ�ÏË¢¡�¡� 
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����
 2 ���� �������	
��
���������������	
��
���������������	
��
���������������	
��
�������� 

 

2-1 ���������� !���������� !���������� !���������� ! "#$ª%&'�()*+,-¼./½��0f12lm�X1��3t45s678lz9t�Î¢¡~Í��}cz: 1 ;c<=���̈ Î¦f>?�45}~�Ìf@ABC�D�EF«¦ÏGÎ¢¡~�12lm�HI�z>?J��KL�¢MN,O�PQ}~��R,HIzS�¢TM�UV�«��3zPQ�W0¡uv�X2�Y±ZÍ}�%&'f[¤uf\]^_c�[¤�Ìz"#$ª%&'�`�}~�Ì�MN,a?Of@ABC�D�ÏbÍ�c�12lmf>?,KLzS�¢cdzSe}~Í��fÌ¦Î~�@ABC�D�fÌ¦Î~12lm��OmHIghc�Oi�jklmº�n�opqrº�sZtu��½v��wmZ�xyZ�z{|}Z��O~Oghc�ÍÎz�³¢m����MNHIghc�Oi�Ay�i�sZ��CCmº������qrº�Sblm��¢��¦Î¢¡~ 17)�12lm45f��«¦�o
 11 �z�t�Î�

 PRTR 
�^f����o

 27 � 11 �a|c� 462 
lm�:s�9t��lm��¢tÌ¦Î¢¡~ 18)� s��¬e|��� PRTR 

Sblmz9t�Î¢¡�¡��X���z��«¦�����³~�Ì@ABC�D�ÏGÎ¢¡~��������� ¡�¢c
 2.4 

mSv 
c�£̈ f¤�¥0��k��¨f¦§�olc�~ 19)��k��¨�¿fs�c�232Th (©1/2 = 1.41 × 1010 y) 

´ÂÃ
 238U (©1/2 = 4.47 × 109 y) 

f¦§zÂ£̈ Î©Î
 

220Rn (©1/2 = 55.6 s), 222Rn (©1/2 = 3.82 d) 
��o}~��k��Äª�¨f¦§�ol�vix«��o��c�£¬z­£®JÎ�uvf-¯k°�M±��¬�¥fC¿q�±M�²~ 19) Í�«¦R�³f���´p�Î~uv�T¡�µ¶%&'��·Ì�}~

 TENORM (Technologically Enhanced Naturally Occurring Radioactive Nuclides) � 232Th 
,

 238U
�¸¹�¢´£uv��£�TENORM 

�º»��\]^_c�k�¸^f¼½�ª¦Î~Í�«¦�¾¿z����¡�ffX���³fÀÁ�ÂÃ��Î¢¡~ 20, 21)�ÄÅ,ÆÇfÂb�lmc� 40K (©1/2 = 1.28 × 109 y) 
�È²¢Ét��Ra Êp¬e­¸^

22) 
,

 Activity concentration index23) �Ë�Î~9�c¬e­¸^�´p}~Í���~� J��MNf@ABC�Dc��MNÌ¸�ÍÎ,pqÏÐÑÒÓÔzÂË¢HIz¬?�Î�¬e|t½mºf@ABC�D�NbÕÖÒzÂË¢×�¦Î¢¡¢�
1997 �fØÙÚ»ÓÔzÂ~¬e|t½mº¸^f¼½�Û?�Î¢¡~ 24)��¦z�ÜÝiÞß¼CÓÔ 25) 

,àápÉÏÐÑÒÓÔ 26) 
f¾âz¬e|t½mº,¬e|ãmZ�äå��Í���É�Î¢¡~�¬e|��f@ABC�Dc¥¦Î�¾kB�12lmfæÉçèfª�¦��lm,MNfØéêëzì¡~Í��í­c�~��k�f¦§c�·�

 210Pb (©1/2 = 22.3 y), 212Pb (©1/2 = 10.6 h), 214Pb (©1/2 = 26.8 
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m), 210Po (©1/2 = 53.3 d) 
,

 7Be (©1/2 = 53.3 d) ��_�f��«¦MNfØéêëzì¡¦Î~ 27)��³��á 28)���á 29)����	 30) 
�
����z�
¥¦Î¢¡~¾kB����~¬�­¸�,¸���¥¦Î�Í�����Î¢¡~� àá:���ÏÐÑÒÓÔEF�"#$ª%&'��¬�|���¤ë��GÎ¢¡�¡��"#$ª����¤��~�Å 31)�� 32, 33)��$ª 34) 

�¬�|���¤ë��L��Î¢¡~�J���µ�ÆÇz ¡¢��µ¤ët�B�«¦¾�B�X �Î¢¡~ 35)����Ë¢�Í��"#$ª%&'�¬�­¸��!��¢"#��³~$%�ÍÎ¦�¾�B�ì¡¢¬�­¸���&}~Í�z�~�F; 1-1 '�<=�Âbz 2011 �àá:���ÏÐÑÒÓÔEä�"#$ª%&K'��¬�|t½mºz ¡¢�(�)�»�¦Î¢´£�"#$ª%&'�¤ëzS}~*Ã�±�}~Í���®JÎ~���
+�,�
Ó-��&�}~Í���±��¥¦Î�¬�­¸�zS�¢Ç�¡´p��³~Í��./��~�µ;����$�z0`��"#$ª%&'��¬�|���!� ��¨�§Ø�12����´
 

2011 � 3 
��ÓÔ�I��¢¨ÎEF� 3ÓÔF4�Eâ� 3ÓÔâ4� 5}~� 

 

2-2 6789:;<=>�������?@6789:;<=>�������?@6789:;<=>�������?@6789:;<=>�������?@ 

2-2-1 AAAA BBBB ����É!z�CD� Ge 
�E�Û?F

 (HPGe-1, HPGe-2) 
�ì¡��HPGe-1 

(Canberra G) �HIJ 48.5 mm, 
HI��

 49 mm 
�

 p K�E��L³�Û?F��Û?F�\M�NO«¦
 100 mm 

n�50 mm 
È{PQ�5 mm 

vqCRS�TUVWX�ÑYZ
 3900 V [V\]HPGe-2 (γ–PGT G) 

ZHIJ
 48.5 mm, 

HI�
 ̂ 49 mm �

 p K�E_`La\ÛbF�WÛbF�cM`NOde 100 mm fW50 mm ghPQW5 mm ijkRS�TUVWXlmYZ 2000 V [V\]no�p�q�rst�u!ZWvwxyz{w HPGe-1 [ HPGe-2 
`|z}z~] 

 

2-2-2 6789:;=6789:;=6789:;=6789:;= ��������Z
 2006 � 4 �de 2007 � 3 �W2011 � 3 �de 10 �W

2012 � 1 �de 12 ��������������� �̂\��`|z\]�����Z
 2 ����������`��� ¡�¢£V}¤wW¥�¦§¨Z 40 ton / 

day 
�©~]ª\W���«��Z 2 ¬�­®¯°±²`|z}Wª³´zµ¶��`­®¯°±²�«�V

 (
·¸��)W¥�¹¯°±²`º»V\¼½��¾¿À`ÁÂV}¾¿Ã��`«�Ä~

 (
·Å��

)]¸ÆÇy������ZW��È�ÉÊV\¼½��ÊË�Ì`ÁÂÍ}¾¿Ã`ÎÏ Ð̂W¥�`´zµ¶[Ñ�«�Ä~] 
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2-2-3 ���������������� 

401 � 152Eu ����`u	Í}
���
±����[������Ï`��\]��[�W�a�[Í�����W
����­�¯��` !Ä~\"W#b$de
 5 cm %&�����`'�Í\]ª\WIGC-10200 

Z()*+,-./0123*+456789:
 JSAC 0471 ;<=>?@ABCDEFGHIJK;0LMN<=ODPQRSFTUVWXYZT[\]^D_`XaFbcdKef (gh 6.9 cm, i  ̂

1.7 cm; 
¤jk

 gh 5.3 cm, i  ̂ 1.1 cm) 
T[

105°C 24 h lm>M KCl no;pqrqsTtu>?vw
 0.1 mg xyz{T|}>[~�������$���`��������À

 Araldite® 
���Í}deu	��Í�]�e�� 40K 

�½�����j���
 KCl ��¨de 1462 keV �¤�~���#b��`�bÍ�����`��Í�]�������`� �¡k�¢~��������Í}de�0.1 mg 

ª��£�¤¨Í�]¤¨¹�222Rn-218Po 
��q¥¦§`¨ÏÄ~�"��~�������$���`��������À

 Araldite® 
���Í�3 ©�n%q�Í}de½���u	��Í�ª 

 

2-3 «¬­®¯«¬­®¯«¬­®¯«¬­®¯ 

2006 � 6 � (
°±�

) 
¤jk

 2011 � 8 � (
°±¹

) ��²Í����������½����³j�±  ́ Fig. 1, 2 �µÄª½����³j�±jw�40K, 137Cs, 232Th ¶·ÊÏst
 (208Tl, 212Pb, 228Ac), 238U 

¶·ÊÏst
 (214Pb, 210Bi) 

x¸��de�134Cs x
 2011 � 8 ����de¥�¹�#º»��ª2011 � 8 ���²Í�����´��Í�¼½  ́ 4 ¾�¢Í�¥�¹� 1 ¿u	Í���� 40K, 134Cs, 137Cs 

q¥ÀÁ��¦ÂÃ�ÄÅ��ÆÇ�È�ÉÇ  ́ Table 1 �µÄªTable 1 
jw�z³��q¥rst�¤z}�q¥ÀÁ��ÄÅ��ÆÇÊ 2.2-9.5% 

�©w�z³��10% 
´Ë¿wd¬È�ÉÇ�ÌÌd¥�nË�Ã�©��ª¥��"���������¾�q¥rstÊÂÍ�©~�ÎvÍ�ªÏ��Ðq¥rst�ÑÒ²k�®Ó�  ́ Fig. 

3(a)–(f) �µÄª��·Ô�¬z}�q¥rstÕ�Ö×Ä~ª 

 ØÙÚÛ
K-40 

ÊÜÝq¥rst�ÞßàÊ
 1.28 × 109 ��©w�á	�kâ�¾� 0.012% ãª�~ª��������Êi±�käåæ´ÁçÍ�Äè�40K 

���¾�iÁ��yw�Äzª��������¾� 40K 
Ê�2006-2007 � 

Êé
 1300 Bq kg-1, 2011 �noÊé 2100 Bq kg-1 

�êëÍ}¤w���  ́ K 
Á��ì�Ä~� 4.2, 6.8% 

�y~ª��������íîÁ�Ê�ï½�y~�����ðÏ�ñ�èòóÄ~�"·Ôxñ�è�Ì¸�²ô�©�}�õ�ö��²�÷y�}z����øù»�}z~ 36)ª2011 �no������Êq¥ÀÁ�Êièy�}z~����q¥À 
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Fig. 1  Gamma-ray spectrum of incinerator fly ash of municipal solid 

waste, sampled at Northern Kyushu on June, 2006.

ANN: Annihilation gamma-ray

(): Emitted gamma-ray energy
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Fig. 2  Gamma-ray spectrum of incinerator fly ash of municipal solid 

waste, sampled at Northern Kyushu on Augst, 2011.

ANN: Annihilation gamma-ray

(): Emitted gamma-ray energy
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40K           134Cs       137Cs

2470             7.27       16.6

2.5         8.6           9.3

2.3       16           12

Nuclides

Average / Bq kg-1

R. s. d.* / %

Counting uncertainty / %

* : Relative standard deviation / % (n = 4)

Table 1  Activity concentrations and their dispersion, 

and counting uncertainty of 40K, 134Cs and 137Cs.
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Á��·Ô�ñ�z��de�q¥ÀÁ��·ÔÊ������ÂÍr�j~���©~�Ó���e�~ª 

 ��Ù��Ú� ��Ù���	¥
��â�
 (134Cs, 137Cs) 

Êí�
Ý��Êó�Í����	¥
���©��ñ��g����ïÉ°±������É�����¾�	º»��ªCs–134 
ÊÞßà 

 2.0 ��©��"�!"·¸ï�#É$%°±&��	º»�� 134Cs 
Ê¶·�j�'(Í)�)���¾�Êó�Í��ª	¥
��â�Ê 40K 

�Ì*�+,�������Áç»��Äè�Hedvall 
�

 Erlandsson 
Ê-.

 ́ 650°C 
���Í�����¾

 137Cs 
�	¥ÀÁ�Ê����

 12 /�©����´øùÍ)�� 37)ª +,�������Ê�134Cs 
Ê

 2011 � 3 �ª�Ê#º»�³�Ì� 4 �&01.#º»�2"�ªª��134Cs 
 #º»�2"�

 2011 � 4 �&0� 137Cs 
�	¥ÀÁ�Ê�2011 � 3 �&��34Í)iÁ����)¤��!"·¸ï�#É$%°±�56 7)²��ª2012 ��ÊÞßà�8»1. 134Cs 

�	¥ÀÁ�Êß9:;�©� �òÝ�Í) 137Cs 
�¥�Ê°±<¹�Ì=��©�ª!"·¸ï�#É$%°±�	º»��	¥
��â��	¥À3

 (134Cs / 137Cs 
3

) 
Ê

 
é

 1 
�©��� >�øù»�)¤�38–41)�ª���Ã�>èÊñ?@�=î�É�A���

 2011 � 3 � 15 
ôÈ�	¥
��â��	¥À3���´��)38) 

�ºÍ)��
 (
ßB��)ªßB��´��)1.�ºÍ� 2011 � 4 �1. 2012 � 12 �� 

134Cs / 137Cs
3

 
Ê

 1 
´Ë¿�)¤����Ê°±�1.ó�Ä� 137Cs 

�56�©�ª��´��Ä��"� 2006-2007 ��CD»�� 137Cs 
	¥ÀÁ�´ÇÍE�)�F�

 134Cs / 137Cs 
3´�ºÄ���0.96 ± 0.15 

����ÉÇGHI 134Cs / 137Cs 
3Ê

 1 ����J�1.�!"KLï�#M$%°±N56ÊòÝ�O)PQ�RRISQTªO1O� .UVWXIY�T+,Z[\]^_`U�abc	d
efghijklmNno�pqr
 8000 Bq kg-1 stuvwx�NIUyzN\]^_Nj{s|QT}v~�)j��b����vF�YN�N�d�������pqrIS� 

100 Bq kg-1 
cwx�ToU��������������YO������ ��v�d�����¡¢£v¤�J¥`¤¦� 

 §¨©ªª«¬ §¨©ªª­¬ ®¯©ªª­°±�d�²³IS Úµ¶·v¸¹º» � 232Th (228Ra, 228Th), 238U (226Ra) 
N¼½¾¿²³IS��JN 3 

²³`¦abcÀ¦ÁÂÃsÄÅUÆcÇ¦ 228Th 
Ic

 

1.91 ÈIS��Jb�N¼½¾¿²³`É¡ÊN�Ë�sÌÍ�Î��Ï�ÐÑÒsM¾�Î��ÓÔZ[\]^_·NÕb�N�dÖ��  ̀ 20-30 Bq kg-1 ×S Ú�dÖ��N½ØcÙÚÛÜ�ÝQT�ÕN�dÖ��`ÞVNßàN�dÖ��¥Ð
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��×S´35)U\]_s~o��TÕ¥v�Q��Ï���s�oU���s���Î��	`Ü�¦¥¦
�� 

 ��sR¥o�¥U°±�d�²³×`�dÖ��N½Ø¡LÈsyO�Ü�¦¡U�d�����×`�M
��N��s��� ¹Ukv�xY¦T\]^_·N 
137Cs ×`��N²�Mv�Q�¾�T 137Cs 

N��¡��vPQ�¦�� 

 

2-4 ������������ VWX×Y¦TÓÔZ[\]^_  ̀ 40K, 134Cs, 137Cs, 226Ra, 228Ra, 228Th s�Ê×¦T�RTU\]^_·N 40K, 134Cs, 137Cs 
N�dÖ��N�� !

 ̀ 10% 

�"×#$%&�´c'¹U(f×S�Õ¥¡)�bT�°±�d�²³ (40K, 226Ra, 228Ra, 228Th) N�dÖ��N½Ø`U
�*}×½+�¤ÝQT�L,×�d�����N�dÖ��
 ̀ 2011 È 4 -�.��O�/ Ú012L�34M56
�N��s��T¥7
�b��2012 È�. 134Cs 

N�dÖ��`Â8v���¦�¡U
��*N 
137Cs 

N�dÖ��¥�d�����NÂ9s:;O�Ý�
��.N 134Cs / 137Cs Ùs<= �¥U>NÙ  ̀ 0.96 ± 0.15 
¥¤ %́&?@× 1 

¥¤QTÕ¥Ý�U134Cs NÁÂÃv��Â8v��cN×S�¥ABC��b��DÝDUVE×Y¦TÓÔZ[\]^_·F�d�����`U~��pq���G�YHFpqr×S� 8000 

Bq kg-1 
/�I

 100 Bq kg-1 stuvwxJ�/ ÚKL�G�YvMN`¤¦� 
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����
 3 ���� ������������������������

 13 ��	
��
��������������	
��
��������������	
��
��������������	
��
������������ 

Cs ������������������������������������
 Cs �� !"#�$%�� !"#�$%�� !"#�$%�� !"#�$% 

 

3-1 &'()*+,-./01&'()*+,-./01&'()*+,-./01&'()*+,-./01 2
 2 
E×`ÓÔZ[\]_·F�d�����¡~��UG�YF¦abF�dÖ��pqrswxJ�¦�Õ¥¡)�bUÕFÓÔZ[\]_`23KLe¥Ð4Fj{¡5�b�Ý�Æ6j�7v~o���b��ÓÔZ[\]_s~o���789:p�;8e�<=>?¡@=D�~��µABFßà�Csgh �Õ¥¡�	�b�¦��@=DE`~o���bF}F\]_FGH��sIJD9KL¤j{¡|+b�¦�ÝMÝsNn �Om¥D�PY× 42)

9>FOm`QR¡>bSbno�¦� 42, 43)� ÞT×`KLevUV �WXYCY�FPZefFghs�±v[{D9Æ6j�7�\] �KLeÝ�FPZefF@=�F^_s Û̀¥D�91973 ÈvGHab)2
 13 cDE (

�.
 13 cDE¥de) 

¡no�bF�ÕF,m`9fgKLesÆ6j� ��v9h� ij�~��/�Ij�k]j�v/��KLeÝ�FC@�PZef��viD�pqr�slnDFmn,m×n��13 cDE×ÓÔZ[\]_·F<=>?F@=s|o789\]_sPpFqqrsD9@tv:u¥Cu;v����×pH 6.0 
qF

 ̀ 8.0 
vDFw���CsY¦9xyÙ 10, z{ × 6 

h |¥oD9}�×@=y¥@=~�v��D�Ý���s|oÕ¥¥e��b�¦F�DÝD9@tF pH ��¡�¥Ê�@=v��D¤¦Õ¥ 44) 
�C�|¥o¥��|¥o×@=�¡�¤�Õ¥44)

9}�HF}���J��}��F��¡UÕ�Õ¥44, 45) 
¡�����/ 9́�¤�DE���×FA�FÙÚ¡��¤7�¡nJF�����F�

 1,4-�����¡��fgKL �Í
��F¡9¡¢ �@=DE,£¡¤¥���¦¤ÝJF�>Õ×@=@t¦§C9|¥o,£¦C�|¥o¥D9}�*F¨©ª�F«5¦�¬F@=DE£
 (

�.
 ­� 13 cDE¥de �) 

¡
 

2013 È 6 - 1 
Þ� 5́®��F�ÕF�o¤@=«EFA�Ý�ÓÔ °̄±²³·F<=>?¡C@�¦) 7�¡n 9́@=y¥X�<=>?¡´µ �¶·�¦�����¡ 46)

9«�F±²³¸¥µ¹=C·F<=>���ÙÚÛ'¹9>Fº»¥D�¼@�;� F�=�½ß¾�F��¡n£���¦� 46, 47)� 2,×ÓÔ °̄±²³Ý�F�¿�²³F@=�� �ÀÁ�9ÓÔ °̄±²³·F�¿�²³F��¥X�®+��¦¤ÝJF�DF¡J�9ÓÔ °̄±²³¹=C·F�¿�²³FÂØ��D��9C@y·F�¿�²³FÂØ¤�Ý�?Ã ÄÅÆ¡nÄÇÈ¿ÉÊËÌÍ�ÎÏÐÑ=>ÒnÄÓÔÕÖ9C@É×ØÙÚÛ °̄±²³¹ÜC�ÝÞßàáâÓÔ×ãäå�Äæ¬ç½è¾éÈ¿ÉÊËÌÍ¦��åêÄÓÔÒ¸¥ëìíéîÈ¿ÉÊËÌÍîïÜ¦ðÖêÄÓÔ×ÒñÄÇ��òó
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�� î��Ò��å�Ä Frayed Edge Sites (FES) 
Ô���Ä�ª�	
��ÊËÌÍ¦��áÄÓÔ×�Ö�ëâÄ 48, 49) 
Õç�è�����������è� pH ���ë�ÊËÌÍî������ 50)!ßÕß�×ÖçÚÛ"#$%&'Ü(�Ø)*î(+,-./��ßç-0,Ò1 23×4ÙçÓî�5�678Ò Cs+ 

à9:,
 Cs î��/Þ�æ;��Ùç<=>�à)*î?âÕÖ@AîBC/Ô Ô�DÖ�âæEçFGî��FHÒIâ +J/ÚÛ"#$%&'ÜJîK��LMNëÞ5ÓÔÒ�OPQ�BC/� ÓÔ×Òñ ! ÓîRÒ�çÚÛ"#$%S&�TßëUV 13 WXH/FYßç9:, Cs î+ÜZ/[Üßæ!\î]ç^_`a/bcßæUV 13 WXHde+JÔfghè/Iâæ^_`aî��FHçi�j^_`a/��åêæfghèÔk(çUV 13 WXHde+Jçlm–

lmn oÑ`apq+Jçr(/Iâæs�FHîtuÕÖçfghè/vwxèÔßëIâæ23�çfghè×^_`a/yzá Õ{5Õ/|}ßæ!�iç^_`aî��i�js�FHÒ�9:, Cs 
/Iâ ÓÔ×Òñ�âæEç~V Cs+ 

/IâëFH/Þ�æ! 

 

3-2 ���� ���� 

3-2-1 �������������������������������� �����*�����
 Analytik Jena AAS ZEEnit 600S ���I��o����� Analitik Jena SSA 61Z 
/K#3�êæ�î/Iâæ!������o�h�� Cs v� ¡���/ç¢£Ñ¤¥¦,§��� Ar 

/Iâæ!̈ ©ª*
 90–110°C, 70 sç&�ª*

 700°C, 20 sç���ª* 1900°C, 4 s 
Ò���ßç«���*/¬Vßæ!

CsCl 
/+­ßë

 1000 mg L-1 
+J/|�ßç®î+J/ 10, 20, 50, 100, 200, 500 mg 

L-1 �� �5�¯°ßë±�²³�I+J�ßæ!®î+J� 0.13 M ´mm,�ßë1 !µæç¶o·h�¶¸¹�º»±�²î¼²,î½¾ 51) /�¿ æEç¬VÀ�±�²³�I+J 10 µL �TßëÁÂÃÄÅÆ¤ 10 µL 
/bcßæ!¶o·h�ÁÂÃÄÅÆ¤�

 KCl 1.00 g 
»

 NaOH 0.60 g 
/k(

100 mL �+­ßë|�ßæ! 

 

3-2-2 ÇÈÇÈÇÈÇÈ 13 ÉÊ�ÉÊ�ÉÊ�ÉÊ� UV
 13 WXHË�+Ü]îJ�/ 500 mL Ì¾»VEëâ ÍçÎÏà\ÐÌÑîÒÓÍÔÕ�� æEçÖFHË�+ÜJ�/ 150 mL 

»ßæ!250 mL ×ØÄ��ÙvîÚk( 150 mL �çÚÛ"#$%S& 15.0 g 
/

 10 mg 
µËÛ�ßë¿ÜcÝçÞªß»5àË25°C, 6 h 

(áß»5Ë+Üâ³/Þ�æ!ß»5ã 5.0 cmäß»5å*
 200 æ / min 

Ë1 !3000 rpm 
Ëçè�é]çêë 0.5 µm îì(, PTFE í�î��ÄÃïð� (Advantec ñ) 

ËòÏßç+ÜJ�)´m 5.0 mL 
/cÝë¿
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Ü�Ä���¾Ë��¨�ßæ!¨��»çè�é]î���\Ð�Ð��î�Ë 

100°C 
Ë

 24 h 
¨©ßë¿Ü	�/¬Vßæ!	�¬V]ç¨©ßæX
/¤ï�n��
»��Ë
 10 
�w��ßç��ßæX
 1.1 g 

/
 ABS 

�·�º
 (�ë 17 mm, �å

 7 mm) ���ßë¿Üçð�º������Æ �����Æ� 2 �Ë�å#ç���c����
 (P-18, Riken Keiki) 

/Iâë
 200 kgf cm-1 î� Ë 60 s 

c�ßë�!"#¸o/³�ßç"#¸oî	�/ 0.1 mg 
µËPQ�Û�ßë¿Ü¹£¸h$%·&�'Ðë§�¶²¬V�(ßæ! 

 

3-2-3 )*+,)*+,)*+,)*+, -./0123456789:;<=>?@ABCDE0FGHIJKLG1MNOAPQ9:RASTUAVWXY:Z[���è»\]ßë^(,Í�â 52)!µæç_`ab&î��è�Ë1 cd��aef��ghi Í�j®»ÍklmÐnj 
53)!opqrGVWs-./01 2013 t 4 uAvwxyxz{|}~������G0Fp��

 5 cm 
p�P5��9s�p�X���G��9sJµ��1 ��¨m��fghf�

 300 g 
/

 3 L �����'Ð�sÆ��( 1.5 L 
/��

 1 �����!®�J�/§��
Ë�3�n¿Ü
 30 
�w9���¾�#J/Â����_ �Ë¡¢��!�£�f/1 ��¨�n¿Ü�¤¥¦ 250 µm 

����#��§¨j©ªÏ��«�©fghf»�n¬­®¯°±j�²³´µ�¶·¸f¹º»¼½¾º©¿ÀÁÂÃ�h¶·¸f¼ÄÅÆ¨«�ÇÈ¨²É��Ê³ËÌÇÍÎ��Ï�¶·¸Ð�Ñ³ÒÓ
 Ô15 

¹
 15.0°C 

Ç
 1.97 × 10-4 cm s-1 

ÇÈ£�² 

 

3-2-4 ÕÖ×ØÙÕÖ×ØÙÕÖ×ØÙÕÖ×ØÙÚÛÜÝÞßàáâãäÚÛÜÝÞßàáâãäÚÛÜÝÞßàáâãäÚÛÜÝÞßàáâãä
 

CsCl 0.317 g 
©

 0.1 mg ÉÇåæ°çèéêëì í³ 150 mL 
Çîïéðñòó 

2.5 mL 
©ôõêëì

 250 mL 
°Îö÷øéê

 1000 mg L-1 Cs+ 
îù©úûéü²ýèþÿ�±îù¹

 Cs+ 
ñ��

 20, 50, 100, 200, 500 mg L-1 
¼�¨��°

 1000 mg L-1 Cs+ îù÷øéðHNO3 
ñ��

 0.13 mol L-1 
¼�¨��°ñòó©�ôéêúûéü² 

30 mL ��	
�¸·�
°¶·¸Ð 0.2 g 
©

 0.1 mg ÉÇåæ°çèéð�����Ãî�ù
 20.0 mL 

©ôõðCs+ 
ñ��

 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50 mg L-1 
¼�¨��°

 1000 mg L-1 Cs+ 
îù

 
©�ôéü²���©��Ç 5.5 h ���
�¸	����©±�ê� µð!"#$© 3000 rpm, 30 min %&êëì'()ù©*+¬,,�#-°.éü² 

 

3-2-5 
ãä/Ýãä/Ýãä/Ýãä/Ý

 Cs
+
 
âÞßàá01â2äâÞßàá01â2äâÞßàá01â2äâÞßàá01â2ä

 

3-2-3 345Ç Cs+ 67ñ� 1, 2 mg L-1 
Ç89:;ü¶·¸Ð<=�>?Ç 

110°C, 24 h @A:;ü²30 mL ��	
�¸·�
°@Aµ3Ð 0.20 g 
<

 0.1 mg 
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ÉÇåæ°çèéðí³ð�óÇ pH 5.0 
¼éü

 0.1 mol L-1 CH3COONa 
³îùð����Ãî�ùð2014 � 6 �°��éü�³ (pH 6.85) 

<�3ÉÉðÈ��¹�
	�	
�<±�ê
�éü�³<
 20.0 mL 
<ôõü²���<��Ç 5.5 h ���
�¸	����<±�ê� µð!"#$< 3000 rpm, 30 min %&êëì'()ù<*+8,,�#-°.éü² 

 

3-3 �������������������� 

3-3-1 ���������â���������â���������â���������â 
137

Cs 
â×Ø�â×Ø�â×Ø�â×Ø�

 É�ð�� )���Ã°!éê"Î 13 #$¯<%±éðî�&�'(<)ÎðÎèéü²î�ù@*�3+?�þ	,¸�
< Fig. 4 
°-&²+?�þ	,¸�
ëìð40K, 137Cs 

¼./+?�þ<)Îéü²0 2 1ÇÎèéü�Ã3234ñ�¼î�°±�ü�Ã3èð@*�3234ñ�¼5èëì 40K 
¼

 137Cs 3î�6<7�éü²"Î 13 #$¯3 40K, 137Cs 3î�6< Table 2 
°-&²"Î 13 #$¯3î�6¹

 40K, 45.6-59.9%; 137Cs, 34.4-52.2% 
ÇÈ&ü²8'(¼9:
;<=>ÇÈ?ðí³@3îï��A�B��<C�éD&�Ï¼ëìð���Ã<EFGêüH�ð

40K, 137Cs 
¹IJKöLMî�&�Ï¼�NÍ:Æ�OPMð137Cs 3Lî�Q¹���ÃR�ù¼SMTU&�V4Q<-éêW?ðX#HMWY�!Z<[&Ï¼�\]ÇÈ�¼�õ�O 

 

3-3-2 
×ØÙ�^_×ØÙ�^_×ØÙ�^_×ØÙ�^_

 Cs
+
 
âãä�2äâãä�2äâãä�2äâãä�2ä

 ���Ã`3 137Cs 
¹î�Q�A�Ï¼�

 3-3-1 aÇ-:ÆüObc3EGdÇ¹eÐf�gh&�üFð��ÃR�ù¹eÐf<i�éêëìjk@2�:Æ�OÉ�ðîù`3lÎ Cs+ 
<Îè&�üF3ýèþ< Fig. 5 

M-&Oÿ�éüýèþ¹ 

Cs+ m!è 2.0 ng ÉÇno�pþQ�qìÆð�3rsÒÓ t ¹ 1.00 
ÇÈ&üOÉüðCs+ 

<�ôéê���uîù<ÍÎéü¼v38,�3wxyz ({ = 10) 3 3 |ëì7�éüý�}~�¹
 0.022 ng 

ÇÈ&üO �MðlÎ Cs+ 3�·¸Ð@389��þ< Fig. 6 
M-&OÏ3��þ< 

Freundlich �Ç��éü��ð�� = 1.459 × 10-3 �� 1.977����� t = 0.976 ������������������� ¡ Cs+ 
�¢£¤¥¦§¨©ª«¬­®���¯°±²³�� ¡ Cs+ 

�¢£¤¥°´µ¦� ¡ Cs+ 
���¯°¶µ¦·¸¹º³�»�°

 Fig. 

7 
¦¼¨�½¾¿²ÀÁ� ¡ Cs+ 

¤¥Â
 0.1 mg L-1 

�ÃÄ���¯Å 48% ����� ¡ Cs+ 
�¢£¤¥�ÆÇ¦È�É��¯ÅÊË³�¢£¤¥Â 5.0 mg L-1 ���¯

 90% ÌÍ���ÎÏ�íuð���uð��î�ùð�ub$Ð (
ÑXÒ Ó
�

) <Ô9îÕÇ�Ö×ÐM89éülÎ
 Cs+ 3Ô9��< Table 3 

M-&OlÎ Cs+ 3Ô96Øð67ñ� 2.0 mg L-1 
Ç89<%�ðÔ9îÕM���u<Ù�ü$ÐÇð 
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Fig. 4  Gamma-ray spectrum of incinerator fly ash of municipal solid 

waste, sampled at Northern Kyushu on Augst, 2011.

ANN: Annihilation gamma-ray

(): Emitted gamma-ray energy
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K-40         45.6               59.0              51.1

Cs-137 34.4               52.0              39.9

Minimum    Maximum    Average

Elution ratio / %
Nuclides

Table 2  Elution ratios of 40K and 137Cs 

by No. 13 test.
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0.4
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0.2

0.1

0
0          2     4         6

Cs amount / ng

A
b

s 
/ 

-

I = 0.0767 C + 0.0107

r = 1.00

Fig. 5  Calibration curve of Cs+.
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Fig. 6  The adsorption isotherm for Cs+ in a 

simulated eluate on andosol.
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Fig. 7  The adsorption ratio of Cs+ in a 

simulated eluate with primary concentration 

of Cs+ in the solvent.



27 

 

  

Desorption rate of Cs+ / %

1.0 mg L-1

1.3

3.4

-

No data

No data

Desorption solvent

Deionized water

Acetate buffer (pH 5.0)*

Cs+-free simulated eluate**

Raw rain water (pH 6.85)

Filtrated rain water (pH 6.85)

2.0 mg L-1

-

3.6

-

-

-

-: Not desorbed

*: 0.1 M sodium acetate-acetic acid buffer solution (pH 5.0)

**: Aqueous solution of 1.00 g of KCl and 0.60 g of NaOH in 100 mL deionized water

Table 3  Desorption ratio (%) of Cs+ from andosol (n = 1).
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3.6% ��?ð�3�3$ÐMWY�Ô96ØÏ3�<}�&ê�üO �'3��ëìð�Ö×ÐØ���Ãëìî�éülÎ Cs+ 
<89éð�uD���ÃR�uM�&êÔ9é��Ï���ìëÇÈ�Oéü�&êð�Ö×ÐØjk��ÎF��Ò�EGd3�$f (

	:
 30 cm)54) �éêÙ���ð��Ãëìî�éü23Q�
��Ø�$fÇ
�:�ðEGêd�@��&�V4Q<��:;����7��v�O 

 

3-4 ������������ "�
 13 #$�<�� )����M!éê%Ùéü��ð�� )����  ̀

137Cs 3î�6Ø 34.4-52.2% 
��&üOEGd3e�M�Ö×�<Ù�üH�<��éð��î�ù<�éü��î�ùMl� Cs 

<�ôéê89W� Ô9b�<%&üO89��þ<ÿ�éêëì
67ñ�MWY�l� Cs 3896<7�éü��ð67ñ� 5.0 mg L-1 
�

 Cs 
896Ø

 90% ��&üO!üðÔ9b�3��ëì�Ö×�M89éül�
 Cs 

Ø"�#$Ô9;�ð�Ö×�<`%e�f�éêÙ��&��ð���EGdëì323Q�
��3'�()���7��v�O 
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����
 4 ���� �������	
��
�����������������	
��
�����������������	
��
�����������������	
��
���������� 

 

4-1 ����������������������������  
 3 !�"#$� 13 %&�'()*+,-./01�23456789':;<=>#5?@ABCD'(EFG4"379HIEH2.BJK#LMBN9':;O6PQ>R6STUVWXYGVW2Z["#\]^_2TGN`R)*aN9>bcdeB6FGafBdB[=g#LMB9h'ijO6Ek`lQBmnoB6Spkqrst`"uv2Z[`#w_`"xyVWozyVW2Z[`{|}|~�2�9>eB6�oHJ#�z���`BdTUVW2Z[�`�g=��2PQ9>���|*[6S7��2TUVW���"�D2��9X�[XO�2��HJ#�v��2�������r'l�G ¡*¢[J|6�o>£d#¤¥2rst2uv��¦4"§¨©ª«¬���r#­¨©ª«¬���r#¨®¯°±²³ µ́¶·¸���r' 55, 56)#w_2VW��¦4"�¹´ªº»¼½¾ª¿ª���r#À9Á���r#Zr 

o
 Ca 

'ÂÃ�¡=§¨©ª«¬���r'l�G ¡=��
57) >{|}|¢[J|*[6S ]Ä#���2^_2TUhW��"#ÅÆO6^_4 X Ç'ÈÉ<*ÊJ|=�Ër¶½HJÌÍ'ÎÏO6

 X ÇÐÑÒÓMÌÍ (XAFS) 
>¢[J|6SXAFS "ÔÕÖ��`R?#���r×4ØÙ<=rst2uv'ÚÏ<=Û4Ü2ÝÞ`Ï���'(E�o>ßà`R6 58)S�áBâ¶ãr��2Ó�^_'ä6�o>ßà`R6>#bå2æªrs¶sªçÉèéê>PQ`R?#ëìí ¾́½2î¢94ï�6S]Ä`#@ABð8ñ'¢[*ð8òóoð8�4�¦O6ôõ'ö?÷<([#TUø9ù>�úO6Nù\û4�¦O6üýð8þa¢[J|6Süýð8þ"ÕÖ��`{2ÿD×&�hW>�T<#�=ôõ>���á`"R6>#î¢9>�dëìí ¾́½`��4(E�o>`c6 59)Süýð8þ2�`a#Tessier J>�	
ù�2l��'��Ï�<=
þ 60) (

��
 Tessier 

þo��
) 
X��N�2l���'��o<*

 the Community Bureau of Reference Program 
45?���|=

 BCR 
þ 61), BCR 

þ278��'5?M�T<=$�
 BCR 

þa���|*[6
62)S7�1��2Ó�^_2�¦`" Tessier 

þ>5d¢[J|*[*#Zn 
X

 Pb 
2TUVWo�ÑÄþ2����'<*#� øB�ÑÄþ'TUø4!"4O6�o'Æøo<=p 63) 

X#�J4�áBâ¶ãr�'Ã#+,-./0�`"#Tessier 
þo

 XAFS 
'$.G ¡*ÊJ|=Y 'TU%&'�½()2*+4$.,-`æ®. µ́æ/ª'([#TUVW'ÎÏO6�o>`c6o<=01aR6 59)S 

2011 2234 ]ÿn56789:��#;4çÉ9<æ=t2TUVW���'�Ep>£dB)*[6SçÉ9>�2TUVW���"3429:�¤HJ?@�|6>#{2£d"ABçÉ9>�4#[*`R? Bunzl 
J"CD�2=Eª#¶ã
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=to{2Ö���N4#[* 64)#Al-Masri 
J"��s�½�2

 210Pb 
o

 210Po 
4#[* 65) 

{|}|
 Tessier 

þ'¢[*TUVW2ÎÏ'()*[6SçÉ9<æ=t2TUVW���<=p"£dB[>#�	J>CD�2çÉ9<æ=t4#[*#�½æ=t«¬��
 (
¨©ª«¬9

)#�sãª²ð8�� (
zyNÑÅ

)#òó (
�C	N�Ï

) 
4��<=�o'01<*[6 50)S]
ø4#CDX��N�2çÉ9<æ=t"��478<4dd66)#
�CDX��/0�o\�2789'Ã#2`Ü��2Y 4a�¢>ßà`R6��Eo[E01>B�|*�?67)#�Û���`2�W��4��*J|6`R�ES<H<B>J#CDX��/0�o+,-./01�`"â¶ãr�>bcdeB?#çÉ9<æ=t2TUVWaCD�o"eB6o�kJ|6S �2!`"#+,-./01�29h'�"4ijO6=g#Tessier 

þ'�4<=üýð8'+,-./01�4@¢<#1��2çÉ9>�#^_'Y����2Y o�¡*� <#!"VW':;<=SÊJ|=TUVWHJ#+,-.2$�X/0#2hW4#[*a�¡*� <=S 

 

4-2 $$$$ %%%% 

4-2-1 Tessier &&&& '()`"#+,-./0�*2�¢p>£[ Tessier 
þ2¤4#��+ 10, ,¨©ª3'¢[*í-

 ̀ 6 h 
ð8'(E .37W/'0k=ð8Äþ'1¢<= 59, 63)S278�345`78�|6Nù2hW'6OS 

 78 9:; <=>8/01�'�DO6?#@A43ð8>( |6�oaBÏ�|6=g 63)#¨©ª«¬Wo"�4��'()=S�2TUVW"�[379'Ã#=g#C3X�D32EF`GH478O6S �2VW2ð8"I3'¢[=S110°C, 24 h 
©µJª`KL<=+,-./01� 

10.0 g 
4�<*I3

100 mL 
'¢[#í-  ̀ 6 h 

âMN¹4r�OµEµ`PQ<=SPQRSÛT
No.5C 

<½sµ��UV¢[WÐXYZ[Tð\��]�[W 1 vol% ^_`²Va0[bSð\òóc 110°C, 24 h 
©µJª`KL[WHJ 0.1 mg 

�`�"]d�[WHJT��X{^Û^ð\]e[bSð\RSÛ^ôõc2ð\W`fg`RhS 

 778 ijklm; <no8]
øp Tessier 
þc�^�qVr]st^ð\Wo[W[hS�C	NTu vâªwªxy²TNTz®ª²o[{b¨©ª«¬àVzOhNùoY|[b���V



31 

 

ð\OhSCD�`c�^��p¨©ª«¬àVzOhNùc��`Rh]ÄT����`c��Z�`��T��	OhbgTï
[W[hS 

IE ^ð\c 1 mol L-1 ^pH 8.0 
]��[b

 CH3COONa 
x
�TRh[c

 MgCl2 x
�V¢[h�TÛ^ð\  ̀ pH 5.0 
]��[b

 CH3COONa 
x
�V¢[hbgT

1 mol L-1 MgCl2 
x
�V¢[bSð\
� 80 mL 

o
 WS 

òó
 
VTí-

 ̀ 1 h 
âMN¹4r�OµEµV¢[WPQ[bS 

 7778 �����; <���
Tessier ��c Dolomite (CaMg(CO3)2) ^
�V�W����| !"[W#h$ 

CH3COOH � pH 5.0 
]��[b

 1 mol L-1 CH3COONa 
x
%

 80 mL &'#()*� 5 h +,-./012343&'#W5\&6{b$ 

 78� 9:�;<= >?@��ABC�A+DEDFGHIJ&KLMNOPQRS(TUVWXGHIJ!YZMN$ 

OX 
5[F

 25 vol% CH3COOH - 0.04 mol L-1 NH2OH•HCl \]% 200 mL �(^/_̀ a3 _b� 96°C, 6 h 
E41c� 10 min d!VefghQi5[&jkl$ 

 8� m;<��= >n��
Tessier �Xopq�r VstMN5[u �vN$wxyzFd{wx|VopqF}�g~��(5[�}!g~opq�r F���g#!F��h#$�X�}F(opq ��Aq 63)(�A�5[ 59) 

h�!�����vNQ(���F�Aq�r !���!!MN$ 

30% H2O2 80 mL 
V���

 1 mL &��~��gl5[]�& OX 
5[��V5[]���&��()*� 5 h +,-./012343&'#~efgl$ 

 87� ��<= >��n�
SB 
��][��l�V ¡!g~�klq¢F(£¤¥qC¦¤¥q�vN!§�ï ~#N$�Xu �©ªMNGHIJFb«X�¬­®¯V°�±�¨~��(²³X´µ¶�][gh#!§�ï ~#N$Tessier ��F HNO3/HClO4/HF ·�&'#l�}�&j Q̧(¹º»�F(¼²³´µ½�][gh#q¢¾!g~ RES 

!gl$glQk~ SB 
��

 
!

 RES 
F¿À�vN$ 

 

4-2-2 ÁÂÃÄÁÂÃÄÁÂÃÄÁÂÃÄ ÅÆgl5[��XED+ÇÈÉF 2-2 
!¿ÊXË��jkl$ 
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����gl5[%&(Araldite® &¯�V��gl�����D�	 (
¯


 10.2 

cm, 
R�

 4.3 cm) 
V��g~
i(222Rn-218Po �X����&��MNl�V(�D�	X�!T�X��&�������L� Araldite® � !g(3 "��b�#g~
iED+ÇÈÉV$gl$ 

Pb-210 
XÉ�F(�%&R'(

 Ge )*¡+[�&,�l-�-./301ÈÉ'ED+Ç120_3432 LEPS (Princiton Gamma–Tech 5) &'#l$LEPS 
F�¬


 19.5 mm, 
�¬6�

 10 mm 
X�%&R'(

 Ge )*¡&,�l+[��(+[�X78&9:
i 5 mm ;B<(50 mm ;=<(10 mm ;>�?@<(5 mm ;A0�.<(
3 mm ;-127 mm


>�?@B�CDg(E�FGF 1300 V 
!gl$ 

Pb-210 
F

 238U HIJ�KLX£M�v�()NOF 22.3 P�vN$ED+Ç�[KL�vNl�ED+Ç120_34_�3�É�QQR�vN$g
g(�[MNED+ÇX�-./3Q 46.5 keV 
!SgS-#l�(²³XED+Ç120_3432�FÉ�QTU�vNl�(-�-./3XED+Ç��ÈÉQRhV#&'#NWXQvN$ 

401 
&

 152Eu YZÇ[&ÈÉg~ LEPS 
X�-./3\]&jkl$�X!^(_�`!gCabOP(V#Xc3d3e33&fgMNl�(+[�
i 5 cm 

bËVYZÇ[&h#gl$i%V+j43k&lmgl`41./0��D, (
¯


 39 

mm, 
R�

 11 mm) 
V��glno¢�pqrjstYZq¢ JR-1 &ÈÉg(46.5 

keV 
V�uN01X+[Ov&w[gl$i%V+j43k&lmgl`41./0��D,Vwxyz&��g~
i�&g(V#¯�XxyXyz{&|}l�V(78&+j43k�~�V���
iÈÉV$gl$ 

 

4-2-3 �������� X Á��Á��Á��Á�� �0 X 
Ç}�V#F

 Rigaku Rix 3100 &'#l$X 
Ç��F

 Rh 
��&'#(�FG

 50 kV
(�F�

 20 mA (Cl, Br 
ÈÉ

), 80 mA (�XWX�?) �����l$ 

100°C �ÅÆgl���yz(����5[��&(4����3.�. (P-6, 

Fritsch GmbH; 
T�

 500 cm3) &'#~ 300 rpm, 60 min ��gl$��(·rglxy
 1.1 g & ABS 

��D, (
¯


 17 mm, 
R�

 7.0 mm) 
V��g~
i(2D,1�D�3dj��HI�j1 2 ��F�{(�G��G�u� (P-18, Riken Keiki) &'#~

 200 kgf cm-1 
XG � 60 s 

�Gg~�¡2a/_&��g(2a/_X¢�& 

0.1 mg 
��]¢V£�g~
i}�V$gl$ 

 

4-2-4 ¤¥¤¥¤¥¤¥ X Á¦§��Á¦§��Á¦§��Á¦§�� �¡ X 
Ç¨©V#F

 Rigaku Rint 1200 
���

 Rigaku Rint TTR-III &'#l$X 
Ç��F

 Cu 
��&'#(V#X�FG!�F�F40 kV–30 mA (Rint-1200)

(
50 kV–300 
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mA (TTR-III) ��¨�¨����l$ÈÉ��F��ÈÉ (
�_��

 cps; 
Y²

)
(ÈÉ�(

 10–70° (Rint-1200), 5–90° (TTR-III)
(�(	{

 0.010° (
Y²

)
(
p�(

 0.6° / min 

(Rint-1200), 3° / min (TTR-III)
(rz�z�1�/_

 1° (
Y²

)
(
01�/_ 0.30 mm (

Y²
) 
!gl$ 

100°C �ÅÆgl���yz(����5[��&(t��i#
#� (Ishikawa 

Kojo) � 20 min (2006 P 6 �) 
vN#FA.�	���!�c� 10 min ��� 

(2011 P 8 �) 
g~
i(E41<b��v^A.��xy^.�3 (

�aj�
 18 × 

20 × 1.5 mm3) 
Vxy&��g(���&bV##~�� 1 min �g �l�X&ÈÉV$gl$ 

 

4-3 �������������������� � d{wxyz¶Xu }�& Fig. 8 
V!M$"#$���"#�� d{wxyzX�u%F�¨�¨ WS: 25, 33%; IE: 0.8, 8%; CB: 23, 22%; OX: 18, 15%; SB: 3.5, 

8%; RES 30, 15% &v�("#$'"#�X� d{wxyzXu%}�V(^hIAF)ï h
kl* �+[u%V�uNA,u-.ÉMNl�V/+[��X0¬s}�'�?}�-jkl*�+[%��V�uN X 
Ç¨©1u-

 Fig. 9(a), 9(b) 
V/wxyz¶X�?Xu%}�-

 Fig. 10 
V!M*���wxyzX¨©1u
i/Anhydrite (Anh, CaSO4), 

Calcite (Cal, CaCO3), Gehlenite (Geh, Ca2Al2SiO7), Halite (Hl, NaCl), Hematite (Hem, 

α-Fe2O3), Perovskite (Prv, CaTiO3), α-Quartz (Qtz, α-SiO2), Rutile (Ru, TiO2), Sylvite (Syl, 

KCl) 
-¿ÉMN�'Q&^/234£51 rFq"#$�&¨©1uV67klIAF)ï h
kl* ¤V/�+[$�&¨©1u-89MN*���z' WS 

��-89MN'/WS ��X¨©1ub
i
 Halite 

'
 Sylvite 

X¨©:;<Q=>g~?N�'Q)~°¨N*¨©:;<X=>F+[V��/@tMN0¬sQ+[�}A�̈ ~��¶V©ªgh?�'-!g~?N*Halite 
C

 Sylvite 
F\]�¥q&v�/Na, K, Cl, Br 

X
 

80% BbQ WS 
'g~©ªg~?N�'
i/'\&+[�̈ Nwxyz¶XHIXCSQD3EDAq&vN'.É&^N*¤X+[u%&F/+[�̈ lq¢QFh?�'�v�/¨©1ub
i:;<X=>F>S/67klIA�GÈ�̈ h
kl*��~�Xu%'g~©ªMN�?�H'��©ªgh
kl*CB 

+[&FIJK&vN Calcite 
X]A-!LMN:;<M(XNFQGÈ�̈ /�?}�
i�

 Ca 
CA.��NJHIX][Q)~°¨N*£Ë&/Tessier O&�'�'PQRS&vklT�i¢CNU'89g~wxyz¶X Calcite 

�QC?l�/��-]AMN�'Q&^h
kl*]u�kl Calcite 
F¤X

 OX 
+[&~�V:;<=>QV�ï l*�l/�X+[%&F�~X�?Q][g~��/� d{wxyz 
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Fig. 8  Mass distribution of the extraction fraction from 

incinerator fly ash of municipal solid waste.
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Fig. 9(a) X-ray diffraction patterns of raw fly ash and residues obtained 

from each extraction step of the Tessier method for the 1st fly ash sampled

in northern Kyushu, Japan, in June 2006.

Anh, anhydrite (CaSO4); Cal, calcite (CaCO3); Hal, halite (NaCl); 

Hem, hematite (α-Fe2O3); Geh, gehlenite (Ca2Al2SiO7); 

Prv, perovskite (CaTiO3); Qtz, α-quartz (α-SiO2); Ru, rutile (TiO2);

Syl, sylvite (KCl)



36 

 

  

20 25  30 35 40       45 50 55    60

S
ta

n
d

a
r
d

iz
ed

 i
n

te
n

si
ty

Diffraction angle / degree

H
l

H
l

H
l

S
y
l

S
y
l

S
y

l

G
e
h

G
e
h

Q
tz

Q
tz R

u

H
e
m

A
n

h

C
a

l

C
a
l

G
e
h

G
e
h

C
a
l

Q
tz

Q
tz

A
n

h

: 0.5

RA

WS

IE

CB

OX

RES

P
r
v

C
a

l

Fig. 9(b) X-ray diffraction patterns of raw fly ash and residues obtained 

from each extraction step of the Tessier method for the 1st fly ash sampled

in northern Kyushu, Japan, in August, 2011.

Anh, anhydrite (CaSO4); Cal, calcite (CaCO3); Hal, halite (NaCl); 

Hem, hematite (α-Fe2O3); Geh, gehlenite (Ca2Al2SiO7); 

Prv, perovskite (CaTiO3); Qtz, α-quartz (α-SiO2); Ru, rutile (TiO2);

Syl, sylvite (KCl)
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&FIJKA�qQ�XhA,u%X£M&vN�'Q 
̧Q�N*OX 
+[%&F 

Gehlenite 
X:;<=>'�¬¢sX©ª-!MD3;Q[�gl*�XD3;F���V

 RES 
�&��g~��/M?�J�-	k~?
'§���
*
�/Ca �� 

50% � OX �%&����?
�/��� Calcite � Gehlenite 
0���A�����?
��

 XRD �0 '!"#$
*%&' Gehlenite 
-()$
*+',


 Al '
 Si �*+�-'� OX .��H'/012/���'� Al, Si 

�345��
 

OX 6789:;�
��<
�5=>��<
?Gehlenite �@A5BC��DEFGH$
�5�%IJ;K���<
�L67MN;OA=P<� OX 67'!QR�DEFGHBC�����STU�V<?W��L��XYZ� Gehlenite 
�[\;]^�_`abcdeZfg`',
STU�V<?Ca, Al, Si hi�*+'�L

Mg, Cu, Zn, Pb � OX j5����$
k"�lmJV2L<n�! 2 o�pqrG',
�5s�
 Ca 

5QR�Ht�j'��$
�5�>uv�
?SB 67'� 

Anhydrite �wZx�yz��{|L*+�}�~ s�! Ca, S �M7!�����<
?�s�1��LSB j�����;��
�-�,
|�21<��L���j;�$
*+�k"!�v<�LCu 
;�����LSB j� OX j;�<'�<�j',��?Tessier �=��5 Hematite, Perovskite, Quartz, Rutile 

�67v�n;��5��8�$�?������:� Gehlenite 
�

 2% x�GA;���M[$��;��LPerovskite 
5

 Quartz ��MU',��5<����1v��{| 68)L
RES 

;8���~����AU�V<�5��s���?*+�-'� Al, Si, Fe, Ti, 

Cr 
5<��LAH��V<���U= ¡*+���:;8�$�k"�V21��<�? ¢£;¤¥U¦§��j¨�}�~ =>$?
nL©ª«%¬­®¯°±²³´����;{µ�¶67j89567·:�¤¥T¸¹= Table 4, 5 

;>$?Table 4, 

5 �ºs�L67´£�¤¥U¦§��»¼½=¾¿$�5LM·:'À7v��Á��¤¥U¦§;{<�ÂÃÄÅÆ'�»¼½�%#��?2011 Ç 8 È�ÉÊ'�Mj;¡<�ËÌ¼½{ÍÎ 40K, 134Cs, 137Cs ��»¼½=¾¿��5�ÏL�Ð�!ÂÃÄÅ'%#��? ©ª«%¬­®¯°±²³´5²³£�ÑÒÓ�����:�¤¥U¦§��j�-=Ô�Õ�
 Fig. 11(a), 11(b) 

;>$?
�LCB 

'�67j�¸¹"¾=¿7$��5':Ö×J1M7STU=ØÙ$��5�ST',� 69) 

�5s�L¶¦§�ÚÛM7U (WS + IE + CB) 
!¿7�LFig. 12 

;>$?Pb-210 �²³´�����L134Cs �²³£������ÙÜ',�? 

 ÝÞßàá âãÞäåßá âãÞäåæÑÒÓ�����:� 40K �L©ª«%¬­®¯°±²³´�ÉÊ'� 80%, 
²³
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Fig. 11(a) Distributions of radioactive nuclides in the 1st fly 

ash sampled in northern Kyushu, Japan, in June, 2006.
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Fig. 11(b) Distributions of radioactive nuclides in the 1st fly 

ash sampled in northern Kyushu, Japan, in August, 2011.
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£'� 90% 
�

 WE 
5������<�?��L134Cs � WS, 55%; CB, 45% 

',|L�4ÚÛ:'���V<M7U=>�L137Cs 
'�²³´� WS 

�
 80% 

=���{|L²³£! WS 
�

 75%LCB 
�

 10% 
5²³´£�ÚÛM7U�Q�¹',��?��~ =~���}{ÍÎ*+�}�~ 5lm$�5L40K ��Ü�d��:;%Ük"'������LSylvite 

M[����
WS 

5��
 40K 

���$��5�	
',|LHt§�XYgGH�',�STU�����V<?*+�-!�Ü�d��5QR�
�=>��<�?K–40 
5Q�¦§',�

 134Cs, 137Cs 
!ÚÛM7U�V2QR���=>��<��5s�LXYgGH�����H"�',�STU�V<?����:�_`�d��*+�Ht�j�L��\��¹5�Å�LÑÒÓ���);Í���1|L���¹�V2L���Å��Í|�*�Å�',|LÑÒÓ��@�¹ (Ca/Si 

l
) 
�V<�0L_`�d������ ���$< 70–72)?��ÑÒÓ��@+�!Ì��<�0@H�=])��$21���L����ÚÛM7U�V21|�$<?"#�%IJ1��$'�%qr&cG��[='($���;V�

 (> 850°C) 
'��v��?��%IJ1ÑÒÓ���)�L@+�!Ì��<)*+��2Ls¡eq+�!Ì��<,»Ó��k"��v<?#-.'P<�����=/0����$�ÑÒÓ���)�L1+ 2- 59%, 

)*+
 19%; 

���
 

2%; 
Ô�3 20% 

',| 73)L"#�%IJ1ÑÒÓ���);4�< 74) �5s�L#-.'P<�����:�_`�d��+��MU�V21��556���? 

 78Þ9äàÑÒÓ�����:� 210Pb ��-� WS, 33%; CB, 17%; OX, 33%; RES 17% 
',|L~���}�~ 5:;�5<$�5 210Pb �Ht�j�=A@5����$�STU�V<?%&' Pb �*+�}�~ 5lm$�5LÔ��-�>�s;�1��<�?Pb-210 ��_Y?`@A;BC��DEv���5�%I;F2K���<�L¤¥U��',� 222Rn �GH;Í|])$�?�56ILJ�KL:� 210Pb ��M1�j� SB 

',|65)L,N:'� OX � RES 
5����$� 64)?%&LÑÒÓ�����:��Ü Pb ����H"�� PbO2 
',��5���v��<� 63)?��LBunzl 

� 64) �Q%,N:� 210Pb 
5�Ü

 Pb ��-��1��<��5=>�Lv�; 210Pb 
=�O�_Y?`�PQ��Ü Pb R~ ;S6�TU�VW'���0�v<5~XBµ�<�?hYR~ s�LÑÒÓ�����:R 210Pb 5�Ü

 Pb R�-RZ<�LÔ�Õ�R¯]�[RZ<;�\$�556���? 

 ]^Þ99_á ]^Þ99 á̀ abÞ99`�EG{ÍÎ fd��cd¦§',� 226Ra, 228Ra, 228Th �eM[U',�556��L-f; OX hg�����j',�?�EG�fd��hij�kl:;��
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$��5s�L�k��',�%����LÔR�H;Í��'������:;�2��$�556���?²³´RÉÊ'h XRD R~ s�!ij:;�2��$���',�
 Hematite � Quartz 

=�O
 RES 

�����j',�?²³£RÉÊ'h
 RES 

5��R��k"��21��<��LÚÛ�RM7U=5���$"L²³´£'Ã�h���1<? 

 ��'����~ hÑÒÓ�����R�	;
P$��5����<?�56I
 40K, 134Cs, 137Cs 

hV<�MU= ¡�5s�L���7�; ���$2L
�i�,,�<h�7�;
�1�	=��L
�ii�R�7=���M�,�?%&'
 Ra 

Q��� 228Th RÚÛ�RM7Uh�<R'LÑÒÓ�����=
����$"L��� 3 
¦§h����Æ;���J;8��L�MU�»RM7;���¸�v��556���?W����� 3 

¦§R�	hGH;Í��]^� 220Rn, 
222Rn 

s�R�I2= 6�Í��!=�v1µ�I1�nL"�U=#$$��5'E%G�&'��$21�Í�1�!�!(',�? 

 

4-4 )*+)*+)*+)*+ ÑÒÓ�����=,�67�=P<� 6 
§R67j;�-��LXRD, XRF R~ s�¶67jRHt�j=.Ü��?ÔR~ L�MjhXYgGH�L=A@~"jh=A@L/-AH�jh=A@5AH�L89h%��������',��5�>v��?¤¥U¦§h 40K 

5¤¥U0c��h�MU�V2L��h"#R��$R1234',�I	
1~ ',�?%&'E5���fd��h/-AH��89j��2=���<�?��ÑÒÓ�����:R 210Pb 
5�Ü1

 Pb R�-��1��{|L67R�[��1��5��jRZ<51��@��<�STU�>v��? ¤¥U¦§R,�678Z9h���R�	Rf;!P',|LV<�MU= ¡¦§R�	;���h�7�R�	��M',�?%&LÚÛÆ'eMU',�E5���fd��hL
������5���J;E%G=¤7$���L"�U=#$��E%Gs�R�I2= 6�Í�1�!��M51�? 
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����
 5 ���� ���� ���� 

 ÑÒÓ�����:R¤¥U¦§=ÜÌ�L¤¥T¸¹RH�=��9dG���? �4¤¥U¦§
 (40K, 226Ra, 228Ra, 228Th) R¤¥T¸¹RH�hL²³´£	H��
s���L¤¥U0c��R¤¥T¸¹h 2011 Ç 4 ÈhgY
��{|L©ª«�¬­®¯°±²³RTU=�µ�556���?��L2012 Çhg 134Cs R¤¥T¸¹h��;�^�<��L²³h´R 137Cs R¤¥T¸¹5¤¥U0c��R��=����s�²³hgR 134Cs / 137Cs 

l=¿7��5LÔRlh 0.96 ± 0.15 
5
|ÂÃÄÅ	

 1 
5
���5s�L134Cs R��×;���������<��5�>�s5
��?
{L#��	P<�ÑÒÓ�����:R¤¥U0c��hL
����¸¹���P\R��º	 � 8000 Bq kg-1 

{ÍÎ
 100 Bq kg-1 

=J!;�"��{|L#$���P;½%h
<? ÑÒÓ�����:;&Ü
 13 'É.=
P�L¤¥U0c��RM7(=¿7��5�ÏM7(h 34.4-52.2% 
	 ��?�,;)*x,=P<�M7��0c��=�,;+Cv;��5=,Ü��$-L.×¸¹ 5.0 mg L-1 

	
 Cs 

+C(h
 90% 5
|L��/C-.R~0s�)*x,;+C���Ü Cs 

h�512/C;nL)*x,=:3�,45��P<��5	L���
�is�R¤¥U0c��R�7 5(0�×6	���5��s��? v�;78
Ht9j:;<���=>?ÑÒÓ@ABCD:,EFGH:IJ� 

6 KLFGM>NO��?XRD, XRF LP0QRSFGMLTU9M:VW�XYZLP0?[\M]^_`aTb?cdeP-M]cde?fOdTbM]cdegdTb?hi]�Ejb�kEjb	 l�g�mn�XYopq@ABCDrL 40K gstuvwxy][\uz{|?}~xy���xy]fOdTb�hiMz�|:�=�JXY�Xopq@ABCDrL 210Pb 
g�W�

 Pb LN�z������?��L��z��l�gz�ML�Jg������Jl��uzmn�XY stu�KL�EFG���]ABDL��L�> I¡¢�?{J[\u£¤¥�KL��>¦§�]¨G[L©�zª«¡¢l¬­?®¯°¡±\u¡¢l}~xy� ��xy]?²=³�R�lg´µ¶·>} a̧£sG¹lX=?º»u£¼½§�} a̧QRL¾¿|£ÀÁlÂÃ�ÄÅzª«g�lY 
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Radioactive Nuclides in the lncinerator Ashes of Municipal Solid

Wastes before and after the Accident at the Fukushilna Nuclear
Power Plant

YukilwAHANA,十 Attushi OHBucHI,Yuya KoIKE,MLSaru KITANO,and Toshihiro NAKAMURA

Dでβαrrれ夕れrゲ A閉 冴j2がCん夕れjざ″)肋 「夕げ'し
/れルタパ'助 アーF―ゴ〃jgαsん,初,rα,効 閉α,てαwasα た,2′4も 57ゴ,Japα ヵ

Radioactive nuclides in the incinerator ashes of rnunicipal solid wastes were deterlnined by γ…ray spectrometry before and

after the accident at the Fukushirna nuclear po、ver plant(MarCh ll, 2011). Incinerator ash samples were collected in

northern Kyushu,Japan,which is located approximatcly 1200 km west― southwcst(WSW)Of the Fukushima nuclear

power plant,from Apri1 2006 to NItarch 2007 and from March 201l to October 2011. 40K,137cs,208Tl,212Pb,214Pb,212Bl,
214Bl,and 228Ac were identifled in the ashes before the accident(～ February 2011)and i34cs waS identifled along with

these eight nuchdes in the ashes after the accident(Attarch 201 1～). A sequential extraction procedure based on a modifled

Tessier FnethOd、vith added water extraction was used for ist fly ash sampled in August 201l because the highest activity

concentrations of i34cs and i37cs were observed for this sample. The speciation of radloactive nuclides in the Ry ash was

achieved by γ ―ray Spectrometry and powder X― ray diffractometry for the extraction residues.  Little vanation was

observed in the distl■bution of the cheHlical forrns of i34cs and t37cs in lst fly ash of rnunicipal solld waste;one half of
134cs eXisted as water soluble salts and the other half as carbonate compounds, whereas 75% of 137cs eXisted as water

soluble salts with the remainder as calも onates(10%)and sulfldes(15%).TheSe results show that 88%of the total

radioactive Cs existed in water soluble and ion extractive forlns and Hlight be at risk for elution and diffusion with rain

and wind.

(Received August 31,2012;AcccPied OClober 31,2012;Published January 10,2013)
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Introduction

The amount of municipal solid wastes(W【 SW), whiCh iS

generated from daily life and offlce activity and consists of

paper, garbage, saw dust, and small metallic ottects(′ .夕.,

staples),still Continues to increase.WIost of these wastes are

incinerated, resulting in the increased production of ashes

(MSWI― ashes).InCinerator ashes are classined as cinder(alSO

called bottoHl ash)and S00t(alSO Called fly ash),and bOth types

of ashes are ultiinately sent to landf11ls. A part ofthe ny ash is

recycled into raw materials used for cement. However,Ry ash

contains iarge amounts of hazardous heavy metalsl,2 and

dioxins,3 beCause these materials are volatilized during thc

incineration process and enriched on the surface of the fly ash

PartiCles,  Therefore, fly ash is categorized as a `・specially

controlled industhal waste" under Japanese law4 and the

concentration of hazardous materials in the ash and leachate

from disposal sites are stricdy controlled.   In Japan, a

certiflcation is provided by the Environment Agency of Japan as

Notiflcation No.13,5 and in the U.S.,acid digestion with HN03,

HC104 and HF is often accepted for ash samples.6 conSequently,

these matehals are analyzed using various methods, such as

X―ray fluorescence analysis(XRF),1,2 inStrumental neutron

activation analysis(INAA),7,8 atOmic absorption spectrometry

(AAS),9 inductively coupled plasma atomic emission

十Tb、vhonl correspondence should be addressed`

E―maili ukthana@me萄1.aC.jp

spectrometry(ICP― AES),10 and inductively coupled plasma

mass spectrometry(ICP― MS).1l ln addition,in recent years,

radon erlissions from ash disposal  sites12 and rCcyclcd

materials13 haVe become a problem.  Radon is an inert gas

produced by the decay of Ra isotopes and taken into the lungs

by breathing.  Because Rn eHlits an alpha particle 、 vhen it

decays,itis a risk factor for lung cancer due to intemal exposure

of alpha―rays.14 HenCe,itis innportant to measure the radioactive

nuclides including Rn isotopes,thcir parenttt nuClides and decay

products as、vell as to deterlnine other hazardous materials. In

addition, 40K was also deterlnined together with other natural

nuclides for the estiination of intemal exposure frorl1 40K,232'Th

and 238u.15 1n faCt.the chemical and physical characteristics of

fly ash have been analyzed in a number of cases. Studies have

been done, for example, on the leaching characteristics of

themal  power  plant  fly  ash  in  Turkey,16  the  aCtivity

concentrations in surface soil for the lly ash disposal site in

Poland,12 the Speciflc activity of building materials incorporating

fly ash in Greece,17 and Rn concentrations at three different fly

ash depots in Croatia.18 1n addition,the radloactivc nuclides in

natural rnaterials,which could be a source of在ヽSN、 such as soy,

sugaL ■lint, and mate tea;19 、vood and its incinerator ash;20

paper;21 and Sugar cane and its straw22 haVe also been measured.
On臣 Iarch ll,2011,the Fukushilna nuclear po、 ver plant was

damaged by the Great East Japan Earthquake and Tsunanli.

Subsequently,a large amount of radioactive fisslon products of
23Su in the fuel rods was releascd into the cnvironmcnt. This

disaster was assigned as a`・Leve1 7"incident on the lntemational

Nuclear Event Scalc(INES),whiCh iS on the same levcl as the
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``Chemobyl accident" that occurred in April 1986.   Thc

radionuclide  contarlination  caused  by  the  diffusion  of

radioactive nuclides attracted signincant interest around the

world direcdy after the accident and in particular,when it was

reported that drinking wateL marine water,food,and soils were

contanlinated by 1311 and radloactive Cs.  In additlon, high

concentrations of 134cs and i37cs 、vere also detected in thc

incinerator ashes of the combusted MSW and sewage sludge.

Following the accident, the Japanesc Govemment established

100000 1Bq/kg as the activity concentration lirnit for radioactive

cesiunl in the incinerator ashes of4ヽSW that were destined for

landf111. In this study,the radioactive nuclides in the incinerator

ash of the MSW were deterlnined by γ ―ray spectrometry and

their concentrations were monitored. In particular, for lst fly

ash sarnplcd aftcr the accident, a spcciation of the radioactive

nuclides was perfomed ッ ,α sequential extraction using an

improved Tessier method23 and pOwder X… ray diffractometry

(XRD).

Experilnental

約2βαttr″s

The activity concentrations of the radioactive nuclides in the

incinerator ashes were deterrnined by direct γ―ray spectrometry

using a well―shielded ttray spectrometeL  ThC Spectrometer

contained a p―type high purity Ge/coaxial―type seHliconductor

detector(Princeton Gamma― Tech.IGP10200, 作 PGT Inc.)

surrounded by a 100-mml thick lead shield, 、 vith an additional

5 1nin of oxygen―free Cu and 5 mrn of acrylic resin to reduce

the exposure to cos■1lc radiation and X―rays. This detector was

coolcd with liquid N2 and COupled to an ampliner(FP-6300B,

Aptec Engineer Ltd.)and Hlultichannel analyzer(MCArd,Aptec

Engineer Ltd.).The detector bias was operated with 2000 V

The efflciency curve was drawn 、vith a 152Eu standard source

(25 mmφ and 6.Ommh),whiCh Was issued by the Japan

Radioisotope Association, and correlatlon factor of the curve

was O.998. The standard source、 vas set 5 cm away fronl the

Ce…detector in consideration of the coincidence sum efFect from
152Eu standard.  The intercept corresponding to the detection

efflciency of the efflciency curve was corrected using the

intensity of the 1461 keV γ―ray ernitted fron1 40K in KCl, and

the ef「lciency curve was in validation with standard soil

materials(JSAC 0471).As a result,the calculated activities of
40K,134cs,and i37cs with the curve corresponded closely with

those of the reference activities.
40K,134cs,and 137cs were deterlninedッ ,α their 9/―rayS(1460,

605,and 667 keⅥ  reSpectively),whereas 226Ra,228Ra,and 228Th

were measured ッJa the γ―rays of thetr daughter products 214Pb

(351 keV),228Ac(91l kev),and 212Pb(238 keV),respectivelyt

Although, 134cs alSo eHlits 765 keV γ ―ray, this peak was not

used for the deterrnination bccause the ef「lciencies with two

standards were identical and 796 keV γ―ray eHlitted from 228Ac

overlapped on the peak of 134cs. The counting uncertainties in

the measurements are 2.6%(40K), 16%(134cs), 12%(137cs),

19%(226Ra),15%(228Ra),and 7.5%(228Th),reSpectively.

An X― ray dittractometer equipped with a Cu X― ray tube(Rint

TTR― III,Rigaku)was operated at 15 kW,with a tube voltage of

50 kV and tube current of 300 HlA. A Bragg― Brentano focusing

optical systern、vas used for the qualitative analysis and the data

was recorded over the 2θ range 5°-90°,in steps of O.01°、vith

a counting tilne of O.05 s for each step.

All samplcs were dtted in a hot air rapid drying oven

(DSE-113, Isuzu Seisakusho Co.Ltd., Japan)and weighed

using a micro balance(AB204-S,Aな ettler Toledo).

ANALYTICAL SCIENCES JANUARY 2013,VOL.29

れc ,れで阿わr αsルsザ れ″所ご″αr sθF ,どッαざ彪s

The incinerator bottom ashes and lly ashes of MSW were

collected  in  northern  Kyushu,  Japan,  which  is  located

approxilnately 1200 kHl WSW of the Fukushirna nuclear power

plant(129°06′E,32°56′N,87 m of elevation,and a distance of

280 m from the nearest shore of the Paciflc Ocean),frOm Aphl

2006 to WIarch 2007 and from March 201l to October 2011. In

the plant,the soot、vas collected on the rlrst rllter,and then the

a c i d i c  g a s e s  i n c l u d i n g  C 1 2 , H C l , N O x , a n d  Sはneut r a l i z e d  w i t h

a spray of siaked lirne suspension collected on a bug ttlteL The

soot in the flrst step was called ist fly ash, and the material

coHected in the second step was 2nd fly ash. The bottom ash

consisted of the generated cinder,、vhich was cooled by waten

Sαttβ′タノeヽparαrjθ″

Approximately 15 g of incinerator ashes were placed in

24.3 cm3 tin COntainers(inner diameter,5.3 cm;height,1.l cm),

The containers were made gas tight by sealing 、 vith an epoxy

resin gluc and stored for at least three、veeks in order to a1low

radioactive equilibriunl among 226Ra and its daughters.24 TheSe

measurement samples werc set away from the Ge― detector to

prevent considering the coincidence sum effect.  The γ
―rays

were lneasured for 48 h.

The solid samples used for XRD were ground with porcelain

mortar and pestle for 10■lin. The ground samples 、vere then

placed  in  an  aluHlinum  sample  holder  that  had  an
18 rnin×20 Hlln× 1.5 Hlin cuboid window on a giass plate.

Po、vder paper was thcn placed over the po、vder and the powder

、vas flnger―pressed for l Hlin.

最,ですαrFοれザ 招沈οαごrルで″″cr,姥s

All solld samples、vere dried at l10°C for a period of 24 h in

the drying oven.

The Tessier method23 waS applied for the speciation of the

radioactive nuclides in the 在ヽSW1 lst fly ash. This method is

often used for the speciation of heavy metals in soil and

sediinent samples, and the fractions are classined intO six

phases; namely, lon exchangeable fraction, carbonate bound

fraction,Fe‐Mn oxide fraction,bound to organic matter fraction,

residual fraction, and extraction residuc using appropHate

extraction reagents. The Tesster rnethod and related techniqucs,

including additive、vater soluble extraction,have also been used

for the speciation of trace metals in fly ash.25,26 The eXtraction

method used in this study included the following steps.

(1)W後″r sο′″うた sicP, One― hundred milllliters of deionized

watcr were added to 10 g of the lst fly ash sample, and the

■1lxture was agitated for 6 h at roomn temperature. The sample

was then separated fronl the residue and extracts by flltration,

and the cxtraction residue was dried at l10°C for at ieast 24 h

and then weighed. Six specirnens、vere prepared and used one

at a tiFne fOr the subsequent extraction/γ―ray measurements.

(il)乃れ でχごんαれgでαbどで sr2p.Five residues from step(1)Were

leached for l h at roorn temperature 、 vith continuous agitation

using 80 mL of l M InagnesiuHl chlo点 de.

(lti)Carうθれα″2うθ″れ冴ざiep. One rnol per liter of sodiunl acetate

and acetic acid solution with an attuSted pH of 5.O was added to

four residues from step(11)fOr 5 h at room temperature in order

to leach the carbonate bound materials,

(iV)Fr22 θメ,冴でsr夕β,The free oxide phases were extracted wilh

200 mL of 25ワ ら (v/V) acetiC acid containing O.83g of

NH20H・ HCl at 96°C for5 h.

(V)S″炉どであο″れ冴 S'cp.The solid phase remaining after step

(iV)Was agitated in 80 mL of 30%H202 COntaining l mL of

nitric acid at rooIIl teコnperature for 5 h.

The solid material remaining step(V)Was referred to as the
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``residual materials." lst fly ash and the rlve residues from

extraction steps(1)一(V)Were analyzedッ ,α powder XRD for
speciation of crystalline phases and using γ―ray spcctrometry,

Approxilnately 4 g of the lst fly ash and the flve residues from

extraction steps(1)― (V)Were placed in 12.5 cm3 tin COntainers

(inner diameter・3.8cm;height,1.lcm).

ヨ:身

Results and Discussion

Rα冴,οαcガッタr2″ご′,冴でs,れれで,ヵごjれで済αrθ/αsんビs2′MSW

Figure l shows the γ―ray spectrurn of the lst fly ash after the

accident, and activity concentration variations are sho、vn in

Fig。2.40K,i37cs,208Tl,212PbⅢ 214Pb,212Bi,214Bt,and 228Ac were

identifled in the spectrum of the sample collected before the

accident(～February 2011),and 208Tl,212Pb,214Pb,212Bl,214Bi

and 228Ac,with short half-lives,were also deterrnined as 226Ra

(214Pb,214Bl),228Ra(228Ac),and 228Th(208Tl,212Pb,212Bl).134cs
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Fig. 2  Vanations into activity conccntratlons of 40K, 134cs, 137cs, 226Ra, 228Ra and 228Th in thc

incincrator ashes of MSW bcforc and aftcr the accidcnt at thc Fukushiina nuclcar power planti ①, l st
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was identifled from the samples after the accident(NIarch

2011～ ).

Th e  c o n c e n t r a t i o n s  o f  4 0 K , 1 3 4 c s , a n d  i 3 7 c s  i n C r e a s e d  i n  t h e

order ist lly ash>2nd fly ash>bottoHl ash. The vapoHzation

points of most alkali metal compounds are lower than the

combustion ternperature(over 850°C).Thesc compounds were

condensed and attached to the surface of the fly ash particles,

whereas in the botto■l ash,the concentrations of radium isotopes

and 228Th, 、vhich originats in silicate rocks, were higher than

those in the lst and 2nd fly ash.

〃θttοgビヵ所ゥリ
rrざ
rメメαsん

Four ist fly ash samples collected in August 201l were

pretreated following the same procedure described in the

Experimental section.  The concentrations of 40K, i34cs, and
137(Es were measured in order to check the homogeneity of the

radioactive nuclides in the lst fly ash.  The rclative standard

deviation(れ =4)Of the COncentrations of these nuclides were

2.5-9.57仇  which is Smaller than the 10-15ワ b counting

uncertainty associated with the current γ ‐ray measurements.

T h e r e f o r e , t h e  d i s t h b u t i o n s  o f  4 0 K , 1 3 4 c s  a n d  i 3 7 c s  i n  t h e  l s t  f l y

ash were considered to be homogeneous.

最,ゼCiαガθれザ 阿ど'οαごrルでれ″cr,姥ざ

The most dominant mass fraction(34.O mass%)of the lst ny

ash was the water soluble fraction. The lon exchangeable phase

was 3.7 mass%; carbonate bound fraction, 22.4 massワ う; free
oxide bound phase,  15,3 massワ う; sulflde bound fraction,

8.2 rllassワ先 and remaining residual matettal,  16.4 1nassワ う;
respectively.

Anhydrite(CaS04),CalCite(Caco3),gehlenite(Ca2A12Si7),

halite(NaCl),hematite(Fe203),quartz(α ―Si02),rutile(T102)

and sylvite(KCl)were identifled in the diffraction pattems of

the incinerator fly ash,as shown in Fig.3,

8t〕

The crystalline phase in each extraction fraction、vas estilnated

on the basis of the disappearance of X― ray dirraction peaks.

After the water extraction step, the halite and syivite peaks

completely disappeared. indicating that the eluted materials

、vere probably halides.  After the extraction step for lon

cxchangeable  species,  no  remarkable  disappearance  、 vas

observed, but an unknown peak at 78.2°  appeared in the

diffraction pattem.   This peak disappeared after the next

extraction step for the carbonate bound species.  While the

calcite peaks signiflcantly decreased with sodium acetate

extraction,the calcite、vas not completely removed. This result

is duc to thc highcr concentration of carbonate compounds than

those of the soil and sediment. After the frec oxide extraction

step,the remaining calcite and gehlenite disappeared and trace

rutile was clearly identified in the diffraction pattem of residue.

In addition, detalled observation sho、ved gently sioping hins

frorl1 1 8°to 35°in the diffraction pattem of the residue after the

frcc oxidc extraction,indicating the existence of an amorphous

component such as glass and/or gel in the incinerator fly ash.

Fronl the dil甘raction pattems of the residues for the oxide and

sulflde extraction steps, alunlinosilicate and amorphous phascs

were identined as the mttor phaSes after the completion of the

entire Tessier rnethod. In the last step,anhydrite、vas extracted

into the sulflde bound fraction, whereas hematite, quartz, and

rutile still remained in the residual fraction.

Figure 4 shows the distribution of the radioactive nuclides in

the lst fly ash of the WISW after the accident at Fukushilna

(Sampled in August 2011).40K,134cs,and 137cs eXisted as water

soluble salts and carbonate compounds, whereas 226Ra, 228Ra,

and 228Th、vere stable in their free oxide fomm and contained in

alu■linosilicate.

Littlc variation、vas observed in thc chcllical forrns of 134cs

and i37csin the MSN、  Onc half of134cs eXisted as water soluble

salts and thc othcr half as carbonate compounds,whereas 75%

20     30 40     St)    60     71)
20/degree

An:anh】drite(CaS04),Cali Calcite(CaC03),Geh:宮ChiCnite(Ca2A12Si07),IIBl:11■litc(NaCl),

IIern:hematite(α―Fe203)'Q:quartz〈c_Si02)'Ru:rutile(T'02)and Syl,Syivitc(KCl)

Fig. 3  X―ray diffractlon pattems of ra、v fly ash and rcsidues obtained at each extraction step of thc

Tcssicr mcthod for fly ash MSW samplcd in northcm Kyushu,Japan,in August 2011.
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Fig. 4  E)istl■butions of radioactivc nuclidcs in lst ny ash of MSW samplcd in noHhcrn Kyushu,

Japan,in August 2011.
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。f137cs eXisted as water soluble salts, 10%as carbonate bound

material,and 15ワうas sulfldes.

In Japan,most of the incinerator ash of4ヽSW is sentto land「111

and these ashes are thus exPosed tO Wind and rain for long

periods.Typically,the pH of rainwater is approximately 5.6,

which is similar to the pH of the sodium acetate/acetic acid

extraction medium used in this study, Therefore, these results

suggest that 8870 of the total radioactive cesiuΠl existed in wate「

soluble and ion extractive forlns and Hlight be at risk for elution

and dilfuslon duc to cxposure to rain and wind.

〃α∬ あαわれC2ザ Sで?″夕れr,α′αす阿cr,θれ

In general,the eluted inaterials are deterHlined、vith the Tessier

method and other extraction techniques by using a liquid

reagent;howeveL in this study, the residues were measured in

order to detcrlnine the distttbution of the nuclides. Thereforc,

mass balance veriflcation of the water soluble fraction was

attempted because there was no contaHlinatlon frorn any

reagents. The material mass of both extract and residue were

obtained. However, only the concentrations of 40K, 134cs, and
137cs、verc detcrlnined because the peaks for these nuclides were

detected in both materials.

Water extraction was achieved using 15 g of the lst fly ash.

A f t e r  s e p a r a t i o n ,  2  m L  o f  c o n c . H N 0 3  W a S  a d d e d  t o  t h e

extraction in order to prevent adsorption tO the glass beakeL and

the solution 、vas recrystalllzed on an evaporating dish.  The

precipitate was dried for 24 h in an oven(110°C)and then the

dried sample was stored in a tin containe丘

The calculated resuits for the weight and activity concentrations

ofthe raw ny ash,extraction residue,and precipitate are shown

in Table l. As observed froln the table,there is little difference

between the activity of the raw ash and sum of the activities of

the matedals for each nuclide after extraction, In addition,the

weight of the raw ash was nearly equal to the surll of the

extraction materials;therefore, no contaHlination or loss of Ry

ash occurred during the extraction.

Tablc l  Mass balanccs bet、 veen residue and cxtract in 、vatcr

solublc fraction

Wcight/g 134cs/Bq  137cs/Bq   Ⅲ ⅢK/Bq

Rcsiduc(R) 10.0869

Exttact(垣)   5.4903

R+E     15.5772(102)

Raw ash    15.2994

33        52       1600

54       140      31100

87(124)  190(86)  32700(94)

70       220      34700

():Ratio to Raw ash/%

Conclusion

40K,137cs,226Ra,228Ra,and 228Th eXisted in the incinerator ashes

of the municipal solid、vastes both before and after the accident

at the Fukushiina nuclear power plant,whercas i34cs waS only

dctected in samples collccted after the accident, In four ist rly

ash samples collected in August 2011,the distributions of 40K,
134cs, and 137cs 、vere considered to be homogeneous, because

the relative standard deviation (れ=4)of theSe nuclides was

2.5-9.5ワ う, 、vhich is smaller than the 10- 15ワ う counting

uncertainty  associated  with  current  γ―ray  measurements`

Anhydrite,calcite,gehlenite,halite,hematite,quartz,rutile,and

sylvite were identifled in the diffraction pattems of the

incinerator fly ash.  The crystalline phase in each extraction

fraction was estimated, and the eluted materials after 、 vater

extraction were deterrnined to probably be halides. Calcite was

not completely extracted in the carbonate phase because of the

higher concentration of carbonate compounds than those of the

soil and sedirnents. In the free oxide step,the remaining calcite

and gehlenite were eluted and trace rutile and an amotthOus

phase were clearly identifled.  In the last steP, anhydrite 、vas

extracted,whereas hematite,quartz,and Rltile still remained in

the residual fraction.
40K・ 134cs, and i37cs eXisted as water soluble salts and

carbonatc compounds, whereas 226Ra, 228Ra, and 228Th were

stable in thetr free oxide fomms and were contained in the

aluHlinosilicate.  In addition, little vaHation in the chcrnical
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1緒

都市ごみ焼却飛灰は,排 ガス中に含まれていた低沸点の

重金属化合物やダイオキシン,排 ガス中和剤出来の塩基性

化合物を多量に含んでいるので,環 境への負荷が大きく,

特別管理産業廃棄物に指定されている
p.そ の大部分は国

の定めた処理を経て埋め立てられるが,近 年では無機系材

料としての再利用も試みられている.埋 立て処分・再利用

のいずれの場合でも都市ごみ焼却灰中の元素組成や化学形

態を知ったうえで適切な管理を行うことが重要である。現

在まで。都市ごみ焼却飛灰中の有害物質の定量
2)～1)や
結晶

相の分析
5)は
盛んに行われている。焼却灰を埋め立てる場

合は,塩 基性化合物や重金属類が溶出して埋立て地周辺の

上壌や水を汚染することが懸念されている.溶 出試験は,

このような埋立て後の焼却灰の環境影響を把握し,適 切な

処理が行われているか否かを判定する手法で,各 国でその

方法が定められている
6)。
日本では廃乗物から発生する布

学物質の公共用水への汚染を管理し,溶 出量を規制するこ

とを「1的として,環境庁件示第 13号試験が 1973年に定め

られている。この 13号試験は新たに溶出手法の一部に改

定が加えられ,改定 13号試験として抑13年 6月 1日から

施行された。

四)11年3月に発生した束日本大地震とそれに伴う汁波で

tE―
nlail i tOshina@mcui aCjp
l明
治大学理工学部応用化学科 :214「8571 神奈川県川崎市多摩
区東三田 1-1-1

都市ごみ焼却飛灰中の放射性核種のモニタリングと

模擬焼却飛灰溶出液中Csの 黒ボク土への吸着

岩鼻 雄 基
1,幻
池ヽ 裕 也

1,中
村 利 廣

・1

2012年に九州北部で採集した都市ごみ焼却飛灰中の放射性核種を月別に測定した.ま た,焼却灰の埋立て

を想定して,改 定 13号試験による放射性 Csの溶出試験を行った。溶出した放射性 Csが埋立て地周辺の土

壌へ保持されるか否かを知るために,安 定 Cs十を用いて火山灰風化土壊 (黒ボク土)の Cs吸着能を求めた。

放射性核種のモニタリングの結果,焼 却飛灰中の放射能濃度は,福 島第一原子力発電所事故前と同程度で

あった。また
131は
/137cs比は 1を下回ったが,事故以前から存在する

137csを
減じてから減衰補正するとその

比は 1.11±o.loとなった.改 定 13号試験を行ったところ,焼 却飛灰中の
1・7csの
溶出率は40°/0であり,そ

の溶出液を模した溶波を黒ボク上に吸着させたところ・Cs・の初期濃度が 5000 μg L l以上で吸着率は90%

以上であった.さ らに飛灰溶出液や雨水を想定した5種類の溶液を用いて脱着試験を行ったところ,Cs十の

脱着率は 1～4%で ,ほ とんど溶け出さなかった、したがって,黒 ボク土は埋立て地からの放射性 Cs漏出

を抑止する効果をもつことが明らかになった.

柄ん第一原子力発屯所事故がおこった。この事故後,広 範

レ月に放射能汚染が発生した。2{)11年8月 ,日 本政府は焼却

灰埋立て処分場の跡地の利用制限による一般公衆の被ばく

防止や作米十の被ばく対策,放 射性 Csに よる公共用水域

や地下水の汚染防止及び長期的な管理を行うことを|1的と

して,焼 却灰中の放射性 は 放射能濃度を8000 Bq kg i以

下とする方針を示 した
71.都
市ごみ焼却灰中の放射性物質

の分析はあまり行われておらず,Iwahanaら
出)の
焼却飛灰

中の放射性物質の化学形態別分析の例があるのみである.

ここでは焼却飛灰中の放射性 Csが 水によって容易に溶出

することが明らかにされている.し たがって,焼 却飛灰を

埋め立てて処分した場合,適 切な前処理が施されていない

と雨水や地下水 との接触により,処 分場近辺が放射性 Cs

で汚染されてしまう可能性も考えられる。また,前 出の方

針
力では 8000～ 100000 Bq kg~1の焼却灰は一時保管する

ことが望ましいとされている。侵入水の接触 ・溶出を抑制

するための焼却灰のセメント回化,雨 水の侵入を防止する

透水性の低い隔離屑や,溶 出液を吸赤する中FJ夜土を含め

た土壊情の設置といった厳重な対策を施すことでど足立て処

分が可能であるとしている.土 壌や土質材料を重金属類の

吸若剤として利用する研究は以前から行われていて,例 え

ば金谷ら
い)は
混出液中の Zn,Cd,Pbを 覆土に吸着させる際

に混出波の PHが 吸着に与える影響を調査し,酸 性から弱

塩基性領域で重金属の吸着量が増加することを見いだし

た.溶 波中の放射性 Csを 土質材料に吸着させる研究も行

われている。石川ら
門)は
種々の水田土壌を

博7csの
吸着剤と
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して用いて,博
7csの
吸若量が土壌中の nlitc含イr量や粘土

令布量 ・全炭素令T3~土,土壌 PHか ら計算される係数と良

好な村1関が得られたと報告している.し かしながら・祁市

ごみ焼却灰溶出波のようなNa十,K十,cl―を高濃度に含む塩

基性溶波下で は を吸着させた報告はいまだない.

この論文では,ま ず 2012年 1月 から 12月 に採取 した焼

却飛灰中の放射性 Csを 含めた放射性核種の放射能濃度を

定量した。また焼却飛灰に対して改定 13号試験を行い。飛

灰からの放射性 Csの 溶出量を求めた。さらに溶出した放

射性 csが埋立て地周囲に拡散するおそれがあることから,

安定 Csを 添加 した焼却飛灰模擬溶出波と黒ボク上を用い

て Cs+の吸着及び脱着試験を行い,黒 ボク上にCsキを保持

することができるかどうかを調べた。

2実   験

2・1 都 市ごみ焼却飛灰

都市ごみ焼却飛灰は九州北部の中小規模の都市ごみ焼却

場で 2012年 1月から12月に採取したものを用いた。一般

のごみ焼却場で発生する焼却飛灰は,ば いじんと,焼 却時

に発生したリトガスと消石灰との反応生成物を同時におい集し

ている.今 「1分析対象にした焼却場では飛灰を2段 階のバ

グフィルターで折お集していて。発生したばいじんのみを投

初のフイルターで折8朱し (第一飛灰)。その後・排ガス中に

消石灰を噴霧して中和し,生 成した塩類と最初のフイル

ターを通過したばいじんを次のフィルターで捕朱している

(第二飛灰).こ の研究では放射性 Cs濃 度が高かった
°
第一

飛灰を用いて試験した。

2・2 黒 ボク土

黒ボク土は火山灰を母材とする風化土壌で・有機腐植物

質に富んだ黒色土壌である.日 本では広範囲に分布し,主

に耕作地に用いられていて粘上に比べて透水性が高い
H).

この実験で用いた黒ボク土は2013年 4月 に神奈川県川崎

市明治大学生田校舎内で土壌の表層 5 cmの 部分を採取し

たものから水ひ法で精製した。まず 1日風乾させた黒ボク

土約 300gを 3Lビ ーカーに入れ,脱 イオン水 1.5Lを 注

ぎ1日静置した.この波体をガラス棒で混合してから30分

間放置し,上 澄み波をデカンテーションで除去した.残 っ

た上を 1日風乾してから,日 開き250 μmの ステンレス製

ふるいを通過したものを共!ボク土として吸若実験に用い

た.水 ひ後の黒ボク土は石英と斜長石を含む火山灰風化す!ニ

ボク土と呼ばれるものである。また,変 水位法で測定した

このすよ!ボク土の透水係数允15は15.0℃で 1.97×10~4cm S÷
1

であった。

2・3 試  薬

塩化セシウム,水 酸化ナトリウム,硝 酸は純正化学製の

特級試薬を,塩 化カリウムは関束化学製の特級試薬を用い

た.脱 イオン水は栄田工業製デ ミエース DX-1521Jカー ト

リッジ純水器で,超 純水は日本 ミリポア製 Mill卜Qで 精製

したもの (比抵抗 18.2MΩ m)を それぞれ用いた.

雨水は神奈川県川崎市の明治大学生回校舎第 2校 舎 D館

横 (35°36'N,139°31'E)で 採取 した.雨 水試料はブリキ製

コンテナ (直径,10。2 cm;高 さ,4.3 cm)を 複数用いて

1.5h採 取 した.雨水のうち,半 分は炉過してから脱着操作

とpH測 定に用い,残 りの半分は炉過せずにそのまま用い

た。

2・4 装  置

ガンマ線は PttncetOn Camma Tcch lnc.製の高純度 Gc

半導体検出器 IG(>10200を 備 えたガンマ線 スペ ク トロ

メーターで測定した.日 本アイソトープ協会発行の 401タ

イプ
1・2Eu標
準線源で装置のエネルギーを校正 し,Jttc

0471放 射能分析用上壊標準物質 (日本分析化学会製)で 検

出効率曲線を作成した。数え落しやサム効果を抑制するた

めに標準線源を検出器から5 cm離 して測定した。さらに,

淑J定容器に合わせて密に充映 した KCl中 の
Ⅲ)Kを
測定して

検出効率を和け正した.

原子吸光光度分析装置はAnttydk Jena AAS ZEEnit 600S

に同体用オー トサンプラーAnalidkJena SSA 61Zを組み合

わせたものを用いた。光源は浜松ホ トニクス製 Cs中 空陰

極ランプを,キ ャリヤー不活性ガスにはArを 用いた.乾

燥温度 90～ 110℃ ,70s.灰 化温度 700℃ ,20s,原 子化

温度 1900℃ ,4sで 原子化 し,積 分吸光度を測定 したち

csclを 溶解 して 1000 mg L l溶波を調製 し, この溶液を

10,20,50,100,200,500 mg L lになるように希釈して検

量線作成用溶波にした。この溶波は0.13M硝 酸酸性にし

てある。また,マ トリクスマッチングと検量線の直線性を

向上
12)さ
せるため,測 定時に検量線作成用溶液 10 μLに 対

してマトリクスマッチング用溶液 lo μLを 添加した.こ の

溶波は,都 市ごみ焼却飛灰の溶出波を想定し,脱 イオン水

100 mLに KCl l.00gと NaOH O.60gを 加えたものである

(pH 12.9,以降模擬溶出液と呼ぶ).作 成した検量線は cs+

が 0～ 2.O ngの間で良好な直線性を示 し,検 量線から求め

た検出下限 (3σ,物 =10)は 0.02 ngであった。相十関係数

は ,‐=1.ooだ った.

改定 略号試験の振とう操作にはAdvttltec TBK602DA′博i

おi振とう相を用いた。

遠心分離機は Hitachi H/imac(】T4iを 用いた.

雨水の 1)II'則定は Horil)aI)IIメ
ーター F-52を用いた.

2・5 改 定 13号 試験

改定 13号試験には新たに振とう方法や炉過方法が指定

されていて,誤差を低減させている.改定 13号試験では液
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量を500 mL以上使用して溶出試験を行っているが,炉 過

やその後の手順が煩雑になるため,こ の実験では溶出液J:士

を150 mLにした。そのほかの条件は改定 13号試験に従っ

た。

250 mL三角フラスコ中の超純水 150 mLに,都市ごみ焼

却飛灰 15.OFを lo mgまで秤量してから加え,'ほ1おi振とう

相で25℃,6h水 平振とうで溶出操作を行った.振 とう幅

5.O cm,振とう速度 200回 min~1である.3000 rpmで 遠

心分離後,孔 径 0.5 μmの 親水性 PTFEメ ンプランフィル

ター (Advantec製)で 炉過し,溶 出波に濃硝酸 5.O mLを

加えてからテフロン皿上で蒸発乾回した.乾 固物と遠心分

離後の残澄はそれぞれオーブンで loo℃ で24h乾 燥して

から質量を測定した。

2・6 ガ ンマ線スベクトロメトリー

焼却灰試料,3.00gを o。l mgまで正確に秤量し,ブ リキ

製コンテナ (内径,3.8cm;高 さ,1.l cm)に 密に充填し・

周囲をエポキシ樹脂接着剤で密封した.222Rn-218P。間が放

射平衡に達するまで 3週 間以上放置してから測定に供し

た。溶出液乾固物,溶 出残澄も焼却灰試料と同様に測定し

た.

2・7 模 擬 13号試験溶出液中の安定 Cs十の黒ボク土への

吸着

3()mLポ リプロピレン製ボトルに黒ボク±0.2(X)gをo.1

mgま で正確にわけとり,模 擬溶出液 20。O mLを 加えたも

のに,Cs十の初期濃度が 100,2oo,500,1000)2000,5000,

10000,20000,50000 μg L lとなるようにCsCl溶液を添加

した。マグネチックスターラで20℃,5.5h撹 拌後,3000

rpm,30 minで遠心分離した。遠心分離後の上澄み波を lo

μLマ イクロピペットでわけ取って原子吸光光度分析に供

した。(為
キ
の初期濃度が 2000 μtt mL~1以上の溶波の坊合は

測定前に 10～ 100倍に定容希釈 した.測定は各濃度につき

3「llずつ行った.

2・8 Cs+吸 着黒ボク土からの cs+の脱着

黒ボクニ上1.oo gにCs+濃 度が 1000,2000 μg L~1の 模擬溶

出波 100 mLを 加えて 2・7と 同様の条件で Cs十を吸着させ

た。遠心分離後の黒ボク土を 1lo℃ ,24hで 乾燥 してから

脱着実験に用いた。脱着用溶波には脱イオン水とCs十無添

加模擬溶出液・弱い酸性雨を想定した o。lM酢 酸一酢酸ナ

トリウム緩衝溶波 (pH 5.0,以降は酢酸緩衝波と呼ぶ)。雨

水試料 (pH 6.85,24.3℃)を 用いた.0.l mgま で秤量した

黒ボク± 0.200gと 脱着溶液 20.O mLで 2・7と 同様の条件

で脱着操作を行った.

3 結 果 と考察

3・1 都 市ごみ焼却飛灰中の放射性核種のモニタリング

2011年 3月の柄鳥第一原子力発電所事故以来,放射性 Cs

の測定例は多 く,多 くの場所 ・粒々の物質中で検出されて

いる。抑 12年に採染された焼却飛灰のガンマ線スペクトル

をFig,1に,こ の試料中の放射性 (Xの放射能濃度の年‖Jの

変化をFih・.2に 示す。都市ごみ焼却飛灰中からは
仰
K,14!仏、

い7cs,2,2Pb,214Pb,2MBiを
検出した。また

22ぷ
Acが 同定できた

焼却灰もいくつかあった.各 核種の放射能濃度を焼却灰が

採取 された日に減衰補正 した ところ
仰
K,445～ 2600 Bq

kg~1; lliCs,0-14.4 Bq kg~1; l‖
7cs,4.23″-19.9 Bq kg~!:

独`
Ra,8.29-21.7 Bq kg~1;掛 Ra,0-50.l Bq kg~1;22ぷ Th,

10,7～33.3 Bq kg~1の値を得た。放射能濃度は大きく変化

していた.同 一焼却場であっても,廃 棄物の性状が 日に

よって異なることで,採 取 した日時で焼却灰中の鉛濃度が

異なること
〕りが報告されていて,焼 却飛灰中の放射性核種

でも同様の変動が起こる可能性 もあるものと考えられる.

また,2012年 の焼却飛灰中の放射能濃度を,同 じ焼却場で

2006,2007,2011年に採取 された焼却飛灰の放射能濃度
R)

と比べたところ,天 然放射性核種 (“
}K,2コヽ
Ra,22HRa,2ツ

忠
Th)

の放射能濃度レベルは事故前の 2oo6～2011年 と同程度で

あった。
四4Csは
原発事故前 (～2oll年 2月 )と 事故直後

の 2011年 3月 は検出されなかったが,2oll年 4月 以降検

出されるようになった.こ のときの
出4cs放
射能濃度は 2.1

～7.3 Bq kg~1であつた.四 )12年の試料では
い1(】
sは 12か

月中心か月の試料で検出されなかったが,検 出できた坊合

の放射能濃度は 4.04～14.4 Bq kg~1であった。一方,出
7cs

の放射能濃度は,事 故前は 2.0～6.7 Bq kg~1,2011年3～

12月 は 6.6～16.6 Bq kg~1であつた。今回の測定で得た
い7cs放
射能濃度は 2011年 3～ 12月の放射能濃度の範囲内

であった。また,こ の焼却飛灰中の放射性 Cs濃 度は 8000

Bq kg lを下回っていて,一 般廃棄物として埋め立てるこ




























