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In this study, single-step synthesis of DME from syngas on bifunctional catalysts containing Cu-ZnO-

Al2O3 and seven different zeolites was investigated. Various characterization techniques were used to 

determine the structure, reducibility, and surface acidity of the catalysts. The experimental results showed 

that the zeolite type had great influence on the activity, selectivity and stability of the bifunctional catalyst 10 

during the syngas-to-DME process. Zeolite properties including density of weak and strong acid sites, 

pore structure, and Si/Al distribution were found to affect the CO conversion and DME selectivity of the 

bifunctional catalyst. In addition, the deactivation of the bifunctional catalyst could be attributed to the 

sintering of metallic Cu and a loss of the zeolite dehydration activity. 

Introduction 15 

Dimethyl ether (DME) as an alternative to diesel fuel attracts 

increasing interest due to its high cetane number (55–60), low 

auto-ignition temperature, and reduced emissions of pollutants 

such as CO, NOx, SOx, and particulate matter on its combustion.1–

3 DME is an important feedstock in the production of chemicals 20 

such as dimethyl sulfate and methyl acetate, as well as ethers and 

oxygenates. Moreover, DME can be utilized as a residential fuel 

replacing liquefied petroleum gas (LPG) or propane since they 

have similar physical properties, or as a feedstock for hydrogen 

production due to its high H/C ratio and energy density.2 In 25 

addition, the boiling point of DME is very low (–24 ºC), thus it 

can be used as a low-temperature solvent and extraction agent, 

which is applicable to certain laboratory procedures. 

 Traditionally, DME is produced using fossil fuels as the raw 

materials such as natural gas, coal, and oil. These sources need to 30 

be firstly converted to syngas using various gasifying agents like 

air, oxygen, and steam. After purification and conditioning, the 

syngas is then converted to methanol followed by its dehydration 

to DME on certain catalysts. Recently, the utilization of biomass 

as the feedstock for syngas production has attracted considerable 35 

interest,4 since biomass is a CO2 neutral and extensively 

distributed resource in the world.5 However, the composition of 

biomass-derived syngas varies with different raw materials, 

reactor types, temperatures, and other process parameters.6–8 

 DME is conventionally produced using a two-step process 40 

comprising synthesis of methanol from syngas on a Cu-ZnO-

based catalyst and methanol dehydration to DME on a solid acid 

catalyst.9 However, the step of syngas to methanol is limited by 

the thermodynamic equilibrium, making the overall conversion 

rate very low.10 A new single-step synthesis of DME directly 45 

from syngas has gained much attention due to its thermodynamic 

and economic advantages.10–12 The main reactions involved in the 

single-step process are represented by equations (1)–(4), 

assuming that syngas simply consists of H2 and CO. 

 Methanol synthesis reaction: 50 

2H2 + CO ↔ CH3OH                                (1) 

3H2 + CO2 ↔ CH3OH + H2O                          (2) 

 Methanol dehydration reaction: 

2CH3OH ↔ CH3OCH3 + H2O                          (3) 

 Water-gas shift (WGS) reaction: 55 

CO + H2O ↔ H2 + CO2                                             (4) 

 The equilibrium limitation existing in syngas to methanol 

process could be overcome through reaction (3) which consumes 

methanol and shifts the chemical equilibrium of reactions (1) and 

(2) to the right-hand side. Therefore, more syngas could be 60 

utilized and the overall conversion rate is improved. Moreover, 

the water formed in reactions (2) and (3) reacts with CO through 

the WGS reaction (equation (4)) and produce H2 and CO2, which 

are reactants of the reaction (2) for methanol synthesis. It can be 

seen from the above reactions that a bifunctional catalyst is 65 

required for the single-step of synthesis of DME from syngas. 

The catalyst should be able to simultaneously catalyze both the 

methanol synthesis and the methanol dehydration reactions. The 

bifunctional catalyst typically consists of a Cu-ZnO-based 

component for the conversion of syngas to methanol and a solid 70 

acid component for the methanol dehydration to DME. 

 Extensive studies have been conducted on methanol synthesis 

reaction. Cu-ZnO-based catalyst is reported to be the best for 

methanol production from syngas. However, the methanol 

dehydration process has received comparatively less attention. 75 

From previous studies, γ-Al2O3
13–15 and zeolites16–19 are the most 
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common used catalysts as the solid acid component for the DME 

synthesis. It is widely accepted that γ-Al2O3 undergoes a rapid 

and irreversible deactivation,20 while zeolites exhibit much higher 

activity and stability during the methanol dehydration reaction.21, 

22 In addition, the acidic properties and reaction activity of the 5 

solid acid component could be affected when it is mixed with the 

Cu-ZnO-based catalyst. Therefore, it is important and essential to 

examine the influence of different zeolites on the activity of the 

bifunctional catalysts and thus the efficiency of the single-step 

synthesis of DME from syngas. 10 

 In this study, seven different zeolites mixed with Cu-ZnO-

Al2O3 (CZA) were used as the bifunctional catalysts for the 

single-step synthesis of DME from syngas. Various catalyst 

characterization techniques including X-ray diffraction (XRD), 

temperature-programmed reduction (TPR), and temperature-15 

programmed desorption of ammonia (NH3-TPD) were employed 

to examine the properties of the bifunctional catalysts. The 

influence of zeolite type on the overall activity, selectivity, and 

stability of the bifunctional catalyst during the syngas-to-DME 

process was investigated. 20 

Materials and methods 

Catalyst preparation 

The CuO-ZnO-Al2O3 functioning as the precursor for the 

methanol synthesis catalyst was prepared using coprecipitation 

method described by Baltes et al.23 A solution of metal nitrates 25 

[Cu(NO3)2 (0.6 mol/L), Zn(NO3)2 (0.3 mol/L), and Al(NO3)3 (0.1 

mol/L)] and a solution of Na2CO3 (1 mol/L) were simultaneously 

pumped at a constant flow rate of 5 ml/min into a stirred and 

heated glass reactor with a starting volume of 200 ml of 

deionized water. During the precipitation process, the reactor was 30 

kept at a constant temperature of 70±1 ºC and a constant pH of 

7.0±0.1. After the addition of the metal nitrates solution, the 

suspension was aged for 1h at the same temperature. The pH was 

also kept constant at 7.0 during the aging process through the 

controlled addition of the metal nitrates or sodium carbonate 35 

solutions. Subsequently, the precipitate was filtered and 

exhaustively washed with deionized water, and then dried at 105 

ºC for 12 h. After grinding to the size of smaller than 1 mm, the 

dried hydroxyl carbonate precursor was calcined at 300 ºC under 

air for 3 h, yielding the oxide catalyst precursor. 40 

 Four types of commercial zeolites namely, H-ZSM-5, H-Y, H-

Beta, and H-Ferrierite purchased from Zeolyst International 

(Conshohocken, PA) were used as the solid acid component in 

the preparation of bifunctional catalysts. ZSM-5, Beta and 

Ferrierite zeolites were provided in their ammonium form and 45 

they were calcined at 550 ºC in air for 5 h to their active 

hydrogen form prior to use.  

 The bifunctional catalysts were prepared by physically mixing 

the Cu-ZnO-Al2O3 and zeolite components, with CZA/zeolite 

mass ratio kept at 2:1. 50 

Catalyst characterization 

The Brunauer-Emmett-Teller (BET) surface areas of the zeolites 

were estimated from nitrogen adsorption isotherm data obtained 

on a Micromeritics ASAP 2000 physisorption analyzer. 

The powder X-ray diffraction (XRD) patterns, obtained on a 55 

Bruker-AXS (Siemens) D5005 X-ray diffractometer instrument 

with a Cu–Kα radiation at 45 kV and 40 mA, were used to 

identify the major crystalline phases present in the CZA-Zeolite 

bifunctional catalysts and their crystallinity. Data collected from 

the instrument were analyzed using software MDI Jade 8.0. 60 

 The reduction behavior of the CZA oxide precursor was 

investigated through the temperature-programmed reduction 

(TPR) experiments carried out with a ChemBET Pulsar TPR/TPD 

automated chemisorption flow analyzer (Quantachrome 

Instruments). About 30 mg of sample was initially flushed with 65 

He at 350 ºC for 2 h to remove the adsorbed water and other 

contaminants followed by being cooled to 50 ºC. The gas was 

then switched to the reductive mixture of 5 vol% H2 in Ar at a 

flow rate of 30 ml/min and the temperature was linearly increased 

up to 600 ºC at a heating rate of 10 ºC/min and kept at 600 ºC for 70 

30 min. The effluent gas flowed through a molecular sieve trap 

with the generated water removed, and was then analyzed by GC 

equipped with a thermal conductivity detector (TCD). 

 The acid properties of the bifunctional catalysts were 

determined by the temperature-programmed desorption of 75 

ammonia (NH3-TPD) profiles obtained in a ChemBET Pulsar 

TPR/TPD automated chemisorption flow analyzer 

(Quantachrome Instruments). Prior to ammonia adsorption, ca. 

100 mg of sample was degassed under a He flow at 250 ºC for 2 h. 

After being cooled to 100 ºC, the sample was saturated with 80 

anhydrous NH3 for about 20 min. The sample was then purged 

with He to remove excess NH3 from the sample surface. Finally, 

the TPD measurement was performed by heating the sample from 

100 to 650 ºC at a heating rate of 10 ºC/min under a He flow. 

Catalytic synthesis experiments 85 

The single-step synthesis of DME from syngas was conducted in 

a 316 stainless-steel fixed-bed reactor with a diameter of 12.7 

mm charged with 6.0 g of bifunctional catalyst. Prior to reaction, 

the CuO in the CZA oxide precursor needs to be reduced to its 

active metallic Cu state by catalyst exposure to a diluted H2 flow 90 

(5 vol% H2 in N2) at 245 ºC for 10 h. The gaseous feed stream 

with H2/CO volumetric ratio at 2:1 was introduced into the 

reactor, using two mass flow controllers to precisely control their 

flow rates separately. The DME synthesis reaction was carried 

out at temperature of 260 ºC, pressure of 50 bar, and space 95 

velocity of 1500 mLsyngas/(gcat h). The pressure of the system was 

controlled using a back pressure regulator set at the end of the 

reactor. The effluent products were analyzed by a Varian CP-

4900 micro gas chromatograph equipped with a 5Å molecular 

sieve column for the analysis of H2 and CO, and simultaneously 100 

with a PoraPlot Q column for the analysis of CO2, methanol and 

DME. The columns were connected to a thermal conductivity 

detector (TCD) and helium was used as the carrier gas. The CO 

conversion and products selectivity were calculated based on the 

total carbon mass balance. The data shown in this study are the 105 

averaged values in the range of 15–25 h on stream, with the 

results representing stable CO conversion and products selectivity. 

Results and discussion 

Characterization of catalysts 

110 
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Table 1 Physicochemical properties of the zeolites 

Product name Type Framework type Si/Al ratio Pore size (Å) BET surface area (m2/g) 

CBV28014 H-ZSM-5 MFI 280 5.6×5.3, 5.5×5.1 400 

CBV8014 H-ZSM-5 MFI 80 5.6×5.3, 5.5×5.1 425 

CBV3024E H-ZSM-5 MFI 30 5.6×5.3, 5.5×5.1 405 
CBV400 H-Y FAU 5.1 7.4×7.4 730 

CBV780 H-Y FAU 80 7.4×7.4 780 

CP811C-300 H-Beta BEA 300 7.6×6.4, 5.6×5.6 620 
CP914C H-Ferrierite FER 20 4.2×5.4, 3.5×4.8 400 
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Fig. 1 TPR profiles for the bifunctional catalysts. 

The physicochemical properties of the zeolites used in this study 5 

are summarized in Table 1. It is noticed that the zeolites of H-Y 

type have larger surface area and pore size than those of other 

zeolite types. It is reported that the structure plays an important 

role in maintaining the catalyst stability.24 The bifunctional 

catalysts were denoted as CZA/Z(Si:Al), where Z and Si:Al are 10 

the type and Si/Al ratio of the zeolites, respectively. For instance, 

the bifunctional catalyst denoted as CZA/ZSM-5(280) refers to 

the catalyst prepared by mixing the Cu-ZnO-Al2O3 and 

CBV28014 zeolite. 

 The H2-TPR profiles for the seven bifunctional catalysts are 15 

shown in Fig. 1. A single reduction feature peak can be observed 

for the TPR profiles of all the bifunctional catalysts. The 

temperature of peak maximum (Tmax) for the bifunctional 

catalysts CZA/ZSM-5(280), CZA/ZSM-5(80), CZA/ZSM-5(30), 

CZA/Y(5.1), CZA/Y(80), CZA/Beta(300), and CZA/Ferrierite(20) 20 

appears at 373 ºC, 372 ºC, 382 ºC, 351 ºC, 392 ºC, 372 ºC, and 

414 ºC, respectively. Therefore, the nature of zeolite has great 

influence on the overall reducibility of the bifunctional catalysts. 

However, it is reported that the reduction of copper species 

occurs at about 205 ºC,10 and thus, the H2-reduction treatment at 25 

245 ºC performed in situ prior to reaction is adequate to convert 

Cu2+ to the active metallic Cu. 

 The NH3-TPD profiles for the seven bifunctional catalysts are 

displayed in Fig. 2. Three or four desorption peaks, which appear 
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 30 

Fig. 2 NH3-TPD profiles for the bifunctional catalysts. 

in the temperature regions of 230–270 ºC (T1), 350–430 ºC (T2), 

450–490 ºC (T3), and 520–610 ºC (T4), respectively, were 

observed for the catalysts. The desorption peak at lower 

temperature (T1) is attributed to the acidity in the zeolite matrix 35 

alone and hence it represents weak acid sites, while the peaks at 

higher temperatures (T2, T3 and T4) are contributed by the acidity 

on the surface of the zeolite and thus they are assigned to 

relatively strong acid sites.25 The density of acid sites for each 

peak was calculated by comparing the area under the peak with 40 

those of the calibration peaks obtained by injecting known 

amount of ammonia. As shown in Table 2, the amounts of weak, 

strong and total acid sites on CZA/ZSM-5(30), CZA/Y(5.1), and 

CZA/Ferrierite(20) are larger than the other bifunctional catalysts. 

The weak acid sites play an important role for the methanol 45 

dehydration activity of the catalyst, however, high density of 

strong acid sites could facilitate the water-gas shift (WGS) 

reaction for CO2 production.25 

Catalytic synthesis experiments 

The results of single-step synthesis of DME from syngas using 50 

different zeolites as the solid acid component for the bifunctional 

catalysts are summarized in Table 3. Higher CO conversion and 

DME yield could be obtained when ZSM-5(30), or Y(5.1), or 

Ferrierite(20) was used than when the other zeolites were used. 

Careful examination of product selectivity reveals a low CH3OH 55 
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Table 2 Surface acidity of the bifunctional catalysts as determined by NH3-TPD 

Catalyst Density of acid sites (µmol NH3/g)  Density of acid sites (µmol NH3/g) 

T1 T2 T3 T4 Total  Weak Strong Total 

CZA/ZSM-5(280) 465.8 266.4 – 242.6 974.8  465.8 509.0 974.8 

CZA/ZSM-5(80) 345.5 128.2 284.8 225.1 983.6  345.5 638.1 983.6 

CZA/ZSM-5(30) 955.6 – 961.4 518.9 2435.9  955.6 1480.3 2435.9 
CZA/Y(5.1) 722.2 547.4 – 434.7 1704.3  722.2 982.1 1704.3 

CZA/Y(80) 432.8 205.6 221.0 338.7 1198.1  432.8 765.3 1198.1 

CZA/Beta(300) 337.3 383.0 – 364.4 1084.7  337.3 747.4 1084.7 
CZA/Ferrierite(20) 720.0 679.8 – 344.3 1744.1  720.0 1024.1 1744.1 

Table 3 The influence of different zeolites on single-step synthesis of 

DME from syngas 5 

Catalyst CO conversion 

(%) 

Selectivity (%) DME yield 

(g·kgcat
-1·h-1) DME CH3OH CO2 

CZA/ZSM-5(280) 44.6 70.4 24.5 5.2 161.0 
CZA/ZSM-5(80) 65.5 62.9 24.9 12.3 211.2 

CZA/ZSM-5(30) 87.8 65.9 3.4 30.7 297.0 

CZA/Y(5.1) 91.9 63.9 3.0 33.1 301.7 
CZA/Y(80) 50.6 23.3 64.5 12.2 60.6 

CZA/Beta(300) 30.0 25.9 64.1 9.9 40.0 

CZA/Ferrierite(20) 93.0 61.4 2.8 35.8 293.4 

Table 4 Pore structures of different types of zeolites 

Zeoilte type Pore structure 

H-ZSM-5 3-Dimensional pore system; straight 10-member-ring 
channels connected by sinusoidal channels 

H-Y 3-Dimensional pore structure; circular 12-member-

ring windows connected by spherical cavities 
H-Beta 3-Dimensional pore system; 12-ring channel in c 

direction plus two 12-ring channels in a direction 

perpendicular to c direction 
H-Ferrierite Orthorhombic pore structure; 10-member-ring 

channels perpendicularly intersected with 8-member-

ring channels 

content and high DME/CH3OH selectivity ratio in the product for 

these three zeolites. The distinct activity and selectivity behavior 

of the seven bifunctional catalysts can be determined by multiple 

parameters, such as reducibility, surface acidity, elemental 10 

composition, and pore structure of the catalyst. 

 The reducibility of the Cu species is reported to have great 

influence on the CO hydrogenation activity.25 However, no 

obvious correlation was found between CO conversion and the 

peak temperature (Tmax) of the TPR profiles for the bifunctional 15 

catalysts. It means that, in this study, the syngas-to-DME process 

is not controlled by the reduction behavior of the catalyst which 

probably due to the complete conversion of Cu2+ to Cu0 under the 

H2-reduction pretreatment. 

 The methanol dehydration activity of the bifunctional catalyst 20 

is mainly determined by the surface acidity especially the density 

of weak acid sites on the catalyst. Larger amounts of weak acid 

sites mean higher activity of the catalyst for methanol 

dehydration to DME, resulting in higher selectivity to DME and 

lower selectivity to methanol. This is the most important reason 25 

for the high DME selectivity on CZA/ZSM-5(30), CZA/Y(5.1), 

and CZA/Ferrierite(20). However, the high DME selectivity on 

CZA/ZSM-5(280) and CZA/ZSM-5(80) is probably due to other 

factors which will be discussed later. When the overall syngas-to-

DME reaction is controlled by the methanol dehydration step, a 30 

higher methanol dehydration activity of the bifunctional catalyst, 
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Fig. 3 CO conversion as a function of time on stream (TOS) in 

syngas-to-DME experiments using different bifunctional catalysts. 

which would facilitate the CO/CO2 hydrogenation by shifting the 35 

chemical equilibrium of reactions (1) and (2) to the right-hand 

side, leads to a higher CO conversion.10,13 In addition, a high 

density of strong acid sites on the catalyst could favor the CO2 

formation from CO through the WGS reaction, which further 

increases the CO conversion. Therefore, the high surface acidity 40 

is responsible for the high CO conversion and CO2 selectivity 

observed for CZA/ZSM-5(30), CZA/Y(5.1), and 

CZA/Ferrierite(20) during the syngas-to-DME process. 

 Pore structure is another important factor that affects catalyst 

activity and selectivity. The structures of different types of 45 

zeolites are given in Table 4.26 It is likely that the peculiar 

channel structure of H-Ferrierite facilitates the diffusion and 

transfer of reaction products. Therefore, the chemical equilibrium 

of reactions (1)–(3) can be further shifted to the right-hand side, 

allowing high CO conversion and DME selectivity over 50 

CZA/Ferrierite(20) to be attained. In contrary, the peculiar 

channel structure of H-Beta probably blocks and restricts the 

transportation of CH3OH and DME, making the syngas to 

methanol process easily reach the thermodynamic equilibrium 

which would result in low CO conversion and DME selectivity. 55 

 Si/Al distribution is considered as the most important 

crystalchemical feature of the zeolite framework, affecting 

particularly its catalytic properties.27 Comparing the three H-

ZSM-5 zeolites with different Si/Al ratio, it can be found that the 

lowest CO conversion but highest DME selectivity was obtained 60 

when ZSM-5(280) with the highest Si/Al ratio was used. Higher 

Si/Al ratio would be expected to lead to higher reaction rate due 

to more catalytically active sites and lower activation barrier.28 

Thus the reaction activity for methanol dehydration is high over 

the zeolite with high Si/Al ratio, resulting in high DME 65 

selectivity. The low CO conversion for the zeolite with high 
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Fig. 4 XRD patterns of bifunctional catalysts after reaction. 
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Fig. 5 Selectivity to the main reaction products as a function of TOS 

in syngas-to-DME experiments on bifunctional catalysts (a) CZA/Y(5.1) 5 

and (b) CZA/Y(80). 

Si/Al ratio is probably because of the diffusion barrier within the 

pore channels of zeolite. In addition, it is reported that the 

catalytic activity does not depend on the Si/Al ratio for H-Y 

zeolite.29 Therefore, the CO conversion and DME selectivity on 10 

such type of zeolite are mainly determined by the copper activity 

and surface acidity. 

 The stability of the bifunctional catalyst is also influenced by 

the zeolite type. The CO conversion as a function of time on 

stream (TOS) in syngas-to-DME experiments over the seven 15 

bifunctional catalysts is presented in Fig. 3. The results obtained 

for catalyst stability are basically the same as those for CO 

conversion on the seven catalysts. Higher stability is observed for 

CZA/Y(5.1), CZA/Ferrierite(20), and CZA/ZSM-5(30) with 

lower deactivation rate compared with that for the other 20 

bifunctional catalysts. The most obvious deactivation is observed 

for CZA/Y(80). 

 The bifunctional catalysts after the 70 h run were characterized 

and compared using X-ray diffraction (XRD) technique to 

examine the structure change of the catalysts. As shown in Fig. 4, 25 

the characteristic peaks of corresponding zeolite can be observed 

for each type of bifunctional catalyst, meaning that the zeolite 

structures were retained during the syngas-to-DME process. 

However, distinct diffraction peaks occur at the diffraction angles 

of 43.5° which corresponds to metallic Cu. The intensity of the 30 

diffraction peak varies for different bifunctional catalysts after 

reaction. The crystalline sizes of metallic Cu for the seven 

catalysts, as estimated by the Scherrer equation, were as follows: 

CZA/ZSM-5(280) (15.8 nm), CZA/ZSM-5(80) (13.4 nm), 

CZA/ZSM-5(30) (12.3 nm), CZA/Y(5.1) (12.6 nm), CZA/Y(80) 35 

(12.7 nm), CZA/Beta(300) (14.5 nm), and CZA/Ferrierite(20) 

(12.6 nm). Smaller particle sizes were found for CZA/ZSM-5(30), 

CZA/Y(5.1), and CZA/Ferrierite(20) than the other bifunctional 

catalysts, indicating a low deactivation rate of metallic Cu. It 

could explain the high stability of CO conversion on these three 40 

catalysts during the syngas-to-DME experiments. However, the 

small crystalline size of metallic Cu does not mean high stability 

of CO conversion for the catalyst CZA/Y(80). The deactivation 

of this catalyst is perhaps attributed to other causes. 

 The selectivity to the main reaction products as a function of 45 

TOS in syngas-to-DME experiments on bifunctional catalysts 

CZA/Y(5.1) and CZA/Y(80) is displayed in Fig. 5. As shown in 

Fig 5a, the selectivity values remained almost constant during the 

70 h run for CZA/Y(5.1) although the CO conversion slightly 

decreased with TOS (Fig. 3). It suggests that for CZA/Y(5.1) the 50 

main cause for the decease of CO conversion with TOS is the 

deactivation of the Cu-based methanol synthesis component.30,31 

However, a different selectivity behavior with TOS can be 

observed for CZA/Y(80), as depicted in Fig. 5b. The selectivity 

to DME gradually decreased with TOS but that to CH3OH 55 

increased. It can be inferred from the decrease in the 

DME/CH3OH selectivity ratio that for CZA/Y(80), in addition to 

the deactivation of the Cu-based catalyst, the decrease in CO 

conversion with TOS is largely due to a loss of the zeolite 

dehydration activity. Therefore, the influence of zeolite type on 60 

the stability of the bifunctional catalyst is rendered mainly 

through the stability of the surface acidity. It can be concluded 

that the zeolite acidity has a great impact on the activity, 

selectivity, and stability of the bifunctional catalyst during the 

single-step synthesis of DME from syngas. 65 

Conclusions 

In this study, the influence of the type of zeolite in the 

CuZnAl/zeolite bifunctional catalysts on the single-step synthesis 

of DME from syngas was investigated. Seven different zeolites 

were used to prepare the bifunctional catalysts, which were 70 

characterized using XRD, H2-TPR, and NH3-TPD techniques. 

The activity, selectivity and stability behavior of the bifunctional 
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catalyst during the syngas-to-DME process was found to be 

affected by the zeolite properties, including surface acidity, pore 

structure, and Si/Al ratio of zeolite. 
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