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abStract

Despite efforts to understand the amorphization mechanisms of zeolites upon heating and subsequent 
dehydration, little is known about the extent of Si-Al disorder and topological variations in both crystal-
line and amorphous phases during amorphization. In this study, we investigated the atomic structure 
DQG�WKH�H[WHQW�RI�FRQ¿JXUDWLRQDO�GLVRUGHU��H�J���6L�$O�RUGHULQJ��LQ�1D�]HROLWH�$�DQG�RWKHU�GHK\GUDWHG�
phases during their temperature-induced amorphization using multi-nuclear solid-state NMR. We also 
UHSRUW�WKH�¿UVW�PXOWL�QXFOHDU��17O, 29Si, and 27$O��105�VSHFWUD�RI�WKH�LQWHUPHGLDWH�DPRUSKRXV�SKDVHV��
296L�0$6�105�UHVXOWV�FRQ¿UP�WKH�SUHYDOHQFH�RI�DPRUSKRXV�SKDVHV�XS�WR�c1073 K and variation in 
Q-species for the crystalline phases. The 27Al quadrupolar coupling constant of the [4]Al peak in Na-
zeolite A and the intermediate amorphous phases increase with increasing temperature, which suggests 
an increase in the topological disorder associated with the structural distortion around [4]Al. 2D 17O 
3QMAS NMR spectra resolve the crystallographically distinct Si-O-Al sites in Na-zeolite A and three 
types of oxygen linkages namely, Si-O-Al, Si-O-Si, and Al-O-Al in the intermediate amorphous phases, 
which provides an unambiguous experimental evidence for an increase in the Si-Al disorder during 
the amorphization of zeolite. The detailed structural changes in Na-zeolite A and other dehydrated 
phases at various temperatures provide insights into the structural changes of other aluminosilicates 
during amorphization, thereby highlighting the changes in Si-Al ordering.
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introduction

Zeolites are a group of microporous aluminosilicate minerals 
that are commonly found in diverse geologic environments such 
as lake, land surfaces, deep-sea sediments, pyroclastic volcanic 
deposits associated with burial diagenesis, and hydrothermal 
DOWHUDWLRQ��+D\�DQG�6KHSSDUG�������DQG�VHH�UHIHUHQFHV�WKHUHLQ���
Zeolites have a range of industrial applications as catalysts, 
DGVRUEHQWV��DQG�LRQ�H[FKDQJHUV��%R\G�HW�DO��������%UHFN�HW�DO��
������&RURQDV�DQG�6DQWDPDULD�������*UHDYHV�HW�DO������������D��
.RNRWDLOR�DQG�)\IH�������0LQWRYD�DQG�%HLQ��������7KH�WKUHH�
dimensional networks of zeolites consist of corner-sharing AlO4 
and SiO4 tetrahedrons and charge-balancing cations such as Na 
DQG�&D��7KH�]HROLWH�QHWZRUN�LV�NQRZQ�WR�FROODSVH�DQG�WUDQVIRUP�
into an amorphous phase upon heating. The temperature-induced 
amorphization of zeolites with the accompanying structural 
changes has long been investigated in many experimental and 
theoretical studies owing to the fundamental and technological 
LQWHUHVWV��%XUVLOO�DQG�7KRPDV�������&RO\HU�HW�DO��������'MRUG-
MHYLF� HW� DO�� ������*UHDYHV� HW� DO�� ������ ����E��+DLQHV� HW� DO��
������.RVDQRYLF�HW�DO��������������0DUNRYLF�HW�DO��������������
2KJXVKL�HW�DO��������3HUDO�DQG�,QLJXH]�������3RQ\DWRYVN\�DQG�
%DUNDORY� ������5DGXORYLF� HW� DO�� ������ �������'HVSLWH� WKHVH�
efforts, little is known about the extent of Si-Al disorder and 
topological variations in both crystalline and amorphous phases 
GXULQJ�DPRUSKL]DWLRQ��7KHUHIRUH��WKH�REMHFWLYH�RI�WKLV�VWXG\�LV�
to investigate the atomic structure and extent of chemical and 

topological disorders in both crystalline and amorphous phases 
during the temperature-induced amorphization of the synthetic 
zeolite, Na-zeolite A, using multi-nuclear solid-state NMR 
spectroscopy.

Na-zeolite A has been previously used as molecular sieves 
DQG�FDWDO\VWV��&KR�HW�DO��������0LQWRYD�HW�DO��������2OLYHLUD�HW�
DO��������6WXFN\�HW�DO���������7KH�VWUXFWXUH�RI�1D�]HROLWH�$��DV�
shown in Figure 1, consists of three secondary building units 
�68%V�� LQFOXGLQJ�F-cage, G�FDJH� �VRGDOLWH� FDJH��� DQG�GRXEOH�
IRXU�PHPEHUHG� ULQJV� �'�5���7KH�F-cage, with a diameter of 
1.14 nm, is composed of eight-membered oxygen rings. The 
G-cage is located at each corner of the zeolite cube, and there 
H[LVWV� D� VLQJOH� VL[�PHPEHUHG� ULQJ� �6�5��EHWZHHQ� WKH�F-cage 
and G-cage. The double four-membered ring connects the two 
G�FDJHV��%DHUORFKHU�HW�DO���������:DWHU�PROHFXOHV�DUH�ORFDWHG�
inside the F- and G�FDJHV�RI�]HROLWH�$��%DHUORFKHU�HW�DO���������
With increasing temperature, the microporous Na-zeolite A 
network is expected to become relatively unstable and collapse 
into an amorphous phase at approximately 700–800 s&��IROORZHG�
E\�WUDQVIRUPDWLRQ�LQWR�GHK\GUDWHG�FU\VWDOOLQH�SKDVHV��H�J���ORZ�
FDUQHJLHLWH� DQG�QHSKHOLQH��ZLWK� IXUWKHU� KHDWLQJ� �'LPLWULMHYLF�
HW�DO��������*UHDYHV�HW�DO������������E��.RVDQRYLF�HW�DO��������
0LPXUD�DQG�.DQQR�������6WRFK�DQG�:DFODZVND�������DQG�VHH�
UHIHUHQFHV�WKHUHLQ��

3UHYLRXVO\��H[SHULPHQWDO�VWXGLHV�KDYH�HOXFLGDWHG�WKH�QDWXUH�RI�
the temperature-induced amorphization of zeolites using X-ray 
GLIIUDFWLRQ��;5'���LQIUDUHG�VSHFWURVFRS\��,5���DQG�WUDQVPLVVLRQ�
HOHFWURQ�PLFURVFRS\��7(0���%XUVLOO�DQG�7KRPDV�������&RO\HU�
HW�DO��������'LPLWULMHYLF�HW�DO��������'MRUGMHYLF�HW�DO��������)OD-

American Mineralogist, Volume 99, pages 1996–2007, 2014

0003-004X/14/0010–1996$05.00/DOI: http://dx.doi.org/10.2138/am-2014-4928      1996 

* E-mail: sungklee@snu.ac.kr


