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Abstract 

In this work, an acetylacetonate-modified equimolar SiO2-ZrO2 composite-derived 

membrane with molecular sieving properties was successfully fabricated. The sol-gel 

method was successfully employed to chemically modify zirconium tetrabutoxide prior to 

co-hydrolysis and -condensation with tetraethoxysilane, and it was then used to fabricate a 

gas separation layer. An acetylacetonate-modified SiO2-ZrO2-derived membrane prepared 

at 300 oC showed H2 permeance of 9.9 x 10 -7 mol m-2 s-1 Pa-1 with a H2/SF6 permeance 

ratio of 7,600, which was a significant improvement over pure SiO2-ZrO2-derived 

membranes (H2 permeance: 1.4 x 10 -6 mol m-2 s-1 Pa-1, H2/SF6 permeance ratio: 11). Heat-

treatment of an acac--modified SiO2-ZrO2-derived membrane prepared at temperatures that 

ranged from 250 oC (H2 permeance: 4.5 x 10-8 mol m-2 s-1 Pa-1, H2/CH4: 100, CO2/CH4: 60, 

H2/SF6: > 18,000 at 50 oC) to 550 oC resulted in an improved H2 permeance of 3.4 x 10-6 

mol m-2 s-1 Pa-1 with reduced permeance ratios (H2/CH4: 3, H2/SF6: 9) at 50 oC. A 

membrane prepared by heat-treating a 250 oC-fired membrane at 300 oC showed the best 

trade-off with H2 permeance-H2/SF6 permeance ratios above the trade-off line compared 

with membranes prepared at other temperatures. 
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1. Introduction 

The quest for a highly efficient and cost-effective means for separating important gases 

and liquids has gained prominence in the field of separation technology in the past century. 

Such research efforts have successfully yielded a variety of techniques such as membrane 

separation technology, which has attracted the most interest [1]. Inorganic membranes are 

currently in great demand for use in H2 [2-5, 6], CO2/CH4 [7, 8], and CO2/N2 [9, 10] 

separation systems, as well as in olefin/paraffin systems [11, 12] and in the purification of 

natural gas [11]. Inorganic membranes can be broadly divided into porous and dense 

versions. Whereas dense membranes such as those fabricated from palladium and its alloys 

offer separation ability via a solution-diffusion mechanism, porous inorganic membranes 

such as silica, alumina, and zirconia separate gases by selective passage of molecules 

through a network of pores according to their size. Palladium membranes have shown high 

H2 permeance, but they are difficult to fabricate and are plagued by high module costs [13, 

14]. A mixed-matrix membrane consisting of palladium or palladium-cobalt particles 

dispersed in a network of amorphous inorganic silica is also possible as already reported by 

Kanezashi et al. [15] and Ballinger et al. [16]. 

Much interest has been shown to inorganic amorphous silica membranes and their 

derivatives concerning their potential application to a wide variety of gas separation 

systems in general [2-11], and in particular to hydrogen separation due to their ease of 

fabrication, low cost of production and scalability [1]. Factors required for a perm-selective 

membrane are high flux, high selectivity, pore size controllability, and good physical and 

chemical stability. Silica membranes exhibit moderately high flux and excellent selectivity 

[15, 17, 18], but size control and instability under hydrothermal conditions are known 

problems [15]. To develop silica and silica-based membranes with high perm-selectivity, 

pore size tunability, and hydrothermal stability, many researchers have studied various 

techniques such as spacer methods [19, 20], templating methods [21], anion and cation 

doping [6, 17, 23], and hybridization of silica with other metal oxides such as Al2O3 [12, 

24], TiO2 [25, 26], and ZrO2 [5, 22].  

Hybridization of silica with proven hydrothermally stable metal oxides such as TiO2 

and ZrO2 has been studied extensively [1, 5, 22, 26, 27]. Hybrid SiO2-ZrO2 membranes 

have been used for pervaporation and nanofiltration applications [27, 28]. Hydrogen 
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separation performance of SiO2-ZrO2 hybrid membranes fabricated through chemical 

vapor deposition (CVD) has also been investigated [5]. Zirconium oxide added to silica in 

an equi-molar ratio has shown the best hydrothermal stability to moderately high 

temperatures, but perm-selectivity remains very poor due to the large pore size created by 

adding a high zirconia content [22]. The large pores permit both large and small molecules 

to permeate as in Knudsen flow [29, 30]. However, a further modification to this network 

structure offers the possibility to change the molecular sieving characteristics of silica-

zirconia (1:1) composite membranes. 

In the fields of catalysis and separation technology, the versatility of sol-gel chemistry 

has been instrumental to the formation of new functional materials. One major aspect of 

this versatility is the ability to obtain products with predetermined characteristics based on 

the experimental conditions, and another aspect is that it allows for the synthesis of 

inorganic-organic hybrid materials through the introduction of organic groups in solution 

[31]. One way to add an organic group is to chemically modify a precursor prior to 

synthesis [32]. A good example of chemically modifying precursors is found in the use of 

chelating ligands to form coordinate complexes where the precursor to be modified is a 

transition metal ion compound. Coordinate polymer chemistry has been widely studied and 

found to be useful in synthesizing metal-organic frameworks (MOFs) [33-35]. Coordinate 

covalent bonds are formed in coordinate complexes by the occupation of d-orbitals 

belonging to a transition metal by free electron pairs donated by chelating ligands. For 

polydentate ligands, Metal-Organic Frameworks (MOFs) usually result [33-35]. In the case 

of mono- or bidentate ligands, MOFs are rarely formed [36, 37] and the formation of the 

coordinate complex chains will require other polymerization sites. 

The formation of coordination complexes between zirconium ions and various chelating 

ligands has been studied [36, 38] with the most hydrolytically stable being the use of 

acetylacetone (Hacac), a bidentate ligand, to form an acetylacetonate-zirconium 

coordination complex [38], which implies the retention of acetylacetonate anions in the 

polymer sol even after hydrolysis and condensation have occurred for several hours. As 

such, a hydrolytically stable modified zirconium precursor can be co-polymerized and co-

condensed with silica to achieve an acac--modified equi-molar SiO2-ZrO2 polymer sol. The 

acetylacetone ligand remaining in the modified SiO2-ZrO2 (1:1) is expected to translate 
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into a modified pore structure applicable to gas separation. This possibility has been 

reported by both Fukumoto et al. [39] and Spijksma et al. [40], where the pore sizes of 

TiO2-ZrO2 were controlled using isoeugenol (isoH) and diethanolamine (DEA), 

respectively. 

To study the possibility of a chemically modified silica-zirconia (1:1) membrane for gas 

separation applications, acetylacetone-modified silica-zirconia (1:1) was prepared by the 

sol-gel method and used to fabricate a membrane. Single-gas permeation measurements 

were subsequently performed. Fig. 1 schematically shows the theoretical modification of 

zirconium tetra butoxide with acetylacetonate and the subsequent formation of an acac--

modified Si-O-Zr network. Theoretically, acetylacetone is a bidentate ligand with two sites 

through which it can bond to transition metal zirconium ions in order to form a normal 

covalent bond with zirconium through one of the oxygen atoms and a coordinate covalent 

bond by donating a free pair of electrons from the other oxygen atoms that occupy the 

empty d-orbital. This theory assumes that acetylacetone approaches the zirconium ions in 

its enol tautomer [36]. Furthermore, the thermal stability of the acetylacetonate modifying 

ligand was examined, and the pore modification effect that the addition of acetylacetonate 

ligands and heat-treatment exerted on the pore structure and on the gas permeation 

characteristics were explored. Activation energies were used to compare the SiO2-ZrO2-

acac2 (SZa2) membrane performance with that of both a polymer membrane and a ligand-

modified TiO2-ZrO2 membrane. 
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Fig. 1 Theoretical formation of the -Si-O-Zr-acac linkages in a polymer sol 

 

2. Experimental 

2.1 Preparation of SiO2-ZrO2-acac2 sol and membrane fabrication 

A 5 wt% modified SiO2-ZrO2 (1:1) polymeric sol (referred to as SZa2 sol in later 

sections) and membranes were prepared and fabricated according to the following 

procedures. Modified SiO2-ZrO2 (1:1) sol was prepared in two stages. In the first stage, an 

80% pure zirconium (iv) tert-butoxide (Aldrich) dissolved in ethanol (Aldrich) was 

modified by reacting with 99% pure acetylacetone (Aldrich) (ligand/ZrTB molar ratio 2) 

for one hour in the proportions listed in Table S1. In the second stage, a solution of 98% 

pure tetraethoxysilane (Aldrich) in ethanol was co-hydrolyzed with acetylacetone-modified 

zirconium (iv) tert-butoxide in a molar ratio of 1:1 using deionized water (water/ZrTB 

molar ratio 4) and hydrochloric acid (37%, Nacalai Tesque) as a catalyst (acid/alkoxide 

molar ratio 0.25). Hydrolysis and poly-condensation were carried out by stirring the 

mixture at 500 rpm for more than 12 hours at room temperature.  

In a similar manner, without pre-modification of zirconium (iv) tert-butoxide, a 5 wt% 

unmodified SiO2-ZrO2 (1:1) polymeric sol (referred to as SZ sol in later sections) was 
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prepared in a process that required only one stage. The size of the resultant SiO2-ZrO2-

acac2 sol, as measured by Dynamic Light Scattering (Malvern), is presented in Figure S1. 

The chemical reagents and their respective proportions are also summarized in Table S1. 

Dried gels were prepared by drying the sols slowly at a temperature of about 50 oC for a 

few days. 

SiO2-ZrO2-acac2 membranes were fabricated by coating 3 graded layers of different 

suspensions/sols onto cylindrical α-alumina porous supports (60% porosity; 1.2 µm pore 

size; outer diameter, 1 cm; and, length, 10 cm; Nikkato Corporation, Japan) connected to 

non-porous supports that were closed and open at either end. The first layer was prepared 

by coating a 10 wt% suspension of α-alumina particles (diameter 2-3 µm and 0.2 µm) onto 

a colloidal SiO2-ZrO2 sol for use as a binder prepared by ultrasonification. The preparation 

of colloidal SiO2-ZrO2 sol has been described elsewhere [28]. Each coating was repeated 6 

times, and each coating was fired to a temperature of 550 oC for 15 – 20 min to solidify and 

bind the particle layer to the support and to cover the larger pores of the porous alumina 

support.  

Next, pure SiO2-ZrO2 (1:1) sol diluted to 0.5 wt% with deionized water was coated 

onto the α-alumina particle layers using a hot coating method to form an intermediate layer, 

where the membrane was pre-heated to about 200 oC, and then coated almost immediately 

with the SiO2-ZrO2 sol followed by firing at 550 oC for 15 – 20 min to bind the 

intermediate layer to the particle layer. This process was repeated several times until large 

pores and defects from the particle layer were covered and a narrow pore size distribution 

suitable for the separation layer coating was achieved. The pore size distribution was 

obtained by nanopermporometry [41]. The top separation layer was comprised of the 

acetylacetonate-modified SiO2-ZrO2 (1:1) polymeric sol (derived from diluting the as-

prepared sol to 0.5 wt% in ethanol) coated onto the SiO2-ZrO2 intermediate layer followed 

by firing under a 600 ml min-1 nitrogen gas flow at 250 oC for 15 min in a tube furnace. 

After this process was repeated 6 – 8 times, the membrane fabrication process was 

concluded, and the membranes were ready for single-gas permeation measurements. The 

same procedure was followed for the fabrication of an unmodified SiO2-ZrO2 (1:1) 

membrane that was used for comparison. 
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2.2 Characterizations of the SiO2-ZrO2-acac2, the SiO2-ZrO2 sol, the gel, and the 

membranes  

The particle sizes of the as-prepared sols were analyzed at 25 oC via dynamic light 

scattering (DLS) using a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd.). The 

presence and intensities of different functional groups were analyzed via Attenuated Total 

Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR, FTIR-4100, JASCO, 

Japan). This analytical method was also used to track the thermal stability of ligands. 

Thermal stability of the acetylacetonate ligands in modified SiO2-ZrO2 was analyzed using 

thermogravimetry (TG, TG-50 Shimadzu Co., Japan) under a nitrogen gas flow of 80 ml 

min-1 and a heating rate of 10 oC min-1. The cross-section and surface morphologies were 

examined by Field Emission-Scanning Electron Microscopy (FE-SEM, Hitachi S-4800, 

Japan). Prior to examination, shared samples of the membranes were attached to sample 

holders via carbon tape and vacuum-dried at 50 oC for 48 hours. 

 

2.3 Single-gas permeation measurements 

A schematic representation of the gas permeation measurement setup is shown in Fig. 2. 

Prior to the gas permeation measurement, a membrane was fitted into its module 

immediately after fabrication and placed inside the furnace in the gas permeation 

measurement rig at a temperature of 150 or 200 oC under helium flow of 100 ml min-1 for 

about 12 hours. This was done to ensure the removal of water adsorbed into the membrane 

pores after fabrication. To test for the molecular sieving properties of the membranes, high-

purity gases (H2, He, CO2, N2, CH4, CF4, SF6 in that order) were flowed through 

molecular sieves to remove humidity, and were then fed to the feed side of the membrane 

module at 100 kPa gauge pressure at temperatures ranging from 50 – 200 oC. Permeate side 

pressure was kept atmospheric and permeate gas flow was measured using a bubble film 

flow meter (HORIBA-STEC, Japan). Temperature dependence of gas permeance was 

examined by varying the temperature during the flow of a single gas and measuring the 

permeance flow at each desired temperature. It should also be noted that permeate gas flow 

was only recorded after a steady state was attained. 
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Membrane heat-treatment was done by heating the membrane fired at 250 oC in the 

membrane module to a higher temperature (300, 400 or 550 oC) while flowing N2 gas 

through the membrane. The flow of N2 was maintained until a steady state was reached and 

the single-gas permeance was subsequently measured at 200 oC. This procedure was 

repeated for each heat-treatment temperature.  

 

 

 

Fig. 2 Schematic diagram of single-gas permeation measurement. 

 

3. Results and Discussion 

3.1 Sol-gel characterization 

3.1.1 Chemical modification of a ZrTB precursor 

Fig. 3 shows the ATR-FTIR spectra of freshly prepared modified and pure zirconium 

tetrabutoxide precursors, measured directly on an ATR prism window that ranged from 

4,000 to 500 cm-1 compared with that of acetylacetone (Hacac). Peaks ranging from 1,700 
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to 1,500 cm-1 are magnified for clarity in Fig. 3 (b). The two peaks that appear around 

1,600 cm-1 and 1,525 cm-1 were assigned to the enol C=O and C=C bonds that are 

characteristic of the acetone species [36, 38]. The presence of the C=C bond supports the 

assumption that Hacac approaches ZrTB in its enol tautomer. These peaks were not 

detected for the unmodified precursor and Hacac, which presented only the C=O (1615 cm-

1) peak of the keto tautomer. This clearly indicates the introduction of the acetylacetonate 

group to the chemical structure of zirconium tetrabutoxide. Furthermore, peaks assigned to 

the butoxide groups (-CH2, -CH3) in the range of 3,000 to 2,750 cm-1 were observed for 

both modified and pure zirconium tetrabutoxide precursors, although different peak heights 

were exhibited. The -CH2, -CH3 peaks observed for the modified zirconium tetrabutoxide 

precursor were shorter than those observed for the unmodified precursor with 

representative absorbance peak ratios, A2960/A1400, of 0.29 and 0.56 for modified ZrTB and 

pure ZrTB, respectively. A2960 represents the absorbance peak height of a -CH2 bond 

normalized by a common Zr-O-C peak observed at around A1400 (1,400 cm-1). This 

indicates the replacement of some butoxy groups by the acetylacetonate groups that would 

have been otherwise present without modification. 
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Fig. 3 ATR FT-IR spectra of ZrTB (zirconium tetrabutoxide) modification by 

acetylacetonate ligands ranging (a) from 4,000 to 500 cm-1 and (b) from 1,700 to 1,500 cm-1. 

 

Fig. 4 also shows highly magnified ATR-FTIR spectra ranging from 1,700 to 1500 cm-1 

that compare modified zirconium tetrabutoxide, modified silica-zirconia, and pure 

unmodified silica-zirconia sols. The C=O and C=C peaks characteristic of acetylacetonate 

ligands observed for the modified zirconium tetrabutoxide precursor were also detected for 

the modified silica-zirconia sol. This is an indication that the acetylacetonate-zirconium 

chelation structure was unaffected by the introduction of silica. Furthermore, the 

acetylacetonate characteristic peaks (1,600 cm-1 and 1,525 cm-1) in the modified silica-

zirconia sol were absent from the unmodified sol, which suggests that acac- ligands are 

hydrolytically stable, and were not hydrolyzed by the addition of water under acidic 

conditions. This was previously observed during hydrolyzation of the acac-ZrTB 

coordinate complex polymer for several days [36]. The rate of ZrTB hydrolysis is much 

faster than that of TEOS, and one advantage of modifying the zirconium tetrabutoxide with 

a hydrolytically stable ligand prior to mixing with TEOS was that the hydrolysis rate of 

ZrTB was slowed considerably so that during co-hydrolysis of the ZrTB and TEOS 

mixtures, the rates of hydrolysis were similar, which improved the -Si-O-Zr- composition 

degree [32]. 
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Fig. 4 ATR-FTIR spectra ranging from 1,700 to 1,500 cm-1 for modified zirconium 

tetrabutoxide, modified silica-zirconia, and unmodified silica-zirconia sols. 

 

3.1.2 Thermal analysis of acac- ligands in SiO2-ZrO2-acac2 gels 

The hydrolytic stability of acac in the sol phase was expected, having been established 

in section 3.1.1, and this section discusses the thermal stability of the acac- ligands in the 

SZa2 powder. The thermogravimetric (TG) curves of pure SiO2-ZrO2 and SiO2-ZrO2-acac2 

gels fired under a N2 flow at temperatures as high as 1,000 oC (ramping rate: 10 oC min-1) 

and the ATR-FTIR spectra of SZa2 powders fired under N2 at different temperatures are 

shown in Fig. 5. In Fig. 5(a), the TG profile of SZa2 powder can be divided into 3 sections 

according to their different slopes. Section i (100-300 oC) can be assigned to the 

decomposition of unhydrolyzed butoxy groups and to the partial decomposition of 

acetylacetonate linkages based on weight loss. This is supported by the ATR-FTIR profile 

of powders fired at different temperatures (Fig. 5(b)).  
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In section ii (300 and 500 oC), pure SZ powder exhibited no further weight loss beyond 

300 oC, indicating that weight loss was due only to the decomposition of unhydrolyzed 

butoxy groups. For SZa2 powder, further weight loss was observed to a residual weight 

ratio that reached as high as 0.7, indicating the complete decomposition of acac ligands. 

This also appears in Fig. 5 (b) as the characteristic C=O and C=C bonds were decreased 

with temperature. Beyond 500 oC, as shown in section iii, free carbon from the decomposed 

acac- ligands was released into the pore network, which resulted in no observed weight loss 

in this region. The dark appearance of the residual powders after TG measurement supports 

the theory of the encapsulation of free carbon in the SiO2-ZrO2 network (see Fig. S2), 

which is similar to carbon-encapsulated nickel nanoparticles prepared by the instant 

pyrolysis of nickel acetylacetone reported by Chen et al. [42], as well as the C/C-ZrC 

composites fabricated by zirconium acetylacetone pyrolysis [43]. The continued weight 

loss of SZa2 powder beyond 300 oC indicates that an acac--modified SiO2-ZrO2 layer can 

be fabricated even when fired to a temperature as high as 300 oC. 
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Fig. 5 TG curves of pure SiO2-ZrO2 and SiO2-ZrO2-acac2 gels under N2 at temperatures as 

high as 1,000 oC (a) and Powder ATR-FTIR spectra of SiO2-ZrO2-acac gels fired under a 

N2 atmosphere at different temperatures (b) 

 

Fig. 5 (b) shows the ATR-FT-IR spectra of SZa2 powders fired under N2 at different 

temperatures. The peak at around 1,500 cm-1 was assigned to the C=C bond characteristics 

of an acetylacetonate ligand, as mentioned in a previous section [36, 38]. The presence of 

this peak is indicative of the fact that the acac-Zr chelation structure was unaffected by the 

change of state from sol to gel. The peak stretching between 1,100 and 900 cm-1 was 

assigned to the -SiOSi- ring while the -SiOH group was assigned to the peak at about 800 

cm-1. The peaks between 2,800 and 3,000 cm-1 were assigned to the unhydrolyzed ethoxy 

and butoxy groups [44-46]. The -SiOSi- peaks were detected irrespective of the firing 

temperature, which is indicative of the formation of silica networks by hydrolysis and by 

the condensation of the ethoxy groups of TEOS. The C=C peaks began to disappear as the 

firing temperature increased and the relationship between the AC=C/A-SiOSi- absorbance 

peak ratio and firing temperature appeared to be inversely linear, as shown in Fig. S3. 

The simultaneous reduction and disappearance of -CH2, -CH3 and -SiOH peaks at 

temperatures higher than 300 oC was confirmed along with the subsequent -SiOSi- peak 

shift and broadening. This can be attributed to the condensation of ethoxy, butoxy and 

silanol groups and the formation of more -SiOZr- connections. The broadening and red 

shift of the -SiOSi- peak in a silica-zirconia composite FT-IR spectrum is indicative of 

more -SiOZr- connections, and the inclusion of Zr4+ ions into the -SiOSi- ring caused a ring 

deformation and a resultant peak shift and broadening [47]. Fig. S4 shows the XRD 

patterns of pure SZ-derived and SZa2-derived powders after firing at 700 oC under N2. 

After firing at 700 oC, the tetragonal ZrO2 peaks at 2θ = 30o and 50o indicated that the pure 

SZ-derived powder had begun to show an aggregation of ZrO2 crystallites, whereas SZa2-

derived powder remained amorphous without aggregation of ZrO2 crystallites indicating a 

better -Si-O-Zr- composition degree. 
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3.2 Effect of acetylacetonate ligands on the pore size controllability of SiO2-ZrO2 (1:1) 

membranes 

Fig. 6 shows the kinetic diameter dependence of single-gas permeance at 200 oC (a) and 

dimensionless permeance based on He (b) for SZ and SZa2-derived membranes prepared at 

300 oC under a N2 atmosphere. Pure SZ-derived membranes showed a higher gas 

permeance compared with that of SZa2-derived membranes, but He and H2 selectivity over 

other gases was approximately the same as the Knudsen ratio. For example, a pure SZ-

derived membrane showed a H2 permeance of 1.4 x 10 -6 mol m-2 s-1 Pa-1 with a H2/SF6 

permeance ratio of 11. 

The SZa2-derived membrane showed a trend similar to that of the SZ-derived 

membrane; He (0.26 nm) permeance was lower than that of H2 (0.289 nm), and N2 (0.364 

nm) permeance was lower than that of CH4 (0.38 nm). This suggests a network pore size 

large enough for the separation of He-H2 and N2-CH4 and Knudsen diffusion that is 

dominated by the permeation properties [29, 30]. However, the SZa2-derived membrane 

showed a low SF6 permeance of 1.3 x 10-10 mol m-2 s-1 Pa-1, with a high H2/SF6 permeance 

ratio of 7,600. This shows that the chelation of Zr4+ with acac- ligands uniformly modified 

the pores of the SZa2-derived membrane for molecular size-dependent permeation 

resistance. SZa2-derived membranes, therefore, show promise for the separation of 

H2/large organic gases, because the molecular size of SF6 (0.55 nm) is similar to that of 

organic gases in benzene-cyclohexane and toluene-MCH systems (0.585 and 0.6 nm 

respectively) [48].  

 



15 
 

 

 

Fig. 6 Molecular size dependence of gas permeance (a) and dimensionless permeance based 

on He (b) at 200 oC of SiO2-ZrO2-acac2 and pure SiO2-ZrO2 membranes all prepared at 

300 oC under a N2 atmosphere. 

 

Fig. 7 shows the FE-SEM cross-sectional morphologies (x 50,000) of SZa2 (a) and pure 

SZ (b)-derived membranes. A thin separation layer of acac- modified silica-zirconia was 

successfully fabricated, although it was indistinguishable from the intermediate layer at this 

magnification. The α-Al2O3 particle layer (average 1 µm) was clearly distinguishable as a 

compact impenetrable support for the intermediate and top layers (< 400 nm) of both 

membranes. It should be noted that the FE-SEM images were taken after gas permeation 

experiments were performed. The lamination of the SZ and SZa2 that topped the SiO2-ZrO2 

intermediate layers was retained after gas permeation experiments, which suggests a 

favorable interaction between silica-based top layers containing organic groups and the 

SiO2-ZrO2 layer. Therefore, the addition of the acac- ligands to SiO2-ZrO2 had no structural 

effect on the top layer during long-term use.  

The schematic diagram in Fig. 8 (a) summarizes the effect of the acac- chelating ligands 

on the Si-O-Zr network. The chelation of acac- ligands to Zr+ sites created network spaces 
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small enough to prevent permeation by large gases yet large enough to allow small gases to 

permeate, which created better molecular sieving properties. Hypothetically, as Fig. 8 (b) 

illustrates, interlayer condensation may occur between two successive layers when the free 

chelation sites in acac- ligands on one layer chelate with the Zr+ sites on another layer. Such 

interlayer interactions like the self-assembly of thiourea-crosslinked graphene oxide [49], 

topotactic dehydration-condensation of layered silicate into a zeolite [50], and hydrogen-

covalent bond interaction between hybridized layers of PVA/TEOS [51] have been studied 

and proven. Characterization to prove these types of interaction is currently beyond the 

scope of this study and will require further inquiry. This phenomenon was not apparent in 

the SEM micrographs even at very high magnification. 

 

 

 

Fig. 7 FE-SEM micrographs of the cross-section for SiO2-ZrO2-acac2 (a) and pure SiO2-

ZrO2 (b) membranes. 
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Fig. 8 Schematic image of the intra-particle pore modification effect of acetylacetone 

chelating ligands forming coordination complexes with Zr atoms and the influence on gas 

permeation ability; (a) network pore modification theory; (b) interlayer coordination theory. 
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3.3 Heat-treatment effect on pore size and gas permeation properties of SiO2-ZrO2-acac2 

membranes 

The thermogravimetric results indicate different sections on the TG profile as discussed 

in section 3.1.2. Therefore, it was interesting to evaluate the gas permeation properties of 

SZa2-derived membranes fired at different temperatures and the effect that firing 

temperature exerted on the membrane pore sizes. Fig. 9 shows the molecular size 

dependence of single-gas permeance at 200 oC (a) and the dimensionless permeance based 

on He (b) for SZa2-derived membranes heat-treated at temperatures ranging from 250-550 
oC under a N2 flow, as mentioned in section 2.3. Fig. 10 shows the values for single-gas 

permeance and permeance ratios at 200 oC as a function of heat-treatment temperatures. 

Gas permeation properties changed as membranes were heat-treated at higher temperatures. 

A membrane fired at 250 oC showed a low H2 permeance of 1.8 x 10-7 mol m-2 s-1 Pa-1, but 

its H2/CH4 selectivity of 50 was higher than with heat-treatment ranging from 300-550 oC. 

It should be noted that the permeance for large gases such as CF4 and SF6 was below the 

detection levels of 10-11 mol m-2 s-1 Pa-1, and the H2/SF6 permeance ratio was assumed to be 

within the acceptable range of 104-105, which suggests that these membranes had very 

dense structures.  

After heat-treatment at 300 oC, developments such as a drastic increase in gas 

permeance and a decrease in gas selectivity were observed (H2 permeance: ~10 -6 mol m-2 s-

1 Pa-1, H2/SF6 permeance ratio: ~8,000). At 300 oC and above, the changes to gas 

permeance and permeance ratios were more subdued. It should be noted that H2 selectivity 

over large gases such as CF4 and SF6 remained above the Knudsen-based values until the 

membranes were heat-treated at 400 oC. However, a membrane heat-treated at 550 oC 

showed gas permeance on the order of values like that of the intermediate layer, and H2 

selectivity over large gases such as CF4 and SF6 approached Knudsen ratios. 

The change in dimensionless permeance with increases in the firing temperature 

became more pronounced as molecular size increased from H2 to SF6. This could have 

resulted from heat-treatment at higher temperatures causing the acac- ligands to decompose 

within the modified pores, which would make the pores larger, which is consistent with 
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thermogravimetric results. The increased pore size increases the access to large gases. 

High-temperature heat-treatment of SZa2-derived membranes fired at 250 oC, therefore, 

increases the pore size due to the decomposition of acac- ligand groups. This decomposition 

of organics behavior as heat-treatment temperature increases is consistent with the 

templating effect summarized in Fig. 11. The chelating ligands attached to the Zr+ sites 

occupied the network pores in the CH3-CH-CH2-CH-CH3 section of the acac- ligand. As 

heat-treatment temperature increased, these organic sections began to decompose opening 

the pores for gas passage, which increased the gas permeance but reduced gas selectivity as 

larger gases were able to access the network pores. The occupation of network pores can be 

assumed to be both intraparticle and interparticle. Intraparticle pores exist within individual 

particles created by spaces between the atomic networks while interparticle pores are the 

spaces that exist between particles. The interparticle pore-containing ligands decomposed 

before the intraparticle pore-containing versions, which was inferred by the fact that the 

membranes continued to show gas selectivity higher than Knudsen ratios even after heat-

treatment at 550 oC. This could have been because the intraparticle pore-containing ligands 

are relatively shielded from heat by the surrounding Si-O-Zr network, much like the 

encapsulation of carbon in nickel nanoparticles [42]. 
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Fig. 9 Comparison of the kinetic diameter dependence of single-gas permeance (a) and 

dimensionless permeance based on He (b) at 200 oC for SiO2-ZrO2-acac2 membranes fired 

at 250 oC and heat-treated at different temperatures (300-550 oC). 

 

 

 

Fig. 10 Heat-treatment temperature (300-550 oC) dependence of gas permeance and 

selectivity (H2/CH4, H2/SF6, CO2/CH4) at 200 oC for SiO2-ZrO2-acac2 membranes fired at 

250 oC under a N2 atmosphere. 
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Fig. 11 Schematic diagram of the effect of heat-treatment on the pore size and gas 

permeation ability of a typical SiO2-ZrO2-acac2 membrane. 

 

Fig. 12 shows the single-gas permeance and permeance ratios as functions of 

temperatures between 50 and 200 oC for SZa2-derived membranes fired at 250 oC (a) (He, 

H2, CO2, N2, CH4) and heat-treated at 300 oC (He, H2, CO2, N2, CH4, SF6) and 550 oC (b) 

(He, H2, CO2, N2, CH4, CF4, SF6). The temperature dependence of permeance and the 

activation energies of gases were fitted and calculated using the modified gas translation 

model (Eq. 1). The model showed a very good fit with the experimental data and should be 

regarded as a viable representation of gas-membrane behavior. 

 

𝑃𝑃𝑖𝑖 =  𝑘𝑘𝑜𝑜,𝑖𝑖
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𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝐸𝐸𝑝𝑝,𝑖𝑖

𝑅𝑅𝑅𝑅
�       (1) 

 

For membranes fired at 250 oC, the permeance of all gases (He, H2, N2, CH4) increased 

with increases in temperature, suggesting an activated diffusion mechanism. The exception 

to this was CO2, which showed an increase in permeance as the temperature decreased, 

which suggests a surface-diffusion mechanism. Gas selectivities (H2/CH4, CO2/CH4, 
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Membranes heat-treated at 300 oC showed the same trend as the original membrane 

fired at 250 oC with gas permeance (He, H2, N2, CH4) increasing as the temperature 

increased with the noted exception of CO2 that exhibited a surface-diffusion mechanism. 

However, the slopes of the temperature dependence of gas permeance followed different 

trends, and membranes fired at 250 oC showed increases in the slope as the molecular size 

increased, but the slope decreased with molecular size for membranes heat-treated at 300 
oC.  

When heat-treated to 550 oC, the permeance of gases (N2, CF4, SF6) decreased as 

temperature increased except for small gases (He, H2 and CH4) that continued to show 

smaller activation energies (He: 5.7, H2: 5.1, CH4: 5.1 kJ mol-1) compared with 250 oC-

fired membranes (He: 12, H2: 13, CH4: 20 kJ mol-1). The transition in membrane 

permeation characteristics can be clearly observed in the gas selectivity plot. As a 

membrane is heat-treated to 300 oC, there is a drastic decrease in gas selectivity (H2/CH4, 

CO2/CH4, CO2/N2), which is reduced even further for membranes heat-treated at 550 oC 

with no considerable variation in permeation temperature. Based on these results, it can be 

concluded that the pore morphology in a 250 oC-fired membrane is such that gas separation 

with high selectivity can be expected by altering the operating temperature, whereas 

membranes heat-treated to 550 oC can accomplish no gas separation at different operating 

temperatures since the pores are not selective for gases. 
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Fig. 12 Temperature dependence of gas permeance at temperatures ranging from 50-200 oC 

for SiO2-ZrO2-acac2 membranes fired at 250 oC (a) and heat-treated at 300 oC (b) and 550 
oC (c) under N2. 

 

Fig. 13 shows the relationship between the activation energies of gases (He, H2, N2, 

CH4, SF6) and the kinetic diameter for SZa2-derived heat-treatment ranging from 250-550 
oC, for isoeugenol-modified TiO2-ZrO2-derived [39] and polyimide membranes [52, 53]. 

For SZa2-derived membranes heat-treated at 250 oC, isoeugenol-modified, TiO2-ZrO2-

derived, and polyimide membranes, the activation energy increases as the kinetic diameter 

increases, as indicated in Fig. 13 via the data points in the solid-line circle. These results 

indicate a similar gas permeation mechanism in these membranes, although the polymer 

membrane showed higher activation energies across all gases. This behavior (increased 

activation energy of gas permeance with kinetic diameter of gases) is a solution-diffusion 

mechanism that is accepted as the transport mechanism in polymer membranes [54, 55]. As 

for the polyimide membranes studied by Villaluenga et al. [52] and Hirayama et al. [56], 
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the interaction between the polymer and each gas (He, H2, N2, CH4) corresponding to the 

heat of sorption, ΔHs, is very small so that the high activation energies of permeation 

observed should be attributed to diffusivity rather than to solubility, even if the solubility 

coefficient is thermodynamic in nature. The thermodynamic nature of gas diffusivity in 

polymer membranes can be explained by the fact that polymer chains corresponding to 

voids vibrate relative to temperature so that activation energy increases with kinetic 

diameter. Thus, based on the observed trend, this phenomenon could also be attributed to 

SZa2-derived membranes fired at 250 oC. 

In contrast, as indicated by data points in the dashed-line circle in Fig. 13, the kinetic 

diameter dependence of the apparent activation energy of SZa2-derived membranes heat-

treated at 300-550 oC showed a trend whereby activation energy decreased with kinetic 

diameter. This was apparent because heat-treatment at higher temperatures decomposed the 

organic content in the modified network structure, which resulted in enlarged network 

pores that allowed easier access to larger gases for these membranes. Fig. S5 also compares 

the heat-treatment temperature dependence of the apparent activation energies of He and 

N2, which clearly displays a sharper reduction in the activation energy of N2 than that of 

He and suggests the creation of larger pores. However, small gases (He and H2) showed 

higher activation energies indicating the presence of pores with sizes in the range of the 

kinetic diameters of He and H2 even after firing at higher temperatures. These two 

observations are evidence of a bimodal pore structure.  Therefore, the heat-treatment of 

membranes affects the pore structure enough to affect the permeation properties of the 

membrane. 
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Fig. 13 Kinetic diameter dependence of gas activation energies (He, H2, N2, CH4, SF6) for 

SiO2-ZrO2-acac2 membranes fired at 250 oC and heat-treated at 300, 400 or 550 oC under 

N2 compares with that of isoeugenol (ISOH)-modified TiO2-ZrO2 [39] and polyimide [52, 

53] membranes. 

 

Fig. 14 shows the trade-off plot for the H2/SF6 permeance ratio as a function of H2 

permeance for two different membranes fired at 250 oC and heat-treated at 300, 400 or 550 
oC. It should be noted that the SF6 permeance for a membrane fired at 250 oC was assumed 

to be on the order of 10-11, which is below the detection limit, and, therefore, the H2/SF6 

permeance ratio was assumed to be within a reasonable limit of 104 to 105. It was apparent 

that all H2/SF6 permeance ratios were above the Knudsen ratio irrespective of heat-

treatment temperature. The solid line in Fig. 14 is the trade-off line that can be drawn to 

align with the trade-off points. A membrane with high H2/SF6 selectivity generally shows a 

low H2 permeance, and vice versa. A similar trend was observed for H2/N2 and H2/CH4 as 

functions of H2 permeance (Fig. S6 (a) and (b)). When the trade-off line is considered, 
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18,000), that for a membrane heat-treated at 300 oC was not far below, but with almost 10 

times the order of H2 permeance (1.8 x 10-7 mol m-2 s-1 Pa-1). Thus, a membrane heat-

treated at 300 oC delivers a better trade-off than other membranes with high H2 permeance 

and H2/SF6 selectivity. 

 

 

 

Fig. 14 H2/SF6 permeance ratio as a function of H2 permeance at 200 oC for membranes 

fired at 250 oC and heat-treated at 300, 400 or 550 oC. 
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550 oC under N2. Single-gas permeation experiments were carried out to examine the effect 

of chelating agents on the resultant modification of the pores, which affected the gas 

permeation properties of the membrane.  

The acac--modified SiO2-ZrO2-derived membrane showed H2 permeance of 9.9 x 10 -7 

with a H2/SF6 permeance ratio of 7,600, which was better than the results when using a 

pure SiO2-ZrO2-derived membrane (H2 permeance: 1.4 x 10 -6 mol m-2 s-1 Pa-1, H2/SF6 

permeance ratio: 11). When an acac--modified SiO2-ZrO2-derived membrane prepared at 

250 oC (H2 permeance: 1.8 x 10-7 mol m-2 s-1 Pa-1, H2/CH4: 100, CO2/CH4: 60 at 50 oC) 

was heat-treated at 550 oC, the result was improved H2 permeance of 5.2 x 10-6 mol m-2 s-1 

Pa-1 with low permeance ratios (H2/CH4: 3, H2/SF6: 9) at 50 oC. The 250 oC-fired acac--

modified SiO2-ZrO2-derived membranes exhibited a gas permeation mechanism similar to 

polymer membranes, and the 300 oC-heat-treated version showed the best trade-off between 

H2 permeance and the H2/SF6 permeance ratio. 
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