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Abstract: A series of polyimide/TiO2 composite membranes supported on TiO2/kieselguhr-mullite (K-M)

were prepared via a sol-gel process. Their morphologies, chemical structures, thermal performances, pore

distribution and gas permeability were characterized by transmission electron microscope (TEM), Fourier

transform infrared (FTIR), solid-state 13C CP/MAS NMR, thermogravimetric analysis (TG/DTA), N2

adsorption and gas permeability measurement. The results show the TiO2 phase is well dispersed in the

polyimide matrix. The TiO2 phase is connected with the polyimide through the pendant carboxyl along

the polyimide chain. The polyimide/TiO2 composite membrane possesses finely thermal stability. The

composite membranes show higher separation properties for H2, CO2, N2 and H2O when compared to

pure polyimide. The separation factors of the polyimide/TiO2 composite membranes with 5wt% TiO2

contents for H2/N2, CO2/N2 and H2O/N2 are 64.2, 42.5 and 80.8, respectively.
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Table 1 Quantity and ratios of the reactants in the preparation of composite sols

PMDA PPD DABA TBT [H2O] [H+]a TiOb
2Sample

/mmol /mmol /mmol /mmol /[TBT] /[TBT] /wt%

PIT00 41 20 20 – – – –

PIT05 41 20 20 8 2 0.1 5

PIT15 41 20 20 28 2 0.1 15

PIT25 41 20 20 53 2 0.1 25

a. The HCl used is a 37% HCl solution. b. The titanium content indicates the wt% TiO2 in the composites5tb [22,23], �℄*>vo�O�K TiO2 L�y#�K SiO2 <��6*f��	�,
sh/#Yl�	/�V�>vo� /TiO2 *f9oqml�Tt:�o�)[z=l�O�9osK�b<b'��)l.#Y��,
sh/#Yl�st:?jS��3��4F�os>vo� /TiO2 *f9os�~8~�Hb|4�℄ [24∼29]. �~8~�Hbi$�*f�sUzH&�)℄t�ÆL*f�s~V1�bB5�b�-3 TiO2 *>vo�OK^sfQ|yÆL*f�sOo&Cb�,
sh/#Yl�	��℄�"4{��>vo� / 8~xq<s��t: [30∼32], O>vo�O�KfiEdr{{� TiO2 I�[�b�`-)*>vo�Os�R#N�-3�6*f�s�~8~�Hb	"t:K�lCs>vo� /TiO2*f���)<b-`l'��-JEl)�bw,
sX�b�	
2 Uz��
2.1 W,G!x�{�u (PMDA, =}X): �0�	q=X9o�G�wF!	�!�� (PDA, AR): �1,xqjk��G�wF!	 3,5- ��{!�{ (DABA,=}X): �zM�q=�G�wF!	*d�/�PMDA b DABA � 120◦C ;N3. 8h,

PDA [p2K	�v,� (acac, AR): �,1zq=�G�wF!	 N - �{ -2- nI'� (NMP,

AR): �,L*	qj!�G�wF!	d�/�
NMP b acac 3 3A #aO#t3. 24h. q{�y (TBT, AR): �,qjk��IF!	r{ (AR,

w=37%): i�3�qjk�IF!	
2.2 6
vzZP|Æ�}� PMDA (0.041mol, 8.943g) � PDA (0.02mol,

2.163g) b DABA (0.02mol, 3.043g) #*E� 25mL

NMP E�O�An� PDA E~	K 250mL MS#{R#O N2 �oE ��)� PMDAE~w|	K� � 12h. jn� DABA E~	K��g � 12h,qmG%4Ss>vo�{ (PAA) s NMFE~�J� 0◦C Ej�	.djS[Ns>vo���u.h�� PMDA �qj�i#z,Xi	
2.3 TiO2 P0Æ�}� 1.2mL �r{E� 4.4mL =YatO�*Et �Ey	m TBT (50mL) b acac (60mL) sE~O� � 2h, qmG%��s TiO2 E�	G2Kq 2 �j�	
2.4 �&P0Æ�}* N2 ,�o �E����is TiO2 E�y	m PAA s NMF E~O��g � 24h, qmG%4Ss (PI-TiO2) /<
E� (PAA-TiO2). "bwK�l�Cs4� TiO2 [is*fE�	' 1.;:k�s�i��#	
2.5 BÆ�}EL
=�P, - 
V^ (K-M) -' TiO2XÆCs*f�[�J	 K-M EL
s"GO7. 2.01µm, ODy. 0.42, Cn1� 4.5MPa[33].

TiO2 XÆC�G%(B�"GO7. 37nm[34]. �
TiO2/K-M*f�[�JJ� CQ-50JZ0�[*O�=Yat7B 30min, An� 120◦C ;N3.
3h. �9T3.%9s�J0f���~O 5min,eA3. 48h, U*0f�3.XQ 3 ^	jn�)#*J� 100 � 200 b 300◦C ;N3. 2h, -`o�q�qm-'Z>vo� /TiO2 *f��)O
TiO2 .8�℄tf TiO2 ℄e
*�>vo�O	
2.6 qF��=� PerkinElmer Pyris Diamond ZB#>���9o-` TG/DTA A�	* Thermo Nicolet

NEXUS Zk$L%�P��9o-`k$%�#>	� Varian Infinity Plus 300MHz Z`YA<��>vo�9os&C-`A�	� JEOL JEM-

100CXII Z�T�5A�*f�s,H℄�	*
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Quantachrom Chembet 3000 Z�/�P��sO7-`A�	,
X�b�sAk*eK^JP-`���J"K4f5���*O�J��R 40Æ SiO2, h��PN�b^����'��X1$n_bA�X�,
wi�#*� H2 �CO2 �N2b H2O -`A��t?,* 120◦C E-`	
3 2�%\?
3.1 )eH
"!���� 1 . PIT00 �9os FTIR %�	 1780cm−1

(C=O asym. str.), 1720cm−1 (C=O sym. str.)b 1370cm−1 (C–N str.) .vo�s	�(	
3400∼3500cm−1 .>vo�d�OEWr{{O
–OH s	�%i	.l-�8�� PIT00 �9osqj&C��)-`lF� 13C NMR A���
2 .) NMR %�	 C1 b C9 (#*�[dbEWEdOst{����)� C (#*�!uP4�1JPs���	{� FTIR b 13C NMR s&V�D�"bw�fNl[dPB�fiEdr{{s>vo�	
� 1 PIT00 ?wp�tl%M&�
Fig. 1 FTIR spectrum of PIT00 pure polyimide

� 2 PIT00 ?wp�tG� 13C aZB=&
Fig. 2 Solid-state 13C CP/MAS NMR spectrum

of PIT00� 3 . PIT05∼25 �9os FTIR %�	
850∼400cm−1 %i9 Sp� Ti–O �s<
�m(�)1�~` TiO2 [is3	�31 [25,26].

3400∼3500cm−1b 1400∼1500cm−1%i9 #*Sp� Ti–OH �sW�b&:<
�m(�)1�

~` TiO2 [is3	�31 [35]. 1125∼1035cm−1%i9 Sp� Ti–O–C �s&:<
�m( [34],℄�. TiO2 E�I�>vo�Edr{{�[�f��℄Ns	
3.2 Li�q�k

PIT00∼25 �9osB#>&VJ' 2 b� 4�g	 PIT00∼15 �9os/aq2�~` TiO2[is3	�℄6� PIT25 �9os/aq2���
*	�� PIT00∼15 �9o� TiO2 I�XEdr{{�>vo�[dIb�GKl>vo�dB&
��℄31l)/aq2�	k TiO2[i3	m��Q�`�>vo�dsB&
�)B#)�`-`��℄lI/aq2���
*	 PIT00∼25 �9osB#)2�~` TiO2 [is3	��x�9i��*f9oO TiO2 s*paqxq#)l��I [27,37]. J��G�jn�v<. TiO2 Ib>vo�#)ns�	
� 3 PIT05-25 +g�:ptl%M&�
Fig. 3 FTIR spectra of the PIT05-25 polyimide/TiO2

composite� 2 PIT00∼25 C�>�Mj�r
Table 2 Thermal properties of PIT00∼25

Samples T
a
d/◦C Tg/

◦C Residue/%

PIT00 458 335 61

PIT05 450 365 65

PIT15 432 372 67

PIT25 408 indiscernible 72

a
Td, temperature corresponding to 5% weight loss

3.3 f�pA� 5 . PIT05∼25 *f�9os TEM 7�	
PIT05 *f�9o�~8~I�Hb!℄� TiO2I#NG%	* PIT15 b PIT25 *f�9oO�
TiO2 K^sfQ~` TiO2 [is3	�3f�)fQ#*. 10 b 30nm k��9#4FO�oszQ [26∼28,38]. PIT05∼25 *f�B�!℄�Hbs"�L�.
>vo�[dPsEdr{{�
TiO2 I�[�b�L�RsGK TiO2 Is>�b
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B� 151">�_�d)G%s#N*>vo�O�dqK�s*f�B�!℄s�~8~�Hb	

� 4 PIT00∼25 �:ptC$?;H
Fig. 4 Thermograms of PIT00∼25

(a) TGA; (b) DTG

3.4 BÆ:5��� 6 . PIT00∼25�sO7#6	 PIT00∼15�sO7~` TiO2 [is3	��Q�#*�O�
4.00�2.39b 1.8nmk�	 PIT25�O7sfQz�x℄�-38��N�[z�O� 2.08nmk�	
TiO2 Is�K�Rl>vo�=>
sND�d)OD$Q	k TiO2 [i3	m 25wt% `���
TiO2 K^!f�*>vo�I� TiO2 I
[Nl�T!fs�4O1sOD���dq)O7fQz�x℄�-38��N	
3.5 BÆR`qF' 3. PIT00∼25��;,
sX�Ak&V	~` TiO2 [is3	�PIT00∼15�� H2 �N2 �
CO2 b H2OsX�bZ��x�h/bZ�℄6	
PIT25 ��Pr,
sh/bbX�b#*z�x℄bE�	9:&V��sO7#6I�I	�"=lgt:�os>vo� / 8~xq<*f#Y�I# [30∼32], PIT05∼25 *f�� H2 � CO2b H2O I�� N2 sh/#Yy�!fs�6	9L�i�.
 TiO2 I�>vo�[dPEdr{{�[�b�d*f�B�G%sOo&C�-3����G%#N**f�Os TiO2 I� H2 �
CO2 b H2O B���sh/�/#Yl��_��6l)� H2 � CO2 b H2O sh/#Yb�	

� 5 PIT05∼25 +g�:pt�U�68 
Fig. 5 TEM photographs of PIT05∼25� 3 7�w{C#�'C�J℄Sar

Table 3 Gas permeability of pure polyimide and composite membranes

Permeabilitya Selectivity
Sample

N2 H2 CO2 H2O H2/N2 CO2/N2 H2O/N2

PIT00 0.27 9.2 6.4 10.6 34.1 23.7 39.3

PIT05 0.18 8.4 5.7 10.1 46.7 31.7 56.1

PIT15 0.12 7.7 5.1 9.7 64.2 42.5 80.8

PIT25 0.14 7.9 5.3 10.2 56.4 37.9 72.9

a Permeability coefficients: 10−7mol m−2 s−1 Pa−1
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� 6 �:ptP8$7;H
Fig. 6 Pore distribution

(a) PIT00; (b) PIT05; (c) PIT15; (d) PIT25

4 2?�XE� - ���K�l�Cs TiO2/K-M *f�[�J-'Z>vo� /TiO2 *f�	 TiO2I�X>vo�[dOEdr{{�)�[�b��R|�6l*f��~8~g#s�HbbB5�b	 PIT00∼25Cs�B�G%sOo&C�)O7#*�O� 4.00 � 2.39 � 1.80 b 2.08nm.

PIT05∼25Cs*f�� H2 � CO2 b H2O B�!℄sh/#Yl��k TiO2 [i. 15wt% `�*f�� H2/N2 �CO2/N2 b H2O/N2 s#Y�a#*em 64.2, 42.5 b 80.8.	9gm
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