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




 

    






























 









  

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TABLE 1.  Chemical composition of paper sludge ash, determined by 
energy-dispersive X-ray spectrometry

 Oxide (wt%) Minor elements (mg / kg)
SiO2 40.9 
Al2O3 22.9 
CaO 25.8 
Na2O 0.2 
K2O 0.2 
MgO 6.9 
Fe2O3 1.3 
TiO2 1.8 
Cr  N.D. (< 0.5)
Cd  N.D. (< 0.1)
Hg  N.D. (< 0.01)
Pb  8.3
As  N.D. (< 1)
Cu  130
Zn  480

Paper sludge ash

Product
(Zeolite)

Residue
(Si,Al) Solution

(Ca and other elements)

Acid treatment
1-5M HCl solution, 

Solid (original ash): Liquid (HCl) = 1:10 - 5:10
Leaching time: 24 hours,

Temperature: room temperature

Alkali reaction
Fixed conditions

2.5M NaOH solution,
Solid (leached ash): Liquid (NaOH)= 1:10

Reaction time: 24 hours, Temperature: 80 ∫C

High [Ca] : extracted

Low [Ca] : remained

Paper sludge ash

Product
(Zeolite)

Residue
(Si,Al) Solution

(Ca and other elements)

Acid treatment
1-5M HCl solution, 

Solid (original ash): Liquid (HCl) = 1:10 - 5:10
Leaching time: 24 hours,

Temperature: room temperature

Alkali reaction
Fixed conditions

2.5M NaOH solution,
Solid (leached ash): Liquid (NaOH)= 1:10

Reaction time: 24 hours, Temperature: 80 ∫C

High [Ca] : extracted

Low [Ca] : remained





aGgPWG/cE/G].d/ESc/IUhEScIPI/im/jci]PEc/mniW/lGlcn/I]f0Jc/GIS'*+*

?8:<7:46/AS/34@3<:68@/34/678/!/5128./P6/3C/=OC82F8@/67:6/587?84368/
:4@/:4=267368/:28/678/9:34/<2>C6:??348/C1OC6:4<8C/34/678/C6:26345/
:C7./P4/678/?8:<7:46/:6/AS/`/-B/678/<=4<8462:63=4/=;/587?84368/34/
678/:C7/@8<28:C8C/D367/@8<28:C345/ASB/:4@/:4=267368/@8<28:C8C/
;2=9/AS/k/-/6=/AS/k/'B/:C/@89=4C62:68@/O>/:/D8:M84345/=;/67832/
%n0/A8:MC./J87?84368/@3CC=?F8C/=16/:6/AS/k/-/:4@/:4=267368/:6/
AS/k/'.

m35128/$/ C7=DC/ 678/ 34@3F3@1:?/ ;2:<63=4C/=;/I3B/G?B/ :4@/Z:/
8Y62:<68@/346=/678/SZ?/C=?163=4/<=9A:28@/6=/67832/=23534:?/<=4#
6846/34/2:D/:C7B/FC./AS/=;/678/?8:<7:46./E78/<=4<8462:63=4C/=;/

678C8/ ?8:<78@/ 8?89846C/D828/ :??/98:C128@/ 8YA8239846:??>B/ :C/
98463=48@/ :O=F8./ P6/ 3C/ <?8:2/ 67:6/I3/ 3C/ 7:2@?>/ 8Y62:<68@/ :6/ :??/
=F82/ 678/D7=?8/AS/2:458/=;/ 678/ ?8:<7:46./G?193419/C6:26C/ 6=/
O8/8Y62:<68@/;2=9/:O=16/AS/k/$/@=D4D:2@./Z:?<319/3C/9=28/
8;;3<3846?>/ 8Y62:<68@/ 67:4/ 678/ =6782/ 6D=/ 8?89846CB/ :4@/ 678/
;2:<63=4:?/8Y62:<63=4/34<28:C8C/34/678/?=D82/AS/2853=4C./P4/678/
R8=?368/C621<6128B/678/;2:98D=2M/3C/<=9A=C8@/=;/I3/:4@/G?B/O16/
Z:/3C/4=6/:/9:34/<=4C6361846/=;/678/C621<6128./E78/9=C6/@8C328@/
<=4@363=4C/:28/7357/rZ:s/:4@/?=D/rG?s/8Y62:<63=4CB/D73<7/<:44=6/
O8/986/C391?6:48=1C?>./E78/!/5128/C1558C6CB/7=D8F82B/67:6/678/


 � � 	 � ��� � � /, 30*(2� * 536 590:054�5-� (9/� (- : , 8�2,(* /04. � -58� @ � <, � 9520+� 	 � 207; 0+� 8( : 059� ( 9� 9/ 5= 4� 04� : / , � 9, * 54+� * 52; 3 4
� � 40:0(2�2,(*/04. � * 54+0:054� � /, 3 0*(2� * 53 6590:054� 5-� 2, (*/, +� (9/� �= :� �
� � � 2� * 54* , 4: 8( : 054� 9	 2� # 0 � � �2 �  
 � � ( � � ( �  � � �  � � .  � � , �  
 � $ 0 �

� � � � � �� 2� � � � 
 � � � � � � � � 
 � � � � � � � � � 
 � � � � 
 � � � � � � � � � � � � � � � � 
 �
� � � � � 
 � � � � � � � � � � � � � � � � 
 � � 
 � � � � 
 � � � � � � � � � � � � � � � � � �
� � 
 � � 
 � � � � � � � � � � 
 � � � � � � � � 
 � � � � 
 � � � � � � � � � � � � � � � � � �
� � � � � 
 � � � � � � � � � � � � � � � � � � � 
 � � � � 
 � � � � � � � � � 
 � � � � � � 
 �
� � � � � 
 � � � � � � � � � � � � � � � � � � � 
 � � � � 
 � � � � � � � � � � � 
 � � � � � �
� � � � � �� 2� � � � 
 � � � � � � � � � � � � � � � 
 � � 
 � � � � 
 � � � � � � � � � � � � � � � � � �
� � � � � 
 � � � � � � � � 
 � � � � � 
 � � � � 
 � 
 � � 
 � � � � � � � � � � � � � � 
 � � �
� � 
 � � 
 � � � � � � � � � � � � � � � � � � � 
 � � � � 
 � 
 � � � � � � � � � � � � � � � �
� � � � � 
 � � � � � � � � � � 
 � � � � � � � � 
 � 
 � � 
 � 
 � � � � 
 � � � � 
 � � � � 
 �
� � � � � 
 � � � � 
 � � � � � 
 � � � � � � � � 
 � � � � 
 � � � � � � � � � � � � � � � � � �
� 
 � � � �� 2� � � � 
 � � � � � � � � � � � � � � � 
 � � 
 � � � � 
 � � � � � � � � � � � � � � � � � �
� � � � � 
 � � � � � � � � 
 � � � � � � � � � 
 � � � � 
 � � � � � � 
 � � � � � � � � � � �
� � 
 � � 
 � � � � � � � � � � � � � � 
 � � � � 
 � � � � 
 � � � � � � � � � � � 
 � � � � � �
� � � � � 
 � � 
 � � � � � � � � � � � 
 � � � � 
 � � � � 
 � � � � � � 
 � � � � 
 � � � � � �
� � � � � 
 � � 
 � � � � � � � � � � � � � � � � 
 � � � � 
 � � � � � � 
 � � � � � � � � � � �
� � � � � �� 2� � � � 
 � � � � � � � � � � � � � � � � � � 
 � � � � 
 � � � � � � � � � � � 
 � � 
 � � �
� � � � � 
 � � � � � � � � � � � � � � � 
 � � 
 � � � � 
 � � � � � � � � � � � 
 � � 
 � 
 �
� � 
 � � 
 � � 
 � � � � � � � 
 � � � � 
 � � 
 � � � � 
 � 
 � � � � � � � � � � � � � � 
 �
� � � � � 
 � � � � 
 � � � � � � � � � � � 
 � � 
 � � � � 
 � 
 � � � � � � � � � � � � � � � �
� � � � � 
 � � � � � � � � � � 
 � � � 
 � � � � 
 � � � � 
 � � � � � � � � � � � � � � � � 
 �
� � � � � �� 2� � � � 
 � � � � � � � � 
 � � � � � � � � � 
 � � � � 
 � 
 � � � � � � � 
 � � � � � � � �
� � � � � 
 � � 
 � � � � � � � � � � � � � � � 
 � 
 � � 
 � � � � � � � � � � � � � � � � � �
� � 
 � � 
 � � � � � � � � � � 
 � � � � � � � 
 � � � � 
 � 
 � � � � 
 � � � � � � � 
 � � �
� � � � � 
 � � � � � � � � 
 � � � � � � � � � 
 � � � � 
 � 
 � � � � 
 � � � � � � � � � � �
� � � � � 
 � � � � � � � � � � � � � � 
 � � � � 
 � � � � 
 � 
 � � � � � � � � � 
 � � � � � �
� � � � � � � � � 2� * 54* , 4: 8( : 054� 04+0* ( : , 9� : / , � 040: 0( 2� * 54* , 4: 8( : 054� 5-� 952; : 054� : 5� = / 0* / � : / , � ( 9/ � 09� ( ++, +� -58� ( * 0+� 2, ( * / 04. � � ( 4+� 9	 2� 09� : / , � 9520+	 207; 0+� 8( : 05� � 04� . 8( 3 9� = , 0. / : �
	 � 3022020:, 89�<52;3, � � � (: � =/0*/� :/, � 9520+��(9/�� 09�(++, +� : 5� :/, � 207;0 +� �95 2; :054�� � �22� :/, � */, 3 0*(2 � * 53 6590:0549� = , 8, � , > 6, 803 , 4: ( 22? � 5) : ( 04, +� ( -: , 8� � � � / � 2, ( * / 04. � ( : �
8553 � : , 3 6, 8( : ; 8, �


 � � 	 � ��� � � � � 9; 3 3 ( 8? � 5-� : / , � 8, 9; 2: 9� -853 � 2, ( * / 04. � , > 6, 803 , 4: � � 6 � � 5-� 2, ( * / ( 4: � ( -: , 8� � � � / 5; 89� 5-� 2, ( * / 04. � � -8( * : 054� 5-� � (� , > : 8( * : , +� 04� 2, ( * / ( 4: � �
( 4+� 8, 90+; ( 2� 3 04, 8( 2� 6/ ( 9, 9� 04� 2, ( * / , +� ( 9/ , 9

� � 40: 0( 2� 2, ( * / 04. � * 54+0: 054� � 6 � � 5-� 2, ( * / ( 4: � ( -: , 8� � � 8( * : 054� 5-� � (� , > : 8( * : , +� ) ? � 2, ( * / ( 4: � � " , 90+; ( 23 04, 8( 2� 6/ ( 9, 9
� � � 2� * 54* , 4: 8( : 054� 9	 2� � � � � / 5; 89� 5-� 2, ( * / 04. � 04� 2, ( * / , +� ( 9/ , 9
� � � � � �� 2� � � � 
 � 
 � 
 � 
 � � � � �45 8:/0: ,
� � � � � 
 � � � � � 
 � 
 � � � , / 2, 40: , � � 458: / 0: ,
� � 
 � � 
 � � � � � 
 � � � � � , / 2, 40: , � � 458: / 0: ,
� � � � � 
 � � � 
 � 
 � � � � � , / 2, 40: , � � 458: / 0: ,
� � � � � 
 � � � 
 � 
 � � � � � , / 2, 40: , � � 458/ 0: ,
� � � � � �� 2� � � � 
 � � � � � 
 � � � � %0:/5 ; :� *8 ? 9:(2204, � 6/(9, 9
� � � � � 
 � 
 � � � 
 � � � � �45 8:/0: ,
� � 
 � � 
 � � � � � 
 � � � � �45 8:/0: ,
� � � � � 
 � � � 
 � 
 � 
 � � � , / 2, 40: , � � 458: / 0: ,
� � � � � 
 � � � � � 
 � � � � � , / 2, 40: , � � 458: / 0: ,
� 
 � � � �� 2� � � � 
 � A
 � � � 
 � � � � %0:/5 ; :� *8 ? 9:(2204, � 6/(9, 9
� � � � � 
 � � � � � 
 � � 
 � �45 8:/0: ,
� � 
 � � 
 � � � � � 
 � � � � �45 8:/0: ,
� � � � � 
 � 
 � 
 � 
 � � 
 � �45 8:/0: ,
� � � � � 
 � � � � � 
 � 
 � � �45 8:/0: ,
� � � � � �� 2� � � � 
 � A
 � 
 � 
 � � � � %0:/5 ; :� *8 ? 9:(2204, � 6/(9, 9
� � � � � 
 � 
 � � � 
 � � � � %0:/5 ;:� *8 ? 9:(2204, � 6/( 9, 9
� � 
 � � 
 � � � � � 
 � � � � �45 8:/0: ,
� � � � � 
 � � � � � 
 � � � � �45 8:/0: ,
� � � � � 
 � � � � � 
 � � 
 � �45 8:/0: ,
� � � � � �� 2� � � � 
 � A
 � � � 
 � � � � %0:/5 ; :� *8 ? 9:(2204, � 6/(9, 9
� � � � � 
 � A
 � � � 
 � � � � %0:/5 ;:� *8 ? 9:(2204, � 6/( 9, 9
� � 
 � � 
 � � � � � 
 � � � � �45 8:/0: ,
� � � � � 
 � � � � � 
 � � 
 � �45 8:/0: ,
� � � � � 
 � � � � � 
 � 
 
 � �45 8:/0: ,
� � � � � � � � � 2� * 54* , 4: 8( : 054� 209: , +� 09� : / , � 040: 0( 2� * 54* , 4: 8( : 054� 5-� 952; : 054� : 5� = / 0* / � : / , � ( 9/ � 09� ( ++, +� � ( 4+� 9	 2� 09� : / , � 9520+	 207; 0+� 8( : 05� � 04� . 8( 3 9� = , 0. / : 	 3 022020: , 89� <52; 3 , � � �
( : � = / 0* / � : / , � 9520+� � ( 9/ � � 09� ( ++, +� : 5� : / , � 207; 0+� � 952; : 054� � � � 22� 8, 9; 2: 9� = , 8, � , > 6, 803 , 4: ( 22? � 5) : ( 04, +� ( -: , 8� � � � / � 2, ( * / 04. � ( : � 8553 � : , 3 6, 8( : ; 8, �



 



     



→

























       





0

1

1

2

2

2

3

3

4

4

5

5

6

0.1

0.2

0.3

0.4

0.5

1M 2M 3M 4M 5M
Initial HCl concentration (M)

0.2

0.3

0.4

0.4

0.4

0.5 0.5

0.60.60.1

0.2

0.3

0.4

0.5

1M 2M 3M 4M 5M
Initial HCl concentration (M)

0.1

0.2

0.3

0.4

0.5

1M 2M 3M 4M 5M
Initial HCl concentration (M)

Anorthite

Gehlenite
+

Anorthite

No crystal phase

(a) pH of leachant after 24
hours of leaching 

(c) Residual mineral phases in the ash

So
lid

 / 
liq

ui
d 

ra
tio

(b) Fraction of Ca extracted in leachant 

So
lid

 / 
liq

ui
d 

ra
tio

So
lid

 / 
liq

ui
d 

ra
tio










          



0

0.2

0.4

0.6

0.8

1

-1 0 1 2 3 4 5 6 7 8

Si
Al
Ca

Fr
ac

tio
na

l e
xt

ra
ct

io
n

pH of leachant after 24-h leaching
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         






    




       

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pH of leachant after 24-h leaching

Na-P1 LTA

Hydroxysodalite

Gehlenite and Anorthite
Anorthite
Without crystalline phases



  






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     
−−




−


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

















  



        



−



  − 



−


−


−

  
    
−

  

−


−

    




−−


−
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