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Abstract 

Zeolites are a class of microporous crystalline aluminosilicate catalysts. The catalytic activity is 

determined by the aluminum content in the framework.  Zeolite Socony Mobil-5 (ZSM-5) has an 

inverted mordenite framework (MFI) structure. ZSM-5 is commonly utilized in gaseous phase 

reactions. Recent interest for oil upgrading and new technologies in biofuel production suggest that 

ZSM-5 has advantages in aqueous phase reactions. The challenge is that the catalytic activity of 

ZSM-5 is greatly impacted by framework decrystallization in hot liquid water (HLW). In this study, 

we investigated the rate of ZSM-5 framework decrystallization in HLW at temperatures ranging from 

150 ℃ to 350 ℃ and times ranging from 6 hours to 1000 hours. The changes in crystallinity of the 

treated ZSM-5 samples were analyzed over time using x-ray diffraction. Tracking ZSM-5 

crystallinity over time indicates that decrystallization in HLW obeys a pseudo-first order rate law. 

Temperature analysis of the pseudo-first order rate constant indicates that ZSM-5 decrystallization in 

HLW follows a non-Arrhenius behavior due to the dissociation of zeolite acid sites in water. 

Supporting data from IR and gas sorption indicates that the decrystallization mechanism of ZSM-5 in 

HLW is dealumination. The decrystallization of ZSM-5 in HLW appears to take place due to thermal 

and ionic effects. The thermal effect originates from high temperatures and the ionic effect is due to a 

combination of auto-ionization of water and the ZSM-5 acidity. 
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1. Introduction 

Zeolites belong to a class of microporous crystalline aluminosilicate catalysts that are defined by their 

structure and composition.1 They are very attractive catalysts that are synthesized from abundant low 

cost materials, have a well-defined pore structure and high activity per acid site.2 Zeolites have acidic 

catalytic properties that arise from aluminum in the framework. An example of a high-silica zeolite is 

Zeolite Socony Mobil-5, ZSM-5. It is a member of the pentasil family and is represented by the 

formula NanAlnSi96-nO192.H2O where n is less than 27. ZSM-5 has an inverted mordenite framework 

(MFI) structure. The structure enhances a product’s selectivity due to the steric nature of ZSM-5 with 

this framework consisting of a two-dimensional network of 5-6Å intersecting micro channels. The 

selectivity and activity of ZSM-5 enable it to be utilized in a wide range of industrial applications. 

These applications include petrochemical processes such as catalytic cracking, alkylation of benzene, 

toluene disproportionation, xylene isomerization, and methanol to gasoline process.3 ZSM-5 can be 

used under steaming and hot liquid water conditions. 

Many studies have investigated the stability of ZSM-5 under steaming conditions due to its wide use 

in gas phase reaction. In the presence of steam, the framework aluminum (Al) atoms in ZSM-5 are 

removed from the lattice.4 This process is called dealumination. The Al atoms then form an 

independent alumina phase, called extra framework aluminum (EFAl), outside the zeolite crystal to 

produce isolated charge-compensating cations.5 The Al content controls the degree to which zeolites 

are dealuminated by steaming. The stability of ZSM-5 under steaming conditions decreases with 

increasing Al content.6 Previous studies noted that EFAl improves the hydrothermal stability, 

increases Lewis acidity, and enhances catalytic activity for reactions.4a, 7   

Many biofuel technologies have focused attention on the use of ZSM-5 in hot liquid water (HLW). 

The application of hot liquid water in chemical reactions is characterized by the wide range of 

conditions and the exceptional change of properties of the reaction medium.5b, 8 There is a possibility 

that decrystallization of ZSM-5 in HLW is due to thermal and hydrolysis effects. The thermal effect 

originates from high temperature, which increase the vibrational frequency of the molecules to the 

point where bond dissociation takes place. The hydrolysis effect is due to the auto-ionization of 

water, which produces hydronium and hydroxyl ions at high temperatures.  The interaction of zeolite 
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and HLW is dependent on the hydrophilic or hydrophobic characters of the zeolite surface. Water can 

diffuse into the cavities of the zeolites. If the zeolite contains hydrophilic site, such as silanol defects 

(Si-OH), it can act as a nucleation site for water condensation. This defect in the zeolite increases the 

amount of water adsorbed on the zeolite. The hydrophobicity of ZSM-5 is controlled by the Si/Al 

ratio (Brønsted acid sites), the density of the silanol group, and extra framework Al ions. 2, 7, 9   

The hydrolysis effect takes place by two mechanisms: acid-catalyzed (dealumination) and/or base-

catalyzed (desilication). The two reaction mechanisms may occur simultaneously but it is likely that 

one is more dominant than the other. Many studies proposed that dealumination is the dominant 

degradation pathway under steaming conditions of ZSM-5. 2, 7, 9  In hot liquid water, a study proposed 

that the stability of zeolites strongly depends on their framework type where ZSM-5 has shown 

stability in HLW up to 200 °C and 6 hr treatment time, while faujasite (FAU) zeolite Y degradation is 

dependent on its Si/Al ratio.2 The study proposed that desilication is the dominant mechanism in the 

decrystallization of zeolite Y in HLW. 2  Resasco et. al. studied the factors that affect stability of 

ZSM-5 in HLW and showed that Brønsted acid sites, Si−O−Si bonds, framework type, silanol 

defects, and extra framework Al could influence the stability of zeolite in liquid water.1a 

Studies show that, after treatment in hot liquid water at 200 °C, the zeolite Y structure may collapse 

and lose its crystallinity.2, 5 The stability of ZSM-5 has only been studied in HLW in conditions of 

200 °C and 6 hrs.2 These conditions are not relevant to many industrial processes.  The observed de-

crystallization of ZSM-5 is very problematic in bio-upgrading applications such as dehydration, 

deoxygenation, alkylation and aldol condensation that require zeolite in hot liquid water.1a For this 

reason, this investigation seeks to establish a fundamental understanding of the hydrothermal stability 

of ZSM-5 in HLW. To achieve this goal, we measured the crystallinity of ZSM-5 after treatment in 

HLW. Experiments were conducted for different periods of time in a batch reactor. Each treated 

ZSM-5 sample was analyzed using different physiochemical techniques. The techniques include 

Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD), Infrared Spectroscopy (IR), and gas 

sorption. The changes observed using these tests were used to understand the stability of ZSM-5 in 

HLW. Crystallinity data were analyzed to determine the rate of decrystallization of ZSM-5, and hence 

shed light on the mechanism of ZSM-5 decrystallization.  
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2. Background 

2.1 Zeolite  

Zeolites are one of the most diverse and industrially useful mineral groups. They are crystalline solids 

structures made of silica and alumina that form a framework with an open three-dimensional 

tetrahedral structure. Silicon can be substituted with aluminum, which creates a charge imbalance and 

requires other cations to be present in order to balance the charge distribution. Zeolites can be 

classified by both the ratio of silica to alumina and the framework type.  

Zeolites can sometimes be referred to as molecular sieves since zeolites can separate molecules based 

on differences in size, shape, and polarity. This property originates from the porosity of zeolite. The 

small pores in zeolite only allow certain size of molecules to be adsorbed. The charge-balancing 

cations can affect the size of the pore; for example, the sodium form of Zeolite A has a pore size of 

approximately 4 Å. If Na+ is exchanged with the larger K+, the pore opening is reduced to 3 Å.10 The 

selectivity of zeolite depends on the shape of the molecule. Furthermore, the zeolite selectivity 

depends on the polarity of the molecule, so high silica zeolites are organophilic whereas low silica 

zeolites are hydrophilic. 

Zeolites are capable of acting as catalysts in chemical reaction. The large surface area that zeolites 

have make them prominent in heterogeneous reactions. In fact, zeolites are cost efficient, as they can 

be reused after the reaction as the case with zeolite ZSM-5 in the catalytic cracking of crude oil. 

Furthermore, the ability of exchanging cations in the zeolite framework provides a wide range of 

zeolite uses as a reaction catalyst. The pore channels structure of zeolite enhances the catalyst 

selectivity by first allowing only the molecules that have size similar to the pores to diffuse, second 

zeolites limit the reaction product that form by going through large transition state configuration. 

2.2 ZSM-5 

One of the most important and widely used zeolites is Zeolite Socony Mobile-5 (ZSM-5). It was first 

synthesized by Mobile Oil Company in 1975. ZSM-5 is a high silica zeolite that belongs to the 

pentasil family. A pentasil unit is composed of eight five-membered rings as shown in Figure 1a. The 

vertices in each ring are either aluminum or silicon, and oxygen is bonded between the vertices. There 
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are two types of pore channels in ZSM-5, both of which are composed of a ten-membered ring; when 

the straight and sinusoidal channel intersects, a cage is formed, shown in Figure 1b. The pore 

diameter in ZSM-5 is around 5.5 Å, each cage has a diameter of around 7 Å as shown in Figure 2. The 

ZSM-5 crystallographic unit cell contains 288 atoms, 81 channels, and 12 cages. The total pore 

volume of ZSM-5 is 0.242 cm3/g that is 45% of the zeolite’s total bulk volume.11 

 

    a       b 

Figure 1: showing the pentasil structure (left) and Cage structure of ZSM-5 modeled by IZA-SC (right) 11 
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Figure 2: showing pore channel in ZSM-5 12 

 

2.3 Hydrothermal Water 

Hydrothermal water (HTW) is water that is either at hot liquid water conditions of temperatures 

above 100 °C, or supercritical conditions at temperatures higher than 374 ℃ and pressure higher than 

218 atm. HTW has unique properties where they have been studied with a variety of experimental 

and computational techniques in order to provide important clues for understanding the solvent 

effects on chemical reactions under these conditions. Hydrogen bonding is the source of many of the 

unique properties of liquid water where they become weaker with increasing temperature and 

decreasing density.13 The structural changes of hydrothermal water affect the dynamics of its 

molecules. Water polarity decreases in the comparison from ambient to supercritical conditions. That 

is because physicochemical properties such as the dielectric constant decreases at ambient conditions 

to a value common to normal solvents at supercritical conditions indicating changing in its 

organophilicity at supercritical conditions.2 Water autoionization which gives rise to its pH is an 

important key to study water properties.  At ambient conditions in water molecules, one in ~6 x 108 

molecules are auto ionized as it yields the natural value, due to Kw of water is 107  and due to its 

natural nature, half of them are protons at ambient conditions showing 𝑝𝐻 = (1 10−7⁄ ) = 7 where 



11 

 

pH is the negative logarithm of proton activity.14 Previous studies showed that ionic product of water 

increases with increasing the temperature until the critical point where it shows quick drop.8 

Dielectric constant is an important property that represents the solvent’s ability to accept ions. 

According to previous studies, it decreases with increasing temperature.15  

 

 

Figure 3: water properties versus temperature change 15 
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3. Methodology 

3.1 Reactor Preparation 

A 100 ml Parr stirred reactor vessel, model 452HC2 made of Hastelloy, was used to perform batch 

experiments for this research. The reactor was loaded with distilled water at half of its volume. 

Nitrogen gas at 3000 psig was introduced to the system. The reactor was pressure tested and 

monitored for 24 hours to ensure that the reactor could withstand the pressure, followed by a similar 

examination at higher temperature condition.  

Figure 4 contains a photograph of one of the reactors that was used in this work and a schematic of 

the apparatus. After pressure testing the reactor, DI water and zeolite powder were placed inside the 

reactor. To monitor the operating conditions of the reactor a pressure gauge and thermocouple were 

installed. The reactor is pressurized using a nitrogen gas tank. The thermocouple is connected to a 

process controller to change and monitor the temperature of the reactor. The temperature controller 

included a safety cutout in the case of overheating and a safety button in case of reactor leakage. The 

safety cutout button is set so that it pops up when the temperature increases to a higher point than the 

desired. When the safety button is triggered, the heating is terminated to prevent any accident. An 

agitator is used to keep the liquid water temperature uniform and the zeolite properly suspended in 

the solvent. Finally, a chiller, model 1146 by Polyscience, was used to keep the mixer ball bearings 

from overheating.  

 

Figure 4: Setup and schematic drawing of the apparatus  
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3.2 Catalyst Preparation 

The zeolite used in this study was ZSM-5 (Si/Al = 38) supplied by ACS Materials in the H form.  

Prior to each experiment, 1.3 g of the zeolite was measured and placed in an oven at 100℃ for 1 hour. 

The sample was transferred to an oven at 550 ℃, 48000 Thermolyne Furnace, to be calcined for 

approximately 16 hours. The first 100 ℃ oven of utilized to evaporate any water remnants from 

ZSM-5 sample. The calcination transformed the NH4-form zeolite to H-form zeolite. Also, the second 

oven at 550 ℃ was used to pristine our sample from any organic residues due to the synthesis process 

of ZSM5. 

3.3 Experiment  

The experiment was initiated by introducing 1g of the calcined zeolite sample in the Parr reactor 

followed by adding 40 mL of DI water. The agitator and thermocouple were connected to the reactor. 

The system was pressure tested with nitrogen gas at 1000 psig for 15 minutes. The reactor was 

purged 5 times to remove the oxygen from the system. The reactor was initially pressurized using 

nitrogen gas at 1000 psig, to ensure the water remains liquid at high temperature. The reactor was 

heated to the desired temperature followed by adding nitrogen gas to reach the desired pressure for 

the run, and then the time was recorder. When the desired time was met, the heater and agitator were 

powered off. The reactor was cooled in an ice bath and slowly depressurized inside the fume hood. 

The heating and cooling time for the experiment was measured and recorded. The mixture in the 

reactor was removed and dried in an oven, VWR 1350F, at 60℃ for 15 hours. After which the zeolite 

sample was analyzed. 

3.4 Analytical tools 

3.4.1 Scanning Electron Microscope 

Scanning Electron Microscope (SEM) is a microscope that uses electrons to form an image. SEM 

images contains information about a sample’s surface topography and composition.  A beam of 

electron produced by an electron gun, located at the top of the microscope.  The beams follow a 

vertical path through the microscope, then through electromagnetic fields and lenses.  When the beam 

comes in contact with the sample, the electrons and X-rays in the sample are ejected. Detectors 
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collect these X-rays and backscattered electrons and secondary electrons and convert them into a 

signal that is then converted to an image. 

A JOEL JSM-7000F SEM, located in Higgins Labs, was used to produce SEM images of seven 

samples of the treated ZSM-5 to compare the changes in ZSM-5 morphology when i) treated for the 

same time at different temperatures and ii) when treated at the same temperature for different times. 

Each dried treated sample was first placed on a specimen stub and then sputter coated with Palladium 

to ensure that the surface of the sample was electrically conductive and electrically grounded to 

prevent the accumulation of electrostatic charges at the surface. The coated samples were then placed 

in the JOEL JSM-7000F SEM to be analyzed. 

3.4.2 X-Ray Diffraction 

X-Ray powder Diffraction (XRD) is used in this research to analyze the relative crystallinity of ZSM-

5. This analytical technique can detect changes in the crystalline structure of ZSM-5 that result from 

the hydrothermal treatment. XRD measures the bulk framework crystallinity. XRD is a leading 

indicator to the stability of ZSM-5 under hydrothermal conditions since any decrystallization to the 

treated ZSM-5 sample can be seen as a decrease in the relative crystallinity measured by the XRD. 

 XRD instrument is supplied by Rigaku with a model number GD2820. The XRD instrument consists 

of three basic elements: An X-ray tube, a sample holder, and an X-ray detector. The X-ray, in most of 

the XRD diffractometers, is produced by dislodging the inner shell electrons of copper with 

accelerated electrons produced by heating filament in a cathode ray tube. The X-ray is then 

collimated and directed onto the sample. The sample holder is rotated with an angle 𝛩 relative to the 

X-ray, the reflected X-ray is recorded by the sample detector which rotates with twice the angle 2𝛩 as 

sample holder.       

The XRD results are presented as graph that has the intensity in the y-axis and the (2 𝛩) in the x-axis. 

The graph shows the peak intensity that corresponds to a specific angle of detection as shown in 

Figure 5. The peaks are results of the diffracted X-ray by the crystalline lattice of the sample that 

show the XRD pattern of the sample. XRD diffraction was performed in the range of 5-80 (degree) 

with a step size of 0.5 and a 1 second dwell time. According to the American Society for Testing and 

Materials (ASTM, D5758) there are two methods for calculating the relative crystallinity: Integrated 
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Peak Area Method and Peak Height Method.16 The integrated peak area method is the most common 

method; therefore, it was used also in this research. The integrated peak area method calculates the 

sum of the area under the peaks that corresponds to the angles between 22.5o to 25.0o. The calculated 

area of the hydrothermally treated ZSM-5 sample was divided by the calculated area of the calcined 

ZSM-5 sample to calculate the relative crystallinity of treated ZSM-5 sample.  

 

 

Figure 5: X-Ray Diffraction Wide Scan Pattern of Zeolite ZSM-5 ratio 20 ASTM reference. 

3.4.3 Gas Sorption 

Gas adsorption is used to make surface area and porosity measurements for porous materials. This 

method involves exposing the solid materials with gases or vapors at a variety of conditions and 

evaluating either the weight uptake or the sample volume. Analysis of the data gives information 

about physical characteristics, such as skeletal density, porosity, total pore volume, and pore size 

distribution of the solid. The Brunauer-Emmett-Teller BET is the most common method used for the 

determination of surface area of powders and porous materials and the most commonly used gas is 

nitrogen.17 

A Quantachrome Instruments Autosorb®iQ instrument was used to determine the BET area, 

micropore volume and area for the ZSM-5 samples in this investigation. Approximately 0.025g of a 

ZSM-5 sample was first degassed, to remove physisorbed molecules. The samples were outgassed at 

60, 80, 100 and 120 ⁰𝐶. Finally the temperature was increased to 350 ⁰C. The degassed sample was 

then dosed with argon from a p/p0 range of 10-6 to 0.99. p/p0 is known as the gas’ relative pressure, 

where p is the partial vapor pressure of adsorbate gas in equilibrium with the surface at the boiling 

point of liquid nitrogen (77.4K) and p0 is the saturated pressure of the adsorbate gas (argon). The 

relative pressure p/p0 is related to the volume of the gas adsorbed at standard temperature and 

pressure and the BET area by the equation below: 
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BET Area =
1

Volume (
p0
p − 1)

 

The sample was cooled in liquid nitrogen and maintained at -196℃for the duration of the isotherm. 

The Dubinin Radushkevich (DR) method was applied to the isotherms to determine surface area of 

each. The changes in the surface area observed in the samples overtime gave an indication in the 

changes in the porosity of the ZSM-5 over time.    

 

3.4.4 Infrared DRIFTS 

Fourier Transform InfraRed, FT-IR spectrometer was utilized to identify functional groups in a 

sample. The FT-IR spectroscopy, Nicolit Magna IR 560 instrument, was used. The IR instrument can 

provide information on the chemical composition of a sample.18 IR has been useful in the aspects and 

fields of studying zeolite chemistry. The IR spectra, as shown in Figure 6, provide information on 

zeolite formation, framework vibrations, surface property, adsorption and catalytic activity.  
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Figure 6: The IR result of untreated calcined sample 

IR analysis was performed on calcined and hydrothermally treated samples. A DRIFTS cell was 

loaded with ZSM-5 followed by purging the system with N2 for 10 minutes. To remove carbon 

dioxide, the cell temperature was increased by 20 ⁰𝐶 increments at 20 min intervals until 120⁰𝐶, 

where it was held for 30 minutes before raising 50⁰𝐶 increments to 550⁰𝐶. The spectral range 

analyzed was from 2000-4000 cm-1. 19 
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4. Results  

4.1 Scanning Electron Microscopic (SEM) 

Scanning Electron Microscope was used to examine the morphology of the treated zeolite samples. 

SEM images, as seen in Figure 7 reveals that increase in the treatment temperature and time lead to a 

decrease in the well-defined crystalline structure of the zeolite, and an increase in the population 

density of a “flower-like” feature. 

 

Figure 7: showing SEM images of ZSM-5 after treatment 

 

6hr-350˚C 

18hr-350˚C 

Calcined 12hr-250˚C 

12hr-350˚C 

12hr-300˚C 
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4.2 X-Ray Diffraction (XRD) 

X-Ray Diffraction instrument was used in our research in order to investigate the crystallinity of the 

treated zeolite sample. Figure 8 shows representation of XRD data. 

 

Figure 8: showing diffraction peaks for treated ZSM-5 samples 

The loss in crystallinity can be seen in the graph as a decrease in the intensity of the major peaks  

(20o-25o). As seen in the graph, increasing the treatment temperature decreases the peak intensity 

which implies a decrease in the crystallinity of the sample. Also, increasing the treatment time 

decreases the crystallinity of the sample. Since the XRD diffraction peaks show a loss in crystallinity, 

then the “flower-like” feature that was seen in the SEM pictures can signify an amorphous structure.   
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To quantify this XRD data, the relative crystallinity of the treated samples was calculated using the 

integrated peak area method as explained in the methodology. Figure 9 shows the relative 

crystallinity as a function of treatment time. 

  

 

 

Figure 9: relative crystallinity as function of time  

Figure 9a shows the relative crystallinity at temperatures 150 ℃ and 250 ℃. At these low 

temperatures long-term treatment was performed over the course of hundred of hours in order to have 

an idea of the extent of ZSM-5 stability in HLW. Figure 9a show that after approximately 1000 hours 

of treatment at 150 ℃, the zeolite shows a relative crystallinity of 76% ± 4%. Also, at 250 ℃ the 

sample shows a relative crystallinity of 81% ± 4% after a 500 hours treatment. The data points 

collected at both 150 ℃ and 250 ℃ follow similar trend. Initially, there is an increase in relative 

crystallinity due to the removal of some amorphous phase from the zeolite. Then, the 

decrystallization of the zeolite takes place at different rates depending on the treatment temperature; 

the higher the temperature the higher the decrystallization rate.  
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The zeolite comes to a point where it shows stability around 75% relative crystallinity. The 

stabilization effect is believed to be due to the effect of the extra-framework aluminum (EFAl), which 

is generated during the decrystallization of the sample. Studies in the literature proposed that EFAl 

protects the zeolite framework by blocking the silanol groups from being attacked by water molecules 

since silanol groups are considered to be the most susceptible place for water to attack.1a, 20 

         

Figure 9b shows the relative crystallinity at temperatures 300 oC, 325 oC, and 350 oC. The higher 

temperature resulted in a more rapid decrystallization rate. Moreover, the stability that was seen at 

lower temperature around a relative crystallinity of 75% is absent at high temperatures especially at 

350 oC. That can be attributed to the idea that high temperature can overcome the energetics of EFAl 

protection. It can be reasoned that high temperature results in the movement of EFAl since it is 

hydrogen bonded with the silanol groups and the increase in temperature can decrease this bonding 

effect. 

          

At high temperature 300 oC, 325 oC, and 350 oC the heating time was around 40 minutes. The research 

team suspected that decrystallization might take place during the heating time. Therefore, several runs 

were performed in order to investigate the heating and cooling effect. The relative crystallinity of the 

samples at high temperature after the heating and cooling experiment showed a loss of around 20% 

crystallinity. This was taken into account by redefining the initial crystallinity as the one measured 

after the heating and cooling run.  The graph of high temperature was normalized on 80% relative 

crystallinity in order to have a more accurate measurement of the relative crystallinity as a function of 

time. 
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4.3 Gas Sorption  

Nitrogen Sorption was used to study the porosity and surface area of the untreated (calcined) and 

treated zeolite samples. Figure 10 shows the isotherms for the calcined sample and the treatment 

samples 250℃ at 12 hrs and 300℃ and 350℃ at 18hrs.  The isotherms show the relationship between 

the relative pressure (p/p0) and the volume of the gas adsorbed at standard temperature and pressure 

for the respective samples. The adsorption isotherm is achieved by measuring the amount of gas 

adsorbed for the range of p/p0 at constant temperature, and the desorption isotherm is achieved by 

measuring the gas removed as pressure is reduced.  Both the adsorption and desorption isotherms 

follow a similar pathway. Additionally, as the treatment temperature of the sample increased, the 

volume of gas adsorbed decreased.  

 

 

Figure 10: Isotherms of treated samples at different temperature for 18hs (300 ℃ and 350 ℃) 12hrs (250 ℃) 

 

Adsorption 

isotherm 

Desorption 

isotherm 
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The total pore volume (porosity) is directly related to the volume of gas adsorbed at a relative 

temperature. Therefore, based on Figure 10, it can be concluded that the porosity of ZSM-5 decreases 

as the treatment time and temperature increases.  

 

Using the BET feature of the Quantachrome Instruments Autosorb®iQ instrument software, the 

surface area associated with each treated sample was obtained. Table 1a provides BET Surface Area 

(in m2/g) for the samples treated at 300℃ and 350℃ for 6 and 18hrs and Table 1b provides BET 

Surface Area (in m2/g) for the samples treated at 250℃ and 350℃ for 12, 24 and 492 hrs. When 

compared with the calcined sample, the data indicates that increasing the treatment time and 

temperature yields a general trend of decreasing BET surface area of ZSM-5. 

 

Table 1: Changes in surface area as functions of temperature and time 

        a)                b) 

 

 

  

Time (s) 

Surface Area (m2/g) 

300 ℃ 350 ℃ 

Calcined 419.511 419.511 

6 210.55 326.862 

18 195.625 32.688 

Time (s) 
Surface Area (m2/g) 

250 ℃ 

Calcined 419.511 

12 291.778 

24 252.331 

492 91.94 
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4.4 Infrared Red (IR) 

To obtain more insight regarding the mechanisms, we turned to IR spectroscopy. IR gives more 

understanding by providing qualitative data to study the treatment effects on the functional groups. 

From the framework vibrational spectra for treated sample at 150 ℃ (Figure 11), structural changes 

during treatment can be identified. The bands around 3550-3650 cm-1 have been assigned to the 

presence of Brønsted Acid Sites (BAS). These bands are observed to decrease when compared to 

treated samples in HLW at 500 hours and 991 hours.  The bands around 3650-3700 are assigned to 

the presence of extra framework aluminium which is observed to be generated at the treated sample at 

991 hours.21 The presence of silanol groups at the bands of 3750 are observed to be decreasing 

relatively to the peaks of BAS and EFAL. 

 

Figure 11: Infrared Red results at 150 C 
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In Figure 12, FTIR spectra of before and after HLW treatment are shown for samples at 250 ℃ and 

350 °C. The rate of loss of BAS and silanol groups were observed to be higher when compared to the 

treated sample at 150 ℃ (figure 11). At 250 °C, the samples showed faster appearance of EFAL at 48 

hrs, while the presence of BAS still exists after treatment for 492 hr. At 350 °C, the treated samples 

showed faster presence of EFAl after 6 hrs of treatment while the DRAFT results showed higher 

generation of EFAl relativity to BAS presence. 

  

 

Figure 12: Infrared Red results at 250 ℃ (Left) and 350 ℃ (Right) 
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5. Discussion 

5.1 Non-Arrhenius Decrystallization Behavior     

The research team performed a kinetic study on the decrystallization of ZSM-5 in HLW in order to 

have a thorough understanding of the decrystallization behavior. The decrystallization rate was 

assumed to follow a pseudo-first order rate law as shown in the differential rate law equation below: 

𝑑[𝐶]

𝑑𝑡
= −𝑘𝑎𝑝𝑝[𝐶] 

 
[𝐶]: 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 𝑜𝑓 𝑍𝑒𝑜𝑙𝑖𝑡𝑒 

𝑘𝑎𝑝𝑝: 𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

To verify the assumed rate law, the natural logarithm of the relative crystallinity at each temperature 

was plotted versus time, as shown in Figure 13a&b: 

  

 

Figure 13: Natural logarithm of relative crystallinity as function of time 

 

As the graphs show, the linear fit of the data implies that the decrystallization rate of ZSM-5 in HLW 

obeys a pseudo-first order rate law. The lower temperature plots in Figure 15a do not include data 
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taken after apparent zeolite stability at 75% relative crystallinity. Also, the initial increase in relative 

crystallinity was taken as time zero. 

 

Figure 14: Natural logarithm of the apparent rate constant versus 1/T 

  

The apparent rate constant in the pseudo-first order rate law was investigated to determine the 

behavior of decrystallization; Arrhenius or non-Arrhenius. Figure 14 shows that the decrystallization 

behavior of ZSM-5 in HLW has non-Arrhenius behavior. The scientific literature attributes the non-

Arrhenius behavior in aqueous medium to either; the change in ion concentration with temperature or 

the presence of multiple mechanisms.22 The research team investigated the two possibilities. 
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The change in ion concentration comes from the fact that the apparent rate constant of the 

decrystallization is composed of the real rate constant and the ion concentration as shown in the 

equation below. 

 

kapp = k[H+] 

𝑘: 𝑟𝑒𝑎𝑙 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
[𝐻+]: 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖𝑜𝑛𝑠 

 

According to the possibility that the ion concentration changes with temperature, if the apparent rate 

constant is normalized by the concentration of ions in the solution as shown in the equation below, 

the real rate constant will show an Arrhenius behavior. 

k =
kapp

[H+]
 

 

 Therefore, the amount of ions in the solution had to be taken into account. In our system, there were 

two different sources of ions; the auto-ionization of water and the dissociation of the zeolite Brønsted 

acid sites in the solution. The ionic content of water has been investigated in previous studies 

showing that the temperature change impacts the water auto-ionization. Previous studies indicated 

that the ionic constant is a function of temperature. Ion product increases with temperature until it 

reaches temperatures around 300 ℃ where it decreases.34,35 On the other hand, the dielectric constant 

indicates the solvent’s ability solvate ions decreases with increasing temperature in the subcritical 

region. Another source of ions in the solution is taken into consideration which originates from the 

disassociation of the acid sites in the zeolite. These factors are expected to impact the mechanisms of 

the reactions during the treatment of ZSM-5 in HLW. It is known that ZSM-5 is acidic, therefore, the 

team investigated the pH level of the solutions before and after the treatment. The untreated solutions 

of ZSM-5 (Si/Al=38 as 1 g) with DI water (40 mL) were found to be acidic at pH of 2.64. The treated 

samples showed an increase in the pH value in comparison to the untreated solution. The pH of the 

treated sample was not measured at the reaction condition, instead, it was measured after cooling the 

solution to room condition. This was done due to the lack of instrumentation that can measure the pH 

at the harsh reaction condition. Figure 15 shows that the values of pH followed a similar trend at the 

different temperatures. We do not fully understand the pH data. The loss of BAS and the formation of 

the insoluble EFAl might cause the increase in pH value between 0 hour (heating and cooling effect) 

and 6 hours.  
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Figure 15: Measured pH level results 

Therefore, the addition of these two sources would result in the amount of ions in the solution as 

shown in the equation below: 

[H+] =
√Kw(T, P)

γ±(T, P)
+ [H+

Zeolite](T) 

 
Kw: 𝑡ℎ𝑒 𝑑𝑖𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 

γ±: 𝑡ℎ𝑒 𝑚𝑒𝑎𝑛 𝑖𝑜𝑛 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

 

The amount of ions from the dissociation of water was obtained using the reported value in the 

literature.23 Also, the value of the mean ion activity coefficient was reported in the literature using an 

extended Debye–Hückel model.22 At the temperatures and pressures of our experiment, the mean ion 

activity coefficient was around one. The difficulty arose in finding the amount of ions from the 

dissociation of the zeolite Brønsted acid sites. The design team used the pH values that were obtained 

after the heating and cooling effect experiments, which were different from the pH of the untreated 

sample.  
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Now, the apparent rate constant was normalized based on the amount of ions in the solution and the 

graph was plotted again as shown in Figure 16 below. 

  

 

Figure 16: Natural logarithm of the real rate constant versus 1/T 

 

The graph still shows a non-Arrhenius behavior. The research team believes that the inaccurate 

measurement of pH of the solution contributed to the behavior seen in Figure 16. Since there was no 

available method to measure the accurate pH of the solution, the team investigated the possibility of 

multiple decrystallization mechanisms by using IR and gas sorption data. 
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5.3 Decrystallization Mechanism  

The two possible decrystallization mechanism of ZSM-5 in HLW, Dealumination and Desilication, 

are shown in Figure 18. Dealumination is the removal of Al from the framework to form EFAl, 

Desilication is the removal of Si from the framework. 2  

 

Figure 17: showing decrystallization mechanisms 

 

To further investigate the decrystallization mechanism of ZSM-5 in HLW, the team compared results 

presented in You et al (Figure 17), on the effects of Dealumination and Desilication of H-ZSM-5.24 

From their results the main difference in the two decrystallization mechanism is the adsorption and 

desorption isotherm pathways. The adsorption and desorption isotherms for Dealumination have 

similar pathways, while the adsorption and desorption isotherms for Desilication have differing 

pathways. This difference in pathways is referred to as a hysteresis loop, and is associated with the 

filling and emptying of mesopores.  Mesopores are created when Si is removed from high-silica 

zeolite framework of ZSM-5. 32 
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Figure 18: showing isotherms of dealuminated and desilicated H-ZSM-5.32 

 

In comparing the data presented in Figure 10 and Figure 18, we see that hysteresis loops are not 

present, thus indicating that the decrystallization mechanism of ZSM-5 in HLW is dealumination. 

Since dealumination is consistent at all temperatures, this eliminates the possibility of having non-

Arrhenius behavior due to the presence of multiple mechanisms.  
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6. Conclusion   

The stability of zeolites in hot liquid water is dependent on various factors. In analyzing the stability 

of zeolite ZSM-5 (Si/Al=38) in hot liquid water at temperatures ranging from 150-250 C and 

treatment time from 6 hr to 1000 hr, our team determined that decrystallization of ZSM-5 is due to a 

combination of thermal and ionic effects. The decrystallization of ZSM-5 in HLW is a result of the 

auto–ionization of water and the dissociation zeolite acid sites with increasing temperatures. Treating 

the zeolite in HLW at varying temperatures showed that the decrystallization rate of ZSM-5 is 

temperature dependent.  Tracking the crystallinity over time showed that the decrystallization obeys a 

pseudo-first order rate. Temperature analysis of the pseudo first order rate constant indicates that the 

decrystallization of ZSM-5 follows a Non-Arrhenius behavior. The reason for the Non-Arrhenius 

behavior is due to change in water’s ion concentration with temperature.  Analyzing the samples with 

IR provided information to establish the fact that decrystallization of the zeolite show generation of 

EFAL and loss of Brønsted acid sites and silanol groups. The main decrystallization mechanism is 

dealumination.  In this report, the mechanism of decrystallization in HLW is an important finding that 

could further allow the explanation of other aspects of the substance such as the pH of the solution. 

The treatment conditions examined in this study are representative of some of the new feedstock and 

chemical technologies, such as oil upgrading and biofuel production, that take place in the aqueous 

phase. The results presented provide guidance for use of zeolites in these industrially relevant 

reactions and show that the stability of ZSM-5 in high temperature aqueous environments needs to be 

examined carefully.  
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7. Recommendations 

In our research we reached few times a point where more questions were created than solved. This 

might be attributed to the lack of understanding of the ZSM-5 behavior in HLW by the scientific 

community. For this reason, a more thorough analysis of data should be done so that the full scale of 

its characteristics can be analyzed. For this exact reason more temperatures should be investigated 

and especially for temperatures of 175 to 275oC where there is a sudden transition of the rate of 

decrystallization observed. The results retrieved would be more trustworthy if the data are reproduced 

in a manner to double check for inconsistency and decrease of random error created when running the 

experiment. The crystallinity after heating and cooling effect needs to be examined in more detail. 

During the end of our research a pH study was initiated but was proved to be more complicated than 

expected, showing that the time needed for the establishment of such a study was not sufficient. A 

study explaining the inconclusive trend of the acidity of the solution during treatment should be 

conducted at the reaction condition and justified. Other analytical tools such as Si- and Al-NMR, ICP, 

XPS. Si- and Al-NMR could provide further information to understand the mechanism. ICP-MS 

(Inductively Coupled Plasma Mass Spectrometry) can help identify and quantify elemental 

constituents in the zeolite solution. XPS (X-ray Photoelectron Spectroscopy) can be used to analyze 

the surface chemistry of the zeolite before and after treatment.  
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Recommended Computational Work 

 
To gain a better understanding of the ZSM-5 degradation mechanism in HLW at the molecular level, 

our research team recommends performing a computational study. There are multiple ways to utilize 

computational tools. These include, but are not limited to, studying the thermodynamic and kinetics 

properties of the possible degradation mechanisms for ZSM-5. According to the scientific literature, 

the most common method to perform computational studies of ZSM-5 is Density Functional Theory 

(DFT).  Based on Hohenberg and Kohn (HK) theorems, DFT provides a strong basis for the 

development of computational strategies for obtaining information about the energetics, structure and 

properties of atoms and molecules.25 HK theorem states that the electron density ρ(r), determines the 

internal potential, ν(r). ρ(r) determines the total number of electrons, N and is represented by the 

equation: 

𝑁 = ∫ ρ(r)dr 

N determines the molecular Hamiltonian, Hop, which is linked to the energy of the system, E, by the 

Schro¨dinger’s equation: 

𝐻𝑜𝑝𝛹 = 𝐸𝛹 

Where 𝜳, is the electronic wave function. Consequently, E is a function of ρ: 

𝐸 = 𝐸𝑣[ρ] 

 ZSM-5 has a large unit cell (288 atoms 96 silicon atoms and 192 oxygen atoms), which may lead to 

long computational time, and thus it may be important to focus on only one region of the zeolite.26 

Jungsuttiwong et al focused on isomorphously substituted ZSM-5 zeolites and used an embedded 

cluster method to model the most important regions of the chemistry of the system as that 

surrounding the active site and the adsorbate, and treated these regions explicitly within full quantum 

mechanical formalism as an isolated system and adding the effects of the remaining crystal 

framework in the Hamiltonian of the quantum region.  

 

The first step in performing DFT simulations is to construct a model of the ZSM-5. Three examples 

of models are 5T, 12T and E-ONIOM. Jungsuttiwong et al used the embedded approach, E-ONIOM 

model with the B3LYP/6-31G (d,p) level of theory for their study to study the structure of BAS and 

get energetic information. As seen in Figure 19 the 5T model has a total of 22 atoms with a formal of 
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Si4AlO4H13. It is part of a 10-membered ring of the ZSM-5 zeolite, consisting of five tetrahedrally 

coordinated atoms (Si, Al). 

 

Figure 19: The 5T model.26 

 

As seen is Figure 20, the 12T model has a total of 49 atoms with a formal of Si11AlO12H25. Also, the 

active site was chosen to be the T12 site because it was found to be among the most stable sites for Al 

substitution.27 

 

Figure 20: The 12T model.26 
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The E-ONIOM model as seen in Figure 21, is used to include the long-range interactions of the 

zeolite lattice beyond 12T, Figure 20.27a In these three models, H-atoms are used to cap the dangling 

atoms. These hydrogen atoms are located along the direction of corresponding Si-O bonds. The T12 

site was chosen to be the active sites as it was found to be the most stable site for Al substitution.27 

 

 

Figure 21: The Embedded ONIOM model.26 

 

Our team suggests that performing DFT studies using each of these models for the reactants and 

products associated with dealumination and desilication degradatoin mechanisms. When optimizing 

the geometry of the structures for each computational run the following procedure is recommended: 

(1) Fix the position Si-H atoms and (2) Set the bond length of Si-H to 1.43Å.28 A thermodynamic 

study must be conducted to determine the heat of reaction for both desilication and dealumination 

from calculated energies. The most exothermic reaction should be identified as the most stable 

product. Additionally, protons and hydroxide ions should be used instead of water. The hydrogen 

bonds between the molecules should also be considered.  

 

Malola et al performed kinetic studies by examining detailed reaction paths for zeolite dealumination 

and desilication using DFT.28 In their study, they found that several systematic differences favor 

dealumination over desilication under steaming conditions. Also, the difference between Si and Al 

may be explained by the well-known coordination flexibility of the Al and the higher polarity of the 
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Al-induced Bronsted site. Moreover, the study recommended that further work investigate the effects 

of allowing water clusters instead of single water molecules to reside within the zeolite pores during 

dealumination and desilication.  
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Appendix 

Tables of relative crystallinity results 

% Crystallinity 

Average cooling time= 5 minutes 

Average heating time= 15 minutes 

P=2700 psi 

Uncertainty=+/- 4%  

T= 150 C 

Time (hr) % Crystinality 

0 100% 

187 101.43% 

400 91.39% 

635 76.13% 

1000 76.41% 
 

% Crystallinity 

Average cooling time= 10 minutes 

Average heating time= 25 minutes 

P=3600 psi 

Uncertainty= +/- 3.3%  

Run A: T=250 C 

Time (hr) RunA1 RunA2 RunA3 

0 100% 100% 100% 

6 101.62% 102.35% 106.55% 

12 107.68% 108.09% 99.59% 

24 99.46% 97.99% 105.17% 

48 95.87% 95.68% 92.96% 

72 92.67% 94.01% 99.84% 

280 82.07% 

 492 81.45% 

  
 

  

% Crystallinity 

Average cooling time= 10 minutes 

Average heating time= 35 minutes 

Uncertainty= +/- 4%  

Run C3: T=300 C 

P (psi) 3600 

Time (hr) %Crystillanity  

0 100% 

6 82.78% 

12 81.61% 

18 77.66% 
 

% Crystallinity 

Average cooling time= 10 minutes 

Average heating time= 35 minutes 

Uncertainty= +/- 4%  

Run E3: T=325 C 

P (psi) 2700 

Time (hr) %Crystillanity  

0 100% 

6 87.64% 

12 75.77% 

18 71.55% 
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% Crystallinity 

Average cooling time= 10 minutes 

Average heating time= 40 minutes 

Uncertainty= +/- 4%  

Run B3: T=350 C 

P (psi) 3600 

Time (hr) %Crystillanity  

0 100% 

6 64.80% 

12 46.88% 

18 35.98% 

 

MQP Poster 

 

Figure 22: The MQP project poster 


