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ABSTRACT 

Gas adsorption and energy storage research (such as lithium ion (Li-ion) batteries 

and hydrogen storage) plays an important role in the climate change mitigation actions. 

In this thesis, hydrogen storage material (i.e., aluminum hydride) was synthesized 

and used as anode material in Li-ion batteries for the first time ever (to our knowledge). 

Different components, such as conductive carbon black (TIMREX® carbon P-Li) and 

polyvinylidene fluoride (PVDF) were added with different proportions to improve the 

performance of the electrode. Although the reaction is not very reversible (low 

delithiation capacity and short cycle life), capacities as high as 3226 mAh/g were 

achieved in the first discharge, which was still a very exciting result for researches 

studying Li-based battery and hydrogen storage material. 

Considering the high cost, high greenhouse potential (GWP) and low vivo 

metabolism in clinic use, the capture and recover halogenated ethers from the hospital 

operating room exhaust gas is not only an important environmental study, but also has 

great potential to bring huge economic benefits. Deltazite™ 6000 (D6000) is now 

commercially used by Blue Zone Technologies Ltd. for halogenated anesthetic 

adsorption and recovery. In search of a better adsorbent with higher adsorption capacity 

and to develop a more economical process, three types of adsorbent were tested to 

selectively capture and recycle halogenated anesthetic from the medical waste gas stream. 

A chromium-based metal organic framework (Cr-MOFs) MIL-101 and several 

aluminum-substituted mesoporous SBA-15 (Al-SBA-15) materials were synthesized, 

modified and characterized with respect to the textural, equilibrium and dynamic 

properties using sevoflurane (representative halogenated anesthetic) and water vapor as 
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sorbates in the single component and mixture adsorption systems. Adsorption isotherms 

and breakthrough data were collected for both MIL-101 and Al-SBA-15 samples in 

comparison to the D6000 reference sample. With the much larger surface area and pore 

volume, MIL-101 sample demonstrated the highest adsorption capacity and the best 

selectivity for sevoflurane among all the tested adsorbents. Multiple-cycle breakthrough 

tests were also performed to examine the performance stability of adsorbents for the 

repeated operating and regeneration conditions. MIL-101 showed higher stability with 

lower sevoflurane capacity loss than the reference sample in multi-cycle adsorption 

experiments. 
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Chapter 1 Motivation of the Study 

1.1 Climate Change and Greenhouse Gases 

According to analysis by the U.S. National Aeronautics and Space Administration 

(NASA) and the National Oceanic and Atmospheric Administration (NOAA), Earth’s 

temperatures in 2015 were the hottest ever recorded [1]. How did it happen and why does 

this matter? 

The earth’s climate system is powered by solar radiation. Of the total amount of 

solar energy reaches the earth’s surface, about 26% is reflected to space by the 

atmosphere and clouds, 19% is absorbed by the atmosphere and clouds, and the 

remaining energy is absorbed at the surface of Earth [2].  

The atmosphere of Earth contains radiative gases (i.e., greenhouse gases) which 

capture and recycle energy emitted by Earth's surface and warm the planet's surface to a 

temperature above what it would be without its atmosphere. As the Earth’s temperature 

has been relatively constant over many centuries, the incoming solar energy must be 

nearly in balance with outgoing radiation [2].  

However, any changes in the atmosphere, land, ocean, biosphere and cryosphere, 

both natural and anthropogenic, can disturb the Earth’s energy balance / radiation budget, 

therefore affect climate [2]. There is a strong scientific consensus that the global climate 

is changing, and that human activity contributes significantly by changing the 

atmospheric concentrations of the greenhouse gases and the land surface properties which 

affect the Earth’s energy budget [2] [3]. 

The most abundant greenhouse gases (GHGs) exit in Earth's atmosphere are water 

vapor (H2O), carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), ozone (O3)  and 
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fluorinated gases [4]. The greenhouse gas emissions, such as carbon dioxide (CO2), 

methane (CH4), nitrous oxide (N2O) and fluorinated gases, are closely associated to 

human activities, and have increased the greenhouse effect and caused Earth's surface 

temperature to rise, therefore these cause the primary concerns [5]. 

 

 

Figure 1. Carbon dioxide level change in the atmosphere based on the comparison of 

atmospheric samples contained in ice cores and more recent direct measurements 

(Credit: Vostok ice core data/J.R. Petit et al.; NOAA Mauna Loa CO2 record.) [8] 

 

Greenhouse gases act like a blanket wrapped around the Earth and keep it warm. 

Different GHGs affect the Earth's warming differently. The Global Warming Potential 

(GWP) has been used to compare the greenhouse effect of different GHGs, which is 

defined as the amount of energy of 1 tonne of a GHG will absorb relative to 1 tonne of 

carbon dioxide (CO2) over a given period of time. Carbon dioxide (CO2), by definition, 
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has a GWP of 1 regardless of the time period used. The larger the GWP of a GHG, the 

more greenhouse effect it has compared to CO2 over that time period [6]. 

 

 

Figure 2. World carbon dioxide emission by section in 2013. Other includes 

agriculture/forestry, fishing, energy industries other than electricity and heat 

generation, and other emissions not specified elsewhere [7] 

 

Carbon dioxide (CO2) is the main contributor to climate change, especially 

through the burning of fossil fuels [5]. CO2 emissions have increased by about 90% since 

1970 (see Figure 1), with emissions from fuel combustion increased from near-zero to 

over 32 Gigatonnes of CO2 (GtCO2) in 2013. As can be seen from Figure 2 World carbon 

dioxide emission by section in 2013, the electricity and heat generation sector and the 

transportation sector produced nearly two-thirds of global CO2 emissions in 2013 with 
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electricity and heat generation accounting for 42% and transportation accounting for 

23%. Generation of electricity and heat worldwide relies heavily on coal, the most 

carbon-intensive fossil fuel [7]. 

Fluorinated gases include hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), 

sulfur hexafluoride (SF6), etc. Unlike many other greenhouse gases, fluorinated gases 

have no natural sources and only come from human-related activities [9], which are 

mainly aluminum, magnesium and semiconductor manufacturing and electricity 

transmission and distribution [10]. Many fluorinated gases have long atmospheric 

lifetimes, ranging from hundreds to thousands of years (e.g. HFCs: 1 - 270 years, PFCs: 

2600 - 50000 years, SF6: 3200 years). Due to their long atmospheric lifetimes, very small 

amount of fluorinated gases can have large effects on the global temperature and climate 

change. For a 100-years period, the GWP of HFCs, PFCs and SF6 are 12 - 14800, 7390 - 

12200 and 22800, respectively [9]. 

Halogenated ethers, such as sevoflurane, isoflurane and desflurane, have been 

successfully used as anesthetic for decades since its first successful demonstration by 

William Morton in October 1846 [11]. With low pungency and low risk of respiratory 

irritation, halogenated ether soon became the most common use of anesthetic in 

anesthesiology. And sevoflurane is currently the most popular anesthetic agent in North 

America for anesthesia induction by inhalation [12] despite of its high cost of 

approximately $0.15 per minute of anesthesia [13] (about $0.62/mL liquid [14]).  

In recent years, attention towards the effect of halogenated anesthetics on global 

climate change has increased as well. These halogenated anesthetics contain at least one 

halogen atom (fluorine, chlorine, bromine, and iodine) in each molecule and can remain 
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in the atmosphere for a long time: with 1.4, 5 and 21.4 years of atmospheric lifetimes for 

sevoflurane, isoflurane and desflurane, respectively [15] [16]. They have the potential to 

act as greenhouse gases with a global warming potential (GWP) three orders of 

magnitude higher than that of carbon dioxide [15]. Moreover, halogenated ethers undergo 

very little metabolic change inside body (less than 5% of these volatile anesthetics are 

metabolized by the patient) and remain in a form that pollutes the environment upon 

exhalation by the patient [17]. Considering the high cost, high GWP and low vivo 

metabolism, it is environmentally and economically beneficial to capture and recover 

halogenated ethers. 

Human influence on the climate system is clear, and recent climate changes 

would have widespread impacts on ecosystems, economies and communities: rising 

temperatures and changing patterns of precipitation will change the landscapes and the 

wildlife habitat; rising sea-level will inundate low-lying areas and islands, therefore 

threaten dense coastal populations, erode shorelines, damage property and destroy 

ecosystems; drought, storms, floods and other extreme weather events around the world 

could also result from the increased energy stored in the warming atmosphere [18]. Many 

studies have shown that some of these climate changes are on the cusp of irreversibility, 

and future GHG emissions would imply further irreversible effects on the planet [19]. 

 

1.2 Mitigation of Climate Change 

Since there is no doubt that anthropogenic emissions of greenhouse gases (GHGs) 

contribute greatly to climate change, scientists continue to investigate just how the 
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climate will respond to these emissions over time in the various regions of the world and 

are evaluating mitigation options to these changes [3]. 

Climate Change Mitigation refers to efforts to control the human sources of 

climate change and their cumulative impacts, especially the emission of GHGs and other 

pollutants that affect the planet’s energy balance [20].  

 

1.2.1 GHGs Capture and Storage 

Climate Change Mitigation includes efforts to enhance the processes that remove 

GHGs from the atmosphere, known as sinks [20]. Protecting natural carbon sinks like 

forests and oceans, or creating new sinks through green agriculture are definitely 

important mitigation actions [21].  

Carbon dioxide capture and storage (CCS) and GHGs separation and sorption 

have the potential to reduce overall mitigation costs and increase flexibility in achieving 

GHGs emission reductions [22]. Methods based on chemisorption or adsorption using 

porous materials such as silicates, activated carbons and membranes have been 

investigated and evaluated. It is found that the most effective adsorbents with long-term 

viability for GHGs adsorption usually combine two features: reversibility for gas uptake 

and release with a periodic porous structure, and flexibility with which chemical 

functionalization and molecular-level fine-tuning can be achieved for optimized uptake 

capacities [23].  
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1.2.2 Hydrogen Storage Materials 

If GHGs separation and sequestration are considered as the near-term goals for 

emission reduction; improving the energy efficiency in power production, transportation 

and other areas can be considered a mid-term goal. Using alternate less carbon-intensive 

fuels, nuclear power, and renewable energy sources such as solar and wind power, along 

with changing management practices or consumer behavior to move towards a low-

carbon society are the long-term goals for climate change mitigation [24]. However, 

some renewable energy technologies - such as solar photovoltaics (PV) and wind energy 

- have variable and uncertain outputs.  The variability of these renewable energy sources 

has led to concerns regarding the reliability of energy supply from these sources, and 

deployment of energy storage technologies for smoothing out the electricity supply from 

these sources to ensure that supply of generation matches the demand [25]. 

Hydrogen can be used as a zero-carbon fuel for energy generation. Excess 

electricity generated from the renewable energy sources can be used to produce 

hydrogen, which can be stored and used later in fuel cells, engines or gas turbines to 

generate electricity without producing harmful GHGs [26].  

Physical storage is the most mature hydrogen storage technology. The Fuel Cell 

Technologies Office (FCTO) of the U.S. Department of Energy (DOE) has conducted 

researches to advance hydrogen storage systems technology and develop novel hydrogen 

storage materials that meet their hydrogen storage targets for onboard light-duty vehicle, 

material-handling equipment, and portable power applications (see Figure 3). The search 

for hydrogen storage materials is currently focused on metal hydrides, chemical hydrogen 

storage, and sorbent materials; and the Hydrogen Storage Engineering Center of 
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Excellence (HSECoE) has determined the current status of systems using these materials 

(see Table 1) [27]. 

 

 

Figure 3. Hydrogen gravimetric capacity as a function of hydrogen release 

temperature for many of the unique hydrogen storage materials investigated by 

FCTO [27] 
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Table 1. Projected performance and cost of materials-based automotive hydrogen 

storage systems compared to the 2020 and ultimate DOE targets (assumes a storage 

capacity of 5.6 kg of usable hydrogen) [27] 

Storage system targets 

Gravimetric 

density 

kWh/kg system 

(kg H2/kg system) 

Volumetric 

density 

kWh/L system 

(kg H2/L system) 

Cost 

US$/kWh 

(US$/kg H2) 

2020 1.8 (0.055) 1.3 (0.040) $10 ($333) 

Ultimate 2.5 (0.075) 2.3 (0.070) $8 ($266) 

Current Status (from HSECoE) 

Metal hydride: NaAlH4 0.4 (0.012) 0.4 (0.012) $43 ($1,430) 

Sorbent: MOF-5, 100 bar, 80 K 1.3 (0.038) 0.7 (0.021) $15 ($490) 

Chemical hydrogen storage: 

off-board re-generable 
1.5 (0.046) 1.3 (0.040) $17 ($550) 

  

1.2.2.1 Magnesium Hydride (MgH2) 

Among the various light metals that could be used to store hydrogen as hydrides, 

magnesium is one of the most promising candidates because of its low cost, abundance, 

low toxicity and good reversibility during the cycling process [28]. The stoichiometric 

compound magnesium hydride (MgH2) adopting the stable crystal lattice shown in Figure 

4 would provide a theoretical hydrogen storage capacity of 7.66 wt. % [29].   
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Figure 4. Unit cell of magnesium hydride [29] 

 

High thermodynamic stability of MgH2 results in a relatively high desorption 

enthalpy, which represents main disadvantages of MgH2 as a hydrogen storage material 

due to its high hydrogen discharge temperature and slow desorption kinetics along with 

its high reactivity towards air and oxygen [30]. According to some theoretical studies, the 

stability of the magnesium hydride could be reduced if the particle size is decreased, 

which would also improve the kinetics of the formation and the decomposition processes 

[31]. 

 

1.2.2.2 Aluminum Hydride (AlH3) 

Aluminum hydride (AlH3 or alane) is a very promising hydride material for on-

board automobile hydrogen storage. It has a gravimetric hydrogen capacity of 10.1 wt. % 

and can decompose to its elements (aluminum and hydrogen) spontaneously above 60°C 
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with no side reactions [28]. It is a polymeric network solid with formula that is 

sometimes represented as (AlH3)n. Aluminium hydride can form numerous polymorphs, 

including the α- (see Figure 5), α’-, β-, δ-, ε-, θ-, and γ-AlH3 [32]. 

 

Figure 5. Aluminium hydride (α-AlH3) unit cell [32] 

 

1.2.2.3 Lithium Aluminum Hydride (LiAlH4) 

Lithium aluminum hydride (LiAlH4 or LAH) is a colorless solid, but commercial 

samples are usually gray due to contamination. It is soluble in many ethereal solutions, 

and is commonly used as a reducing agent in organic synthesis, especially for the 

reduction of esters, carboxylic acids, and amides. 

LAH reacts violently with water, including atmospheric moistures, and releases 

gaseous hydrogen. It can be used for hydrogen storage with 10.6 wt. % hydrogen content, 
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three-quarters of which is accessible. It is also the reactant in the AlH3 synthesis reaction 

using the Brower method [33]:  

3 𝐿𝐿𝐿𝐿𝐿4  +  𝐿𝐿𝐴𝐿3  →  4 𝐿𝐿𝐿3  +  3𝐿𝐿𝐴𝐿 ↓                                                    (Reaction 1.1)  

 

1.2.3 Batteries 

Another method to store energy is using batteries.  

In 1800, the first battery, which was known as a voltaic pile, was invented by 

Alessandro Volta. It was a pile of alternating stacks of copper and zinc disks separated by 

acid solution soaked paper. By 1835, with the rapid development of the area of science 

which is now known as electrochemistry, Michael Faraday had already defined the 

concepts of anode, cathode, electrode, electrolyte, and ion. By the time that J. J. 

Thompson discovered the electrons in 1893, most of the basic principles and 

relationships of electrochemistry had been discovered [34].   

Batteries are classified into two broad categories. One is the primary battery 

which irreversibly transforms chemical energy to electrical energy. When the initial 

supply of reactants is exhausted, energy cannot be restored to the battery by electrical 

means. The other is the secondary battery. These can have their chemical reactions 

reversed by supplying electrical energy to the cell, restoring it to its original composition 

[35]. 

Lithium ion (Li-ion) batteries are a type of secondary battery which is considered 

to be the most successful electrochemistry story in the last two decades; especially as it 

shows great potential as power sources for electric vehicles (EV). The development of 
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new materials for Li-ion batteries is the focus of research in the material science area 

throughout the world [36].  

The energy stored by a battery depends on its electrode material capacity: the 

higher the voltage and a larger the capacity of the electrode materials, the more energy 

the battery can accommodate [37]. A typical Li-ion battery generates a voltage of 3.5 V. 

The most commonly used anode material, carbon, has a volumetric specific capacity of 

818 mAh/cm3 (theoretical specific capacity of 372 mAh/g), which is significantly lower 

than that of Li metal (volumetric specific capacity of 3861 mAh/cm3 and theoretical 

specific capacity of 2062 mAh/g) [38]. Although the performance of Li-ion batteries has 

improved with time, owing to the low capacity of intercalation materials like carbon, it 

will be difficult to meet the high capacity demands of future markets (like electric 

vehicles). 

In search of anode materials with higher capacity, various materials have been 

investigated. A solution to low capacity interaction compounds might be to use light 

metal hydride materials as an electrode material. 

MgH2 was explored as a metal hydride electrode for Li-ion batteries for the first 

time in 2008 by the Aymard group. Their study showed that MgH2 is a promising 

negative electrode with large reversible capacity of 1480 mAh/g and average voltage of 

0.5V versus Li+/Li [39]. 

 

1.3 Thesis Objectives 

The objective of the Part I of this thesis was to study the electrochemical 

reactivity of AlH3 with Li metal based on the new concept of a metal-hydride negative 
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electrode for Li-ion batteries. This involves the measurement of the experimental 

gravimetric capacity of AlH3 as the anode material using Swagelok test batteries. The 

experimental results will be compared to the theoretical gravimetric capacity of AlH3 and 

the capacity of currently used negative electrode material (i.e. graphite / carbon) in Li-ion 

rechargeable batteries.   

For Part II of this thesis, the first objective was the synthesis of a group of 

aluminum-substituted mesoporous SBA-15 (Al-SBA-15) materials which will selectively 

adsorb the halogenated anesthetics (i.e., sevoflurane) from the gas mixture with water 

vapor. The synthesized materials will further be modified with organic function groups to 

improve the adsorption selectivity of sevoflurane over water vapor. The platelet shape 

Al-SBA-15 (Al-SBA-15-p) with short channel and expanded pore diameters will also be 

synthesized using swelling agent to interfere the formation of the long 2D cylindrical 

shape pore structure.  

The second objective for Part II of this thesis was the adsorption material 

selection, screening and ranking for halogenated anesthetic capture and recovery 

applications. A variety of quantitative selection procedures were developed to 

systematically evaluate the adsorption potential of different sorbents, such as 

characterizing the textural and equilibrium adsorption properties using sevoflurane 

(representative anesthetic) and water vapor as sorbate. The sample to be tested including 

the synthesized Al-SBA-15 adsorbents, a chromium-based metal organic framework (Cr-

MOFs) MIL-101 and the reference sample - a type of silica zeolite called Deltazite™ 

6000 (D6000) - which is commercially used by Blue Zone Technologies Ltd. for 

adsorption and recovery of halogenated anesthetics. 
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The third objective for Part II of this thesis was to determine the sevoflurane and 

the water vapor dynamic adsorption capacities of selected adsorbents using binary 

mixture breakthrough experiments and examine their stability under repeated operation 

and regeneration conditions in comparison to the reference D6000 adsorbent. 

Therefore, the ultimate objective of Part II of this thesis was to search for a 

replacement of the conventional D6000 adsorbent material with higher performance for 

the capture and recovery of halogenated anesthetics. 

 

1.4 Thesis Layout 

 This thesis was written following the traditional thesis format that has two main 

parts and eleven chapters in total. 

 Chapter 1 explains the motivation of this study which provides the background of 

the research, the connection of the two projects, and the objectives of this thesis. 

The first part of this thesis (Part I) includes Chapter 2 to Chapter 6. A short 

introduction in Chapter 2 summarizes the background of the electrochemical project 

using aluminum hydride and activated aluminum as anode materials in Li-ion batteries. 

Chapter 3 explains the experimental methodologies used in Part I of the thesis. The 

detailed material synthesis and electrochemical experimental procedures are presented in 

Chapter 4. Chapter 5 provides the experimental results with analysis and discussions. 

Chapter 6 summarizes the conclusion of the project and provides some suggestions for 

future research. 

Part II of this thesis includes Chapter 7 to Chapter 11. Chapter 7 gives a short 

introduction of the halogenated anesthetic adsorption and recovery project. Chapter 8 lists 
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the chemicals and adsorbents used in Part II of the thesis. Chapter 8 also explains the 

experimental methodologies and setups used in this project. Chapter 9 focuses on the 

development of the Al-SBA-15 materials as adsorbents for selectively adsorb sevoflurane 

from the binary gas mixture with water vapor in comparison with the reference D6000 

adsorbent. The chromium-based metal organic framework (Cr-MOF) called MIL-101 is 

also tested as the candidate adsorbent material in replacement of the conventional D6000 

adsorbent material, and the results are presented in Chapter 10. Chapter 11 lists more 

adsorbents with the potential to be used for halogenated anesthetic adsorption and 

recovery purpose. FT-IR and kinetic measurements are also suggested in Chapter 11 for 

future research.  
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Chapter 2 Introduction 

The popularity of primary (non-rechargeable) and secondary (rechargeable) 

batteries has grown tremendously in the past three decades.  

Many people imagine an alkaline AA battery when thinking of batteries. Indeed, 

these are the majority of batteries being produced on a large scale, but now there exists a 

wide range of battery sizes, chemistries and applications. Some batteries have been 

developed and utilized to meet specific applications, such as for electric vehicle (EV) 

propulsion, pacemakers, mobile phones, etc. [40]. Constructing an inexpensive and safer 

battery that lasts longer (higher energy density) is the goal of battery researchers all 

around the world [41].   

 Lithium-ion batteries were first introduced by Sony over a decade ago [41]. They 

are now widely used as convenient, lightweight, high energy density (100 - 250 Wh/kg) 

and rechargeable power source for cell phones, laptops, and many other devices [41]. Our 

modern mobile portable lifestyle would be impossible without the existence of Li-ion 

batteries [42].  

One of the first generation of Li-ion batteries use lithium cobalt oxide (LiCoO2) 

as the cathode (the positive electrode) and graphite as the anode (the negative electrode). 

This chemistry has changed little since its introduction [42]. The discharge half-cell 

reactions and the full cell reactions are represented below: 

LiyC6  →  C6 + y Li+ +  y e−                                                          Negative (Reaction 2.1) 

Li1−xCoO2 +  y Li+ + y e−  →  Li1−x+yCoO2                                  Positive (Reaction 2.2) 

Li1−xCoO2 +  LiyC6  →  Li1−x+yCoO2 +  C6                                   Full Cell (Reaction 2.3)  
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One mole of Li can react with six moles of carbon under ambient conditions.  The 

specific capacity of the reaction can be calculated to be 372 mAh/g using the following 

equation: 

Specific Capacity �mAh
g
� =  

F∙1000 mA
A  ∙n

3600 sh ∙M
                                                         (Equation 2.1) 

where M is the molar mass (e.g. 12 g/mol for carbon), F is Faraday’s number (96485 

C/mol), and n is the number of electrons transferred per mole of starting materials (e.g. 

1/6 of an electron per mole of carbon). The volumetric capacity is easily calculated by 

multiplying the specific capacity by the density of the interested material (volumetric 

specific capacity of carbon is 818 mAh/cm3) [38].   

The high energy density of lithium-ion batteries depends intimately on the high 

capacity of the electrode materials. For anode materials, the capacity of commercial 

graphite is unlikely to increase much further (currently about 350 mAh/g) due to its 

comparatively low theoretical capacity [43].  Therefore, alternative anodes with high 

theoretical capacities (such as nanostructured tin-cobalt-carbon (Sn-Co-C) alloys) are 

being used as advanced negative electrode materials instead of graphite. Nanostructured 

Sn-based carbon alloys (e.g. Sn-Co-C) have higher specific capacity (theoretical capacity 

of 993 mAh/g) than graphite, leading to Li-ion batteries with higher energy density [44]. 

Sony introduced the Nexelion14430W1 Li-ion battery using a Sn-based amorphous 

anode material which increased the storage capacity per volume ratio by 50% and the 

overall battery capacity by 30% compared to conventional Li-ion batteries [45]. Due to 

their high energy density, these batteries power most of today’s popular and portable 
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electronic devices.  Li-ion batteries have also been considered a serious contender to take 

over the hybrid and plug-in hybrid electric vehicle (EV) market. 

 In the search for novel, high capacity Li-ion battery electrode materials, numerous 

strategies have been employed.  A particularly novel one is to use the hydrogen storage 

materials discussed in Chapter 1 as active electrodes in Li-ion batteries.  The ability to 

alloy Li with low molecular weight hydrogen could provide very large theoretical 

capacities. The theoretical specific capacity of several selected metal hydride materials 

has been calculated and compared with carbon and lithium metal as showed in Figure 6. 

The full cell reactions and the calculated theoretical specific capacities are listed in Table 

2. 

 

 

Figure 6. Theoretical specific capacity of selected electrode materials 
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Table 2. Theoretical specific capacity (from the lowest to the highest) and the full 

cell reactions of selected electrode materials for lithium based batteries 

Electrode materials Full cell reaction Specific capacity (mAh/g) 

C                 Li + 6C ↔ LiC6 371.91 

Al                   Li + Al ↔ LiAl 993.32 

Li3AlH6 4Li + Li3AlH6 ↔ LiAl + 6LiH 1990.74 

MgH2  2Li + MgH2 ↔ Mg + 2LiH 2035.81 

LiAlH4  4Li + LiAlH4 ↔ LiAl + 4LiH 2824.92 

AlH3     4Li + AlH3 ↔ LiAl + 3LiH 3574.71 

Li            Li + SOCl2 ↔ LiSOCl2 3861.32 

 

Aymard and colleagues in France reported the electrochemical reactivity of MgH2 

with Li in 2008. This was the first report of a metal-hydride electrode been successfully 

used in a Li-based battery. The MgH2 electrode showed a large, reversible capacity of 

1480 mAh/g at an average voltage of 0.5V vs. Li+/Li, which is suitable for the negative 

electrode. The electrochemical synthesis method is also a novel route for the production 

of nano-sized metals and hydrides for hydrogen storage [39].  

 This part of the thesis (Part I) will address a specific chemistry with applications 

for both Li-based battery electrodes and viable hydrogen storage materials. The 

electrochemical reactivity of aluminum hydride (AlH3) with Li will be studied based on 

the new concept of a metal-hydride negative electrode for Li-ion batteries.  
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 As demonstrated in Oumellal’s research, the discharge / recharge capacity of 

MgH2 is related closely to the initial size of the material and the addition of conductivity 

promoters [39]. Figure 7 shows the relation between the discharge capacity and the 

particle size of MgH2 power [46].   From this figure, we can see the voltage vs. mole 

fraction of Li for MgH2 anode Li-ion batteries with different MgH2 particle sizes. The 

commercial MgH2 particle size was about 100µm with a discharge capacity of only 5% 

of the theoretical capacity (reversible capacity lower than 50 mAh/g). Crushing or solid-

gas treatment (such as the PCT de-hydrogenataion / re-hydrogenation process) can 

increase the discharge capacity by reducing the particle size.  Adding activated carbon 

(such as carbon black or graphite) can also increase the discharge capacity of the MgH2 

anode. The MgH2 anode material with the highest capacity was made from solid-gas 

treatment and crushed with activated carbon, which was called the optimized MgH2 in the 

Figure, with a reversible capacity of 1450 mAh/g (75% of the theoretical capacity 2038 

mAh/g). It has a small particle size, with a diameter of about 50µm, and numerous micro-

cracks in the structure which would facilitate hydrogen diffusion. Also, it is mixed with 

activated carbon which improves the electrical conductivity of the composite material 

[39] [47]. 
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Figure 7. The relation of discharge capacity and particle size of MgH2 powder [46] 

 

To further study the effect of particle size on the performance of the electrode 

materials, commercial Al powder and nano-sized activated Al prepared from PCT de-

hydrogenation process were also used as the anode material in the Li-based batteries.  

Lithium aluminum hydride (LiAlH4 or LAH), is another important hydrogen 

storage material which contains 10.6 wt. % hydrogen.  It is also the reactant in the AlH3 

synthesis reaction (Reaction 1.1). We assumed it may have similar electrochemical 

properties as AlH3, and could be compatible in a Li-based battery, since there is already 

Li in the chemical formula. In Part I of this thesis, LiAlH4 was also tested in the 

Swagelok test cells for its electrochemical properties. 
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Chapter 3 Experimental Methods 

This chapter will describe the equipment and experimental methodologies used in 

Part I of this thesis. 

 

3.1 Thermal Gravimetric Analysis (TGA) and Differential Scanning Calorimetry 
(DSC) 

TGA and DSC scans of the synthesized metal hydride samples were performed on 

a TA instruments Q50 TGA (see Figure 9) and Q20 DSC (see Figure 8), respectively. 

Scans were taken at 2°C/min under an argon (Ar) flow of 60 mL/min. Samples were 

loaded into aluminum sample pans (Tzero pans, TA instruments) in an inert atmosphere 

glove box and crimped shut (using Tzero sample press kit, TA instruments) with an 

aluminum sample pan lid (Tzero lids, TA instruments), which has a small hole to allow 

hydrogen to escape during heating, while minimizing sample exposure to atmosphere 

during the transfer process.  Samples were then transferred from the Ar-filled glove box 

and onto the sample holder with brief exposure to atmosphere [48]. The TGA and DSC 

techniques complement each other well, allowing us to distinguish between solvent loss 

and sample de-hydrogenation. 
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Figure 8. TA instruments Q20 DSC 
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Figure 9. TA instruments Q50 TGA 
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3.2 X-ray Diffraction 

Powder X-ray diffraction (XRD) is a versatile, non-destructive technique that 

reveals detailed information about the crystal structure of a material structure. The X-ray 

diffraction pattern of a material is like a fingerprint of the substance. By comparing 

diffraction data against a XRD patter of a reference sample or a database maintained by 

institutions like the International Centre for Diffraction Data (ICDD), powder XRD can 

be used to identify substances.  

 

 

Figure 10. Rigaku Miniflex X-ray diffractometer 
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In this work, the Rigaku Miniflex X-ray Diffractometer was used to collect XRD 

spectra (see Figure 10). 

 

3.3 Electroplating 

Electroplating is a process in which metal ions in a solution are moved by an 

electric field to coat an electrode. It is analogous to a galvanic cell acting in reverse. Both 

electrodes are immersed in a solution called an electrolyte containing one or more 

dissolved metal salts as well as other ions that promote the flow of electricity in the 

electrolyte. During the process, the cations of the desired material (such as Sn2+) are 

removed from the electrolyte to coat a conductive object (such as Cu foil) with a thin 

layer of the material. The electrode to be plated (such as Cu foil) is the cathode of the 

circuit. 

 In this part of the thesis, a homemade electroplating cell was used (see Figure 11). 

Five pieces of Teflon plates were glued together by a special epoxy to build up a 

rectangular parallelepiped container. The top of the container was another piece of Teflon 

plate with two wires drilled though, which connected to the electrodes. 
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Figure 11. Home-made electroplating cell 
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The Keithley Model 2400 Source Measure Unit (SMU) was used as the power 

supply which supplies a direct current to the anode (such as Al plate), oxidize the metal 

(Al) and allow them to dissolve in the electrolyte. At the cathode (Cu foil), the dissolved 

metal ions in the electrolyte solution (such as Sn2+) "plate out" onto the cathode. The rate 

at which the anode is dissolved is equal to the rate at which the cathode is plated, vis-a-

vis the current flowing through the circuit. In this manner, the ions in the electrolyte bath 

are continuously replenished by the anode. 

 

3.4 Swagelok Cells 

Electrode materials for lithium ion (Li-ion) battery were tested in Swagelok test 

cells. The cell design discussed here is a modified version of the one discussed by 

Guyomard and Tarascon [49].  A stainless steel (SS) rod (half inch or one inch) was fitted 

with a Swagelok Teflon ferrule (T-810-SET, or T-1613-1 and T-1614-1) and inserted into 

a half inch or one inch stainless steel (SS) bored-through union (SS-810-6PD or SS-1610-

6BT). Inside the union, as piece of plastic sheet was placed around wall to prevent short 

circuits. 

Take the half inch cell for example. After the rod was inserted into the union and 

tightened, the testing material (0.002 ± 0.001g) was loaded into the union. A 9/16 inch 

borosilicate glass fibre separator (Whatman GF/D 675 2.7 Prefilter) was placed on top of 

the material (a slightly larger size separator was used to prevent short circuits between the 

anode and cathode). The separator was soaked in electrolyte. The electrolyte is 1 M 

lithium hexafluorophosphate (LiPF6) in a mixed solvent of ethylene carbonate and diethyl 

carbonate (EC:DEC, 1:1 by volume, purchased from Novolyte Technologies Ltd.). A 3/8 
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inch Li-foil disk was placed on the SS disk and compressed to encourage adhesion. The 

SS disk and Li-foil disk were loaded into the union: SS disk in contact with a conical 

compression SS spring (McMaster Carr) and Li-foil disk facing the separator.  

Another SS tube (half inch diameter and three inches long, or one inch diameter 

and six inches long) (Swagelok©) was fitted with a Swagelok Teflon ferrule (T-810-SET, 

or T-1613-1 and T-1614-1) and inserted into the other end of the union, and the nut was 

hand-tightened (see Figure 12) [50]. 

 

 

Figure 12. Expanded view of a Swagelok test cell 

 

Swagelok test cells were constructed in an argon atmosphere glove box. Figure 13 

is an image of the Swagelok test cells, unassembled (upper) and fully assembled (lower). 
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Figure 13. Swagelok test cell 

 

3.4.1 Electrochemistry Tests and Data Collection 

Electrochemistry tests were performed with a Keithley Model 2400 Source 

Measure Unit (SMU). It can provide precision current sourcing and measure the voltage 

at the same time (or vice versa).  

The data collection and calculations were performed by the TestPoint software 

written by Dr. Shane Beattie: the current; the higher and lower cut off voltage (usually 0 - 

2V or 3.5V); and the number of discharge / recharge cycles can be set up using the 

software, which controls the operation of the Keithley Model 2400 as desired.   
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During the experiment, the software will save the data collected from Keithley 

2400 in an excel sheet every 60 seconds or when the voltage change is larger than 0.1V 

as the user defined. By inputting the weight of the active electrode material into the 

software, it can convert the current data into cumulated capacity using Equation 3.1, and 

create a voltage vs. cumulative capacity plot on the software window, which makes it is 

possible to monitor the process of the experiment in real time. 

Accumulated Capacity �mAh
g
� =  𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑚𝑚)×𝑇𝑇𝑚𝐶 (𝑠)

3600 𝑠
ℎ𝑜𝑜𝑜 ×𝑀𝑀𝑠𝑠 (𝑔)

                                 (Equation 3.1) 

where mass refers to the mass of activated material (g). It is a fast, accurate, and highly 

stable instrument that meets the needs of our electrochemistry experimental 

measurements. 

 

3.4.2 Capacity Rate (C-rate) 

The charge and discharge current of a battery is measured in C-rate (capacity 

rate). Most of the time, batteries are rated at 1C. This means that a battery of 1000 mAh 

capacity would provide 1000 mA for 1 hour if discharged at 1C rate. The same battery 

discharged at 0.5C would provide 500 mA for 2 hours. At 2C, the 1000 mAh battery 

would deliver 2000 mA for 30 minutes. Based on the calculation above, 1C is often 

referred to as a one-hour discharge; a 0.5C would be a two-hour, and a 0.1C a 10-hour 

discharge. 

 Theoretically, the total capacity obtained from the same battery discharged should 

be the same regardless the discharge rate (discharge C-rate), since the same total amount 

of energy is dispensed. However, due to internal energy losses and a voltage drop, the 
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battery is likely to reach the low-end voltage cut-off sooner at higher discharge rate and 

the capacity measured may be lower. The discrepancy in capacity readings with different 

C-rates is related to the internal resistance and the over potential of the battery. The 

slower the discharge process is (at lower discharge rate), the more likely to obtain the 

theoretical capacity. 

 

3.4.3 Reliability of the Swagelok Test Cells 

In order to examine the reliability of the Swagelok cells in electrochemistry tests, 

tin - lithium (Sn-Li) cells were assembled in our lab. The voltage profile of a Sn-Li cell is 

well understood, which provided us reliable results for comparison. Figure 14 

demonstrates a typical Sn-Li voltage profile which was obtained from a Sn-Li cell with a 

Sn powder anode. Each plateau in the voltage profile corresponds to a two-phrase co-

existence region according to the Sn-Li phase diagram (see Figure 15). As the Sn-based 

electrode reacted with Li, starting from the right hand side of the Sn-Li phase diagram, it 

went through many phase changes. Sn has high specific capacity of 994 mAh/g 

(according to Li22Sn5) with the alloying capacity of 4.4 Li atoms per Sn atom [51]. 

Electroplated Sn anodes were expected to behave much like electrodes made from 

powdered Sn [38]. 
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Figure 14. A typical Sn-Li voltage profile [38] 
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Figure 15. The Sn-Li phase diagram [38] 

 

Electroplated Sn anodes that were used for the Swagelok cell testing were 

prepared in a home-made electroplating cell as introduced in section 3.3. The Cu foil 

cathode to be electroplated by Sn, and the Al plate anode was cleaned with acetone, 

ethanol and methanol before the experiment to wash away the any impurities and grease 

on the surface. Because of the low initial cost and the relative ease of maintenance, a 

sulfate acid electrolyte with 60 g/L SnSO4, 40 g/L H2SO4, 2 g/L gelatine and 1 g/L β-

Naphthol (gelatine and β-Naphthol were added as levelling agents) was used for 
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electroplating. A 100 mA current was provided by a Keithley 2400 for 300 minutes. A 

copper foil with bright tin surface (Cu/Sn) was obtained, which was used in the 

subsequent Li batteries experiments to test the performance of Swagelok cells.  

The Cu/Sn foil made from electroplating was punched into small disks with 7/16 

inch diameters. Then the Cu/Sn disk was loaded into a Swagelok test cell as the anode. 

Each Cu/Sn disk had about 9mg Sn material on the Cu surface which acted as the 

reacting material in the cell. The Swagelok test cells were assembled in the argon-filled 

glove box due to the sensitivity of Li metal in the atmosphere. The charge / discharge 

experiments were performed on the Keithley 2400 in a voltage window of 0.001 - 1V. 

 

 

Figure 16. Voltage vs. cumulative capacity data for a Swagelok test cells with tin 

anode 
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Figure 16 shows a typical voltage vs. cumulative capacity graph of the test cells 

with a tin anode. The cell was tested at 0.089 mA (C/100). Comparing the test data with 

Figure 14, the Sn-Li voltage profile obtained from the Swagelok test cell was consistent 

with the typical Sn-Li cell curve with a Sn powder anode. The plateaux at 0.6, 0.8 and 

0.4V show the various phase transitions of Sn-Li alloys clearly. Figure 16 also shows the 

capacity decreased as the cycle number increased. 

 

Table 3. Cycle number and capacity data of the Sn-Li Swagelok test cell 

Cycle number Discharge capacity (mAh/g) Recharge capacity (mAh/g) 

1 619 503 

2 541 N/A 

 

The experiment had very good repeatability as well, which means the 

performance of the Swagelok test cell is stable. Figure 17 and Table 4 shows results of 

another Swagelok test with Sn anode, which demonstrates very good repeatability of the 

Swagelok test cell design and can provide reliable data corresponding to the character of 

selected anode materials.  

Thus, the Swagelok test cells can be used as a reliable testing method for Li-based 

battery experiments. 
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Figure 17. Voltage vs. cumulative capacity data for another Swagelok test cells with 

tin anode 

 

Table 4. Cycle number and capacity data of another Sn-Li Swagelok test cell 

Cycle number Discharge capacity (mAh/g) Recharge capacity (mAh/g) 

1 697 572 

2 568 N/A 
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3.5 Pressure-Composition-Temperature Testing (PCT) 

Pressure-Composition-Temperature Testing (PCT) is commonly used to measure 

the gas sorption / desorption properties of materials. PCT Pro 2000 instrument (Setaram 

and Hy-Energy) (see Figure 18) can provide pressure from 0.01 to 200 atm with a 

temperature range up to 400˚C. The activation of anode materials for Li-based battery, 

such as desorption of H2 from AlH3 to obtain activated Al particles, were performed 

using PCT Pro 2000. 

 

 

Figure 18. PCT Pro-2000 
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3.6 Scanning Electron Microscope (SEM) and Scanning Transmission Electron 
Microscope (STEM) 

The Scanning Electron Microscope (SEM) is an extremely versatile instrument 

that can be used to characterize the material by providing morphological, chemical and 

physical information. It uses a focused beam of high-energy electrons to systematically 

scan across the surface of the material. By collecting and analyzing the variety of signals 

from the beam-material interaction, SEM can provide the surface details of solid 

materials. 

Similar to the SEM, the Scanning Transmission Electron Microscope (STEM) 

uses high energy electron beams to look through very thin, thinned, or sectioned samples 

to examine their composition and internal structure at magnification ranging from a few 

hundred times to a million times. 

All the SEM and TEM results presenting in this thesis were collected in the 

Microscopy and Microanalysis Lab at University of New Brunswick using JEOL 

JSM6400 Digital SEM (see Figure 19) and JEOL 2011 STEM (see Figure 20). 
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Figure 19. JSM6400 Digital SEM at Microscopy and Microanalysis Lab in UNB 

(photo credit: Microscopy and Microanalysis Lab) 
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Figure 20. JEOL 2011 STEM at Microscopy and Microanalysis Lab in UNB (photo 

credit: Microscopy and Microanalysis Lab) 
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Chapter 4 Experimental   

4.1 Synthesis of Pure AlH3 Samples 

AlH3 is a highly reactive material which will easily decompose in atmosphere and 

elevated temperatures. The synthesis of AlH3 followed the Brower method [33] from the 

reaction between LiAlH4 and AlCl3 in ether forming an AlH3 - etherate complex.  

3 𝐿𝐿𝐿𝐿𝐿4  +  𝐿𝐿𝐴𝐿3  →  4 𝐿𝐿𝐿3  + 3 𝐿𝐿𝐴𝐿 ↓                                                    (Reaction 1.1)  

The AlH3 - etherate complex was then decomposed to pure AlH3 under a mild 

heating process [52].  

To make 2.00g of AlH3, 2.22g aluminium chloride (AlCl3, ReagentPlus®, 

anhydrous, granular, ≥ 99.9% from Sigma-Aldrich) was dissolved in 100 mL diethyl 

ether (dehydrated and purged with argon to remove air) and added to a 300 mL solution 

with 2.53g lithium aluminium hydride (LiAlH4, reagent grade, 95%, powder from 

Aldrich). Then the mixture was stirred for a few minutes to mix thoroughly. The LiAlH4 

often did not fully dissolve. A light grey precipitate of LiCl started to appear soon after 

mixing the two solutions. The mixture was then filtered to remove the precipitate and 

excess LiAlH4. The ether solvent was removed under vacuum and left a white powder of 

aluminum hydride - ether complex. The powder was then ground and baked at 70°C 

under vacuum in an oil bath for 6 hours. This step must be performed very carefully to 

prevent the fine powder being sucked out of the vessel. The light grey powder was then 

washed with diethyl ether and dried under vacuum, leaving pure AlH3 [53]. 
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4.2 Synthesis of AlH3 + Binder Samples 

In an effort to optimize the performance of AlH3 electrodes both binders and 

conductivity promoting agents were studied. PVDF (polyvinylidene fluoride) is a 

thermoplastic fluoropolymer, which is commonly used to make composite electrode for 

Li-ion batteries due to its inert chemistry property over the potential range used and does 

not react with the electrolyte or lithium. PVDF is added during synthesis of the AlH3 

anode materials and acts as a binder and improves electrode integrity. This is an 

important consideration, as the AlH3 could polymerize on and around the PVDF binder 

during synthesis.  

Carbon P-Li (conductive carbon black, TIMREX®) was also added to improve 

the performance of the AlH3 electrode.  

 

4.2.1 AlH3 + PVDF 

The synthesis of the AlH3 + PVDF binder sample was similar to the synthesis of 

pure AlH3. The PVDF was added into the solution after the precipitate and excess LiAlH4 

was removed by filtering. The mixture was stirred thoroughly to form a homogenous 

solution; the ether solvent was then removed under vacuum and left a white powder of 

aluminum hydride - ether complex with PVDF. The powder was then ground and baked 

at 70°C under vacuum in an oil bath for 6 hours. The light grey powder was then washed 

with ether and dried under vacuum, leaving grey AlH3 + PVDF sample. Adding the 

PVDF during synthesis of AlH3 is an important step, as it should encourage strong 

adhesion between the AlH3 and the PVDF. 
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4.2.2 AlH3 + Carbon P-Li 

The synthesis of AlH3 + carbon P-Li and the synthesis of AlH3 + PVDF are 

identical, except that carbon P-Li was added (as a conductive reagent) instead of PVDF. 

The carbon P-Li (conductive carbon black, TIMREX®) was added into the solution after 

the precipitate and excess LiAlH4 was removed by filtering. The mixture needed to be 

stirred thoroughly to form a homogenous solution. The black powder (the color of carbon 

P-Li) was then ground and baked at 70°C under vacuum in an oil bath for 6 hours. After 

baking, the sample powder was washed with ether and dried under vacuum, leaving black 

AlH3 + carbon P-Li sample. 

 

4.2.3 AlH3 + Carbon P-Li and PVDF 

The synthesis of AlH3 with carbon P-Li and PVDF sample followed the same 

synthesis procedure as discussed above, both the carbon P-Li and PVDF were added at 

the same time. 

 

Five AlH3 based samples were synthesized in total for electrochemistry tests as 

listed in Table 5.  

 

4.3 Al Anode Using Commercial Al Powder 

To prepare the aluminum anode: 0.5g Al powder (ANACHEMIA) was mixed 

with 0.1g carbon P-Li (TIMREX®) and 0.05g polyvinylidene fluoride (PVDF) in 1.75 

mL N-Methyl-2-pyrrolidone (NMP, Kanto Corporation) solvent. The carbon P-Li was the 

conducting agent, while the PVDF was added as the binder. The mixture was ball milled 
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for 30 minutes at 100 revolutions per minute (rpm) speed to form homogeneous slurry. 

The slurry was then spread over a piece of stainless steel disk and dried in the oven 

overnight. 

 

4.4 Synthesis of Nano-size Activated Al 

The particle size was a key consideration in the Li-MgH2 system. In order to 

study how the particle sized would affect the material’s electrochemical performance, 

nano-sized activated Al was made from dehydrogenation of AlH3 by PCT to examine the 

relationship between the Al powder size and its capacity. 

 Pure AlH3 was loaded into a stainless steel PCT vessel in an argon-filled 

glovebox and dehydrogenated at 200°C for 15 hours under 0.1 bar of hydrogen pressure. 

About 7.4 wt. % of H2 was lost after the PCT experiment, which is close to the theoretical 

hydrogen content of AlH3 (10 wt. %). Then, the activated Al powder was taken out and 

stored in a vial in an argon-filled glovebox to prevent the sensitive material from 

oxidizing in air. 

  

4.5 X-ray Diffraction 

X-ray diffraction (XRD) was used to characterize the synthesized AlH3 samples. 

Due to the high sensitivity of the sample, the sample preparation was carried out in the 

argon filled glove box. The sample powder was loaded in a small XRD sample holder, 

covered with a piece of parafilm which sealed the sample holder at the edge of the sample 

disk to prevent gas or vapor reacting with the sample during analysis. The sealed sample 
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holder was then transported from the glove box and transferred to the XRD chamber for 

analysis. 

 

4.6 Electrochemistry Tests 

Synthesized AlH3 powder and the nano-size activated Al powder (between 1 - 

10mg) were loaded into the cells and assembled in an argon-filled glove box. The 

samples were tested as the anode materials in half-inch Swagelok test cells with lithium 

metal as the counter electrode. The electrochemical performance of AlH3 and activated 

Al samples were tested vs. metallic Li foil with a borosilicate separator and an electrolyte 

of 1 M LiPF6 in a 50:50 mixture of EC:DEC solvent. The charge / discharge experiments 

were performed with a Keithley 2400 in a voltage window of 0.001 - 1V or 3.5V under 

constant current conditions.  

The SS disk with the commercial Al electrode material on top was loaded into the 

1 inch diameter Swagelok test cell with about 8 mg of Al anode material. The 

charge/discharge experiments were performed with a Keithley 2400 in a voltage window 

of 0.001 - 1V. And 0.4 mA (C/20) current was used to perform the discharging / 

recharging cycles. 

 

4.7 TGA and DSC Analysis 

The thermal gravimetric analyzer (TGA) and differential scanning calorimetry 

(DSC) scans of the synthesized AlH3 based samples were taken under an argon flow of 

60 mL/min at 2°C/min heating rate from room temperature to 350°C. Samples were 

loaded into Tzero aluminum sample pans (TA instrument, T141020) in an inert 
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atmosphere glove box and crimped shut with Tzero aluminum sample pan lid (TA 

instrument, T141007), on which a small hole was punched with needles to allow the 

released hydrogen gas to escape during heating while minimizing sample exposure to 

atmosphere during the transfer process. Samples were then transferred from the glove 

box and into the sample holder with brief exposure to atmosphere [48]. 
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Chapter 5 Results and Discussion 

5.1 Characterization 

XRD, TGA and DSC were used to characterize the synthesized AlH3 samples.   

From the XRD pattern (Figure 21), the samples appear to be mostly amorphous, 

which indicates the existence of residual solvent in the sample in the form of AlH3 - 

etherate complexes [52]. However, there are weak peaks that match well with the 

standard AlH3 diffraction pattern from the PDF database (REF. 038-0757).  

The TGA curves of the samples were similar (see Figure 22 to Figure 26). 

Consider the AlH3 sample in Figure 22 for example: there was approximately 0.5 wt. % 

diethyl ether solvent lost between 30 - 60°C. The dehydrogenation of AlH3 occurred 

between 130 - 150°C, which is consistent with the previous dehydrogenation of AlH3 

experiments reported in the literature [52]. The weight loss of dehydrogenation equals to 

10 wt. % weight of pure AlH3 contains in the sample based on the following reaction:  

2 𝐿𝐿𝐿3
𝑑𝐶ℎ𝑦𝑑𝐶𝑦𝑔𝐶𝐶𝑀𝐶𝑇𝑦𝐶
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�  2 𝐿𝐿 + 3 𝐿2 ↑                                                            (Reaction 5.1) 

After subtracting the contribution by the binders and pure AlH3 in the sample, the 

remaining weight could be assigned as impurities, including the residual reactants and 

solvents of synthesis, and Al from decomposition of AlH3 during drying. The temperature 

of evaporation of solvent and decomposition of AlH3 were confirmed by DSC.  
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Figure 21. XRD pattern of synthesized AlH3 samples. The first two strong peaks 

(labeled with dots) are from the parafilm used to prevent oxidation of the sample 

during collection of the XRD spectrum, the REF. 038-0757 indicates the peaks for 

AlH3 from the XRD PDF 
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From the TGA and DSC results, the solvent content and the purity of the AlH3 

sample can be calculated, which apply to the calculation of capacity in electrochemistry 

tests (see Table 5). The cumulative capacity data demonstrated in this study were all 

based on the pure content of AlH3 in the samples. 

 

Figure 22. TGA and DSC results for synthesized pure AlH3 sample 
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Figure 23. TGA and DSC results for AlH3 + 10 wt. % PVDF sample 

 

Figure 24. TGA and DSC results for AlH3 + 10 wt. % carbon P-Li sample 
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Figure 25. TGA and DSC results for AlH3 + 25 wt. % carbon P-Li sample 

 

Figure 26. TGA and DSC results for AlH3 + 10 wt. % PVDF + 10 wt. % carbon P-Li 

sample 
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Table 5. Samples’ composition calculated from TGA and DSC data; and their 

discharge capacity as anode materials under different C rate 

 Sample Samples’ composition Discharge capacity (C-rate) 

1 AlH3 70 wt. % AlH3 

0.5 wt. % diethyl ether 

29.5 wt. % impurities 

(e.g. Al from AlH3 decomposition) 

1035 mAh/g (C/150) 

1200 mAh/g (C/250) 

2 AlH3 

+ 10 wt. %   

PVDF 

80 wt. % AlH3 

10 wt. % PVDF 

10 wt. % impurities 

3226 mAh/g (C/250) 

3 AlH3 

+ 10 wt. % 

carbon P-Li 

70 wt. % AlH3 

0.5 wt. % diethyl ether 

10 wt. % carbon P-Li 

19.5 wt. % impurities 

2344 mAh/g (C/250) 

4 AlH3 

+ 25 wt. %  

    carbon P-Li 

57 wt. % AlH3 

25 wt. % carbon P-Li 

18 wt. % impurities 

1557 mAh/g (C/250) 

5 AlH3 + 10 wt. %    

carbon P-Li 

+ 10 wt. % 

PVDF 

75 wt. % AlH3 

10 wt. % carbon P-Li 

10 wt. % PVDF 

5 wt. % impurities 

1938 mAh/g (C/300) 



 

56 

 

5.2 Electrochemical Tests of AlH3 Based Materials 

There were two possible reactions that could occur between the Li and AlH3 

electrodes (see Reaction 5.2 and 5.3).  

AlH3 + 3 Li ↔ 3 LiH + Al                                                                            (Reaction 5.2) 

y AlH3 + (x+3y) Li ↔ 3y LiH + LixAly                                                        (Reaction 5.3) 

According to the literature [54], Al can also be a good anode in Li-ion batteries, 

which means the Al product (when x = 0) in Reaction 5.2 can continue to react with Li 

and produce a LixAly alloy. So Reaction 5.4 is the theoretical reaction happening inside 

the Li ion battery between Li and AlH3. According to Equation 2.1 and Reaction 5.4 as 

below, the theoretical capacity of AlH3 is 3573 mAh/g if LiAl alloy is formed. 

AlH3 + 4Li ↔ 3LiH + LiAl                                                                           (Reaction 5.4) 

 

5.2.1 Pure AlH3 Sample Electrode in Li Battery 

The discharge voltage of the pure AlH3-Li cell occurs at about 0.25V, as can be 

seen from the voltage vs. capacity data (see Figure 28), which can be assigned to the 

formation of LiH and LiAl [54], while the recharge voltage was about 0.5V. AlH3 has a 

low lithiation potential which is desirable when paired with standard high voltage 

cathodes (e.g. LiCoO2) (see Figure 27). 
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Figure 27. Comparison of potential of different electrode materials 

 

 

Figure 28. Voltage vs. cumulative capacity for AlH3 vs. Li (C/150) 
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Figure 29. The evolution of the capacity as a function of cycle number for the test 

cell with pure AlH3 anode (C/150) 

 

Approximately 1035 mAh/g lithiation (discharge) capacity with approximately 

136 mAh/g of delithiation (recharge) capacity was recorded for the first cycle (see Figure 

28). The recharge capacity was only about 1/8th of the discharge capacity. The 

electrochemical reaction was partially reversible, and the discharge / recharge capacity 

decreased as the cycle number increased (see Figure 29). After approximately four 

cycles, the cell capacity was near zero. 

It should be noted that AlH3 (like Li) reacts violently with electrolyte. It is an 

exothermic reaction with evolved smoke, and sometimes sparks. The amount of AlH3 

used in the Swagelok test cells was small, and the electrolyte was adsorbed by the glass 
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fibre separator, which decreased the violent degree of the reaction. But the electrolyte 

could still react partially with the top layer of AlH3.  It is assumed that as with Li, the 

AlH3 reacts with the electrolyte to form a stable solid-electrolyte interphase (SEI). Once a 

stable SEI is formed, the reaction of AlH3 with electrolyte stops.  From the SEM image 

(Figure 30), we can see that the AlH3 particles appear to be covered with an organic layer 

(e.g. SEI), after reacting with electrolyte. 

 

 

Figure 30. SEM image of pure AlH3 (left) and AlH3 reacted with electrolyte (right) 

 

When the C rate was decreased to C/250, the discharge capacity increased to 1200 

mAh/g. Figure 31 shows clearly that before the AlH3 started to decompose to LiAl and 

LiH at 0.25V, about 70 mAh/g capacity was achieved. This capacity no doubt arises from 

the decomposition of SEI. The voltage vs. capacity diagram shows a continuous 

downward slope until the voltage reached about 0.25V, where it plateaus representing the 

electrochemical decomposition of AlH3 to LiAl and LiH. It means that there were many 
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electrochemical reactions happened between the 2V to 0.25V window, but none of the 

reactions was the main reaction (e.g. Reaction 5.2 or 5.4) in this experiment. The 

decomposition of AlH3 requires lower voltage than the other side reactions, and happened 

after the formation of the SEI. The SEM images did not show much change in the AlH3 

anode appearance before and after the electrochemical tests (see Figure 32).   

 

 

Figure 31. Voltage vs. cumulative capacity for AlH3 vs. Li (C/250) 
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Figure 32. SEM images of AlH3 before (left) and after (right) electrochemical test 

 

5.2.2 AlH3 + 10 wt. % PVDF Sample Anode in Li Battery 

A 3226 mAh/g discharge capacity and 463 mAh/g recharge capacity was 

achieved in the first cycle when a C/250 current was used. The discharge capacity of the 

AlH3 + 10 wt. % PVDF sample anode is two times higher than the pure AlH3 anode (with 

no PVDF) cycled at the same C rate (see Figure 33), and 90% of the theoretical discharge 

capacity was achieved. Adding PVDF binder into the AlH3 electrode material improved 

the reversible capacity of the cell greatly. 
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Figure 33. Voltage vs. cumulative capacity for AlH3 + 10 wt. % PVDF vs. Li (C/250) 

 

5.2.3 AlH3 + 10 wt. % or 25 wt. % Carbon P-Li Sample Anode in Li Battery 

Although adding 10 wt. % carbon P-Li binder improved the cell discharge 

capacity from 1200 mAh/g to about 2344 mAh/g (66% of the theoretical capacity) in the 

first cycle under C/250 conditions (see Figure 34),  the carbon P-Li did not improve the 

capacity of the cell as much as the PVDF binder did.  
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Figure 34. Voltage vs. cumulative capacity for AlH3 + 10 wt. % carbon P-Li vs. Li 

(C/250) 

 

The carbon P-Li content of the sample was increased to 25 wt. % carbon P-Li, 

which made the sample very reactive. Even in an argon-filled glove box, the sample had 

high volatility with the electrolyte (1 M LiPF6 in a 50:50 mixture of EC:DEC). This may 

be because the AlH3 was adsorbed on the large surface of carbon P-Li, which increased 

surface area and reactivity. The sensitivity of the sample made it very difficult to cycle. 

Only 1557 mAh/g discharge and 315 mAh/g recharge capacity was achieved (See Figure 

35). The low capacity may also due to the parasitic reactions with the electrolyte. 

 



 

64 

 

 

Figure 35. Voltage vs. cumulative capacity for AlH3 + 25 wt. % carbon P-Li vs. Li 

(C/250) 

 

5.2.4 AlH3 + 10 wt. % PVDF + 10 wt. % Carbon P-Li Sample Anode in Li Battery 

10 wt. % PVDF and 10 wt. % carbon P-Li was added into the AlH3 sample in 

searching of a balance between high surface area, high discharge capacity and stability of 

the sample. From the SEM image, the anode material mixed thoroughly, and a very fine 

particle mixture was formed (see Figure 36). Under C/300 conditions, a 1938 mAh/g 

discharge capacity and 184 mAh/g recharge capacity was observed in the first cycle, 

which is still lower than the capacity of AlH3 sample with 10 wt. % PVDF.  
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Figure 36. SEM images of AlH3 + 10 wt. % PVDF + 10 wt. % carbon P-Li material 

before (left) and after (right) electrochemical testing 

 

It should be noted that the recharge capacity was low with or without addition of 

the binders. One way to explain the poor capacity retention is to consider the volume 

expansion associated with lithiation of the AlH3 electrode.  As the AlH3 is lithiated, it 

expands, and this expansion causes significant particle rearrangement.  Furthermore, as 

the particles expand, the native SEI layer expands along with it.  Since the SEI is not very 

elastic, it cracks, exposing new surfaces, which form new SEI (see Figure 36).  The 

particles close to the current collector (SS disks and rods inside the Swagelok test cells) 

expand as well, which can cause poor connection between the current collector and active 

particles.  If the SEI layer is not stable, the electrode can become electronically isolated, 

and unavailable for cycling, hence capacity fades.   
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Figure 37. Voltage vs. cumulative capacity for AlH3 + 10 wt. % PVDF + 10 wt. % 

carbon P-Li vs. Li (C/300) 

 

5.3 Electrochemical Tests of Al Based Materials 

As mentioned before, AlH3 first reacts with Li to form Al (Reaction 5.2). Al will 

further react with Li to form LiAl. In order to understand the AlH3-Li system, it was 

necessary to look into the electrochemical behavior of Al-Li. 

 The use of Al-Li system in a Li-based battery is also not well known. An 

observation of the Al-Li binary diagram indicates that there are four possible alloys: 

Al3Li, AlLi, Al2Li3 and Al4Li9 (see Figure 38). So the maximum theoretical Li uptake for 

an aluminum electrode could be 2.25 Li per Al atom, and the theoretical capacity of a Al-

Li battery is 2234 mAh/g if the Al4Li9 alloy can be formed. Experimental evidence 
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suggests that the Al4Li9 alloy does not form, and the maximum lithiated product is LiAl, 

with a theoretical capacity of 993 mAh/g [54]. 

 

 

Figure 38. Al-Li alloy phase diagram [55] 

 

5.3.1 Commercial Al Powder 

The voltage vs. cumulative capacity profile of using commercial Al powder with 

15 wt. % carbon P-Li and 8 wt. % PVDF as the anode material in an Al-Li Swagelok test 

cell is shown in Figure 39. The discharge voltage of the Al electrode cell was about 

0.25V, which corresponds to the voltage required to form the LiAl alloy [54]. It should be 
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noted that the Al-Li discharge voltage is very close to the AlH3-Li discharge voltage; 

however, the AlH3-Li capacity (theoretical discharge capacity of 3573 mAh/g) is much 

larger than the Al-Li capacity (theoretical discharge capacity of 993 mAh/g), suggesting 

that the hydrogen in AlH3 is alloying with Li to form LiH.  

 

 

Figure 39. Voltage vs. cumulative capacity for Al + 15 wt. % carbon P-Li + 8 wt. % 

PVDF vs. Li (C/20) 

 

The discharge capacity of the first cycle is 676 mAh/g, which is about 70% of the 

theoretical capacity of 993 mAh/g. Also, a large amount of recharge capacity was 

attained, more than 400 mAh/g for the first cycle. The electrochemical reaction was 

partially reversible. However, the capacity retention was poor and the discharge / 
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recharge capacity went down to about 200 mAh/g as the cycle number increases and the 

discharge / recharge capacity stay stable at 200 mAh/g level (see Figure 40). 

 

 

Figure 40. The evolution of the capacity as a function of cycle number for the test 

cell with Al + 15 wt. % carbon P-Li + 8 wt. % PVDF anode (C/20) 

 

5.3.2 Nano-sized Activated Al Powder 

The discharge capacity of the first cycle of activated Al was about 800 mAh/g, 

which is higher than that of Al powder anode with 15 wt. % carbon P-Li and 8 wt. % 

PVDF (See Figure 41). However, the recharging capacity of the first cycle was only 

about 200 mAh/g, which is much lower than that of Al powder anode with 15 wt. % 
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carbon P-Li and 8 wt. % PVDF (420 mAh/g).  After 3 cycles, the discharge / recharge 

capacity stays stable at 100 mAh/g level (see Figure 42).  

 

Figure 41. A voltage vs. cumulative capacity for activated Al vs. Li (C/100) 
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Figure 42. The evolution of the capacity as a function of cycle number for the test 

cell with activated Al anode (C/100) 

 

By lowering the cycling current, for example, C/500, a higher discharge capacity 

can be reached (about 900 mAh/g) (See Figure 43), but the recharge capacity was still 

low (about 300 mAh/g).  
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Figure 43. A voltage vs. cumulative capacity for activated Al vs. Li (C/500) 

 

The SEM images show that the particle size becomes larger after the 

electrochemical test of activated Al, no doubt that a layer of SEI film formed on the 

particles (see Figure 44). The formation of SEI, and the expanding and shrinking of the 

Al particles caused by the insertion and removal of the Li ion may be the main reasons 

for the poor cycle ability. 
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Figure 44. SEM images of activated Al before (left) and after (right) electrochemical 

test 

 

5.4 Electrochemical Tests of LiAlH4 

Based on the electrochemical reaction as below, the theoretical capacity of LAH 

is 2119 mAh/g: 

4Li + LiAlH4 ↔ 4LiH + LiAl                                                                         (Reaction 5.5) 

A C/50 discharging / recharge current was provided (see Figure 45). Only 90 

mAh/g discharge capacity was achieved in the first cycle, and the cell died quickly. And 

no voltage plateau at 0.25V can be observed in this voltage profile, which suggests no 

LiAl was formed during the discharge process. It may also suggest that the LiAlH4 

reacted with the electrolyte, and formed some resultant with poor electrochemical 

properties (e.g. unstable or thick SEI). The 90 mAh/g discharge capacity may be solely 

from SEI formation. 
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Figure 45. voltage vs. cumulative capacity for activated LiAlH4 vs. Li (C/50) 
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Chapter 6 Conclusion and Future Work 

6.1 Conclusion 

As demonstrated in Chapter 3, the proposed Swagelok test cell is a reliable 

method to examine the electrochemical characteristics of potential Li-ion battery 

electrode materials. Although results from the Swagelok test cell rarely demonstrated full 

theoretical discharge / recharge capacity, this was not surprising, as there are always 

internal energy losses and the forming of SEI inside the cell. However, the Swagelok cell 

is a simple and useful method for quickly testing new and novel electrode materials. 

AlH3 samples were synthesized and used as anode materials in Li-ion batteries for 

the first time ever (to our knowledge). Different components, such as carbon P-Li and 

PVDF were added with different proportions to improve the performance of the electrode 

(see Table 5). Although the reaction is not very reversible (low delithiation capacity and 

short cycle life), capacities as large as 3226 mAh/g were achieved in the first discharge, 

which was still a very exciting result for researches studying Li-based battery and 

hydrogen storage material. The fact that near theoretical capacity was achieved means 

that Li successfully alloyed to form LiAl and LiH. Moreover, AlH3 has a low lithiation 

potential which is desirable when paired with standard high voltage cathodes (e.g. 

LiCoO2).   

It should be noted that these tests were performed on powders. If the powder 

could be coated into a proper electrode, and appropriate binders / electrolytes identified, 

AlH3 could be a promising, and unique, anode material for future Li-based batteries. 

Nano-size activated Al also demonstrated electrochemical properties to be a 

promising candidate for Li-ion negative electrodes with the advantage of having high 
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capacity (the theoretical capacity of Al vs. Li is 993 mAh/g). Activated Al was made 

from AlH3 by PCT dehydrogenation process for the electrochemical tests. The discharge 

capacity of activated Al (about 800 mAh/g) in the first cycle was slightly higher than that 

of Al powder anode with 15 wt. % carbon P-Li and 8 wt. % PVDF (676 mAh/g). But the 

recharge capacity was much lower: about 200 mAh/g for the first cycle comparing to the 

recharge capacity of 420 mAh/g for the Al powder anode with 15 wt. % carbon P-Li and 

8 wt. % PVDF. By lowering the cycling current to C/500, a higher discharge capacity can 

be reached (about 900 mAh/g), which was very close to the theoretical capacity of Al. 

But the recharge capacity was still low (about 300 mAh/g). Adding binders such as 

PVDF have showed positive results in the performance of the anode materials in 

Swagelok test cells by improving the recharge capacity. 

 

6.2 Future Work 

6.2.1 AlH3 

There are many polymorphs for AlH3, including α-, α’-, β-, δ-, ε-3, θ-, and γ-AlH3. 

They have different structures, which mean they may behave differently with Li+ ions 

and correspond to different discharging / recharging voltages. We had only used α- AlH3 

in the experiments reported here. More polymorphs of AlH3 can be tried in Swagelok test 

cells in future. 

Also, it will be interesting to look into the relations between the particle size of 

AlH3, the structure of AlH3 polymorphs and the discharge / recharge capacity. These 

researches will be helpful for improving the reversibility of the cell. 
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6.2.2 Other Materials 

Due to the high theoretical capacity, metal hydride materials are not only 

important hydrogen storage materials, but also promising candidates for negative 

electrode in Li-ion batteries. Magnesium hydride (MgH2) and aluminum hydride (AlH3) 

were studied, with theoretical capacity of 2203 mAh/g and 3573 mAh/g, respectively. 

Other metal hydrides, such as NaAlH4 can be tested. Based on the reactions below 

(Reaction 6.1), NaAlH4 has a theoretical capacity of 1985 mAh/g.  

NaAlH4 + 4Li ↔ NaH + LiAl + 3LiH                                                          (Reaction 6.1) 

It will also be interesting to try other metal or alloy (such as Mg, Ti, LiAl) as 

electrode material in Li-based batteries. 

 

6.2.3 Synthesis of Metal Hydrides 

The high temperatures and pressures typically used to make metal hydrides is a 

challenge. The electrochemical method proposed here may be a better way to produce 

metal hydrides in the future - electrochemically - with large theoretical capacities, which 

could markedly boost the field of Li-ion battery and hydrogen storage research. 

 

6.2.4 Electrolyte 

As mentioned earlier, electrode materials such as AlH3, actually reacts with the 

Li-ion battery electrolyte to form a passivating SEI layer. Although the SEI is an integral 

part of the battery, it can be a deterrent if the reaction between the electrode material and 

electrolyte is non-passivating.   
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Solid ion-conducting polymers and ceramic coatings have been developed 

recently to be used as electrolytes in lithium polymer batteries [56]. The 

electrochemically active electrode materials in these batteries are similar to the 

conventional Li-ion battery and the coatings may work for AlH3 as well as for Li.  

Using solid ion conducting polymers instead of glass fibre and liquid electrolyte 

may be a solution to prevent and/or mitigate the reaction between electrolyte and the 

AlH3 anode material, which may improve formation of the SEI.  

  

6.2.5 SEI 

During the first electrochemical charge / discharge cycle of Li-ion batteries using 

liquid or polymer electrolytes, SEI will be formed, which causes an irreversible capacity 

in the battery. SEI is an electronically insulating but ionically conductive passivation 

layer on the surface of the electrodes. Although the formation of SEI is essential for the 

further discharge / charge process as it prevents further electrolyte decomposition, it 

contributes to irreversible capacity.  

More research can be conducted into the formation and behavior of SEI on the 

anode surface (i.e. AlH3), such as the mechanism of the SEI formation, the resistance of 

SEI layer, the typical charge loss of SEI and the composition of SEI on the surface of 

different anode materials.   
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Part II. Study of Halogenated Anesthetic Adsorption and Recovery 
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Chapter 7 Background 

Halogenated ethers, such as sevoflurane, have been successfully used as 

anesthetic for decades. The currently available halogenated anesthetics, such as 

sevoflurane, isoflurane and desflurane, undergo very little in vivo metabolism. In clinical 

use, less than 5% of the administered anesthetic is metabolized by the patient; the 

remaining 95% either escapes or is vented through hospital ventilation systems unabated 

directly into the atmosphere as medical waste gases [57]. Most of the halogenated 

anesthetics can remain in the atmosphere for a long time, with atmospheric lifetime of 

1.4, 5 and 21.4 years for sevoflurane, isoflurane and desflurane, respectively [58] [16]. 

With the anomalously long atmospheric lifetimes, even small amount of halogenated 

anesthetic will give a large atmospheric burden of the compounds, especially when the 

halogenated anesthetics have the potential to act as greenhouse gases with a global 

warming potential (GWP) three orders of magnitude higher than that of carbon dioxide 

[17].  

Every year, millions of liters of inhaled anesthetics are sold and used worldwide. 

A medium size hospital purchases approximately 1000 L of inhaled anesthetics per year, 

which would be the equivalent of approximately 100 to 1200 passenger car emissions 

(assuming an average 4.78 metric tons of CO2 emissions per passenger car per year), 

depending on which anesthetics were used. More specifically, using desflurane as the 

anesthetic for an 8-hour working day would equal 58 - 116 days of average auto 

emissions, while 8-hours usage of sevoflurane or isoflurane would equal about 4.3 or 4.8 

- 9.6 days of auto emissions, respectively. Assuming average 398 g CO2 per mile auto 

emissions, using desflurane equates with driving 235 to 470 miles per hour of anesthetic 
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use, whereas sevoflurane and isoflurane equate with driving 18 and 20 - 40 miles per 

hour of anesthetic use, respectively [59]. Globally, anesthetic gas usage contributes up to 

1% of CO2, thereby causing environmental damages. 

The U.S. inhalation anesthesia market size was estimated at 1.2 billion USD value 

in 2014 (see Figure 46). And the market is expected to grow rapidly over the next decade 

due to the increase of aging population suffering from chronic diseases and other health 

ailments [60]. 

 

 

Figure 46. U.S. inhalation anesthesia market, by product, 2012-2022 (USD million) 

[60] 

 

With low pungency and low risk of respiratory irritation, halogenated ether has 

become the most common use of anesthetic in anesthesiology. Sevoflurane is currently 
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the most popular anesthetic agent in North America for anesthesia induction by inhalation 

[12]. However, the cost of the halogenated anesthetic is high: take the market price in 

California for example, the cost of sevoflurane was $0.38/mL and the cost of desflurane 

was $0.61/mL. While in Florida, the cost of sevoflurane was $0.64/mL and the cost of 

desflurane was $0.55/mL [61]. 

Considering the high cost, high GWP and low vivo metabolism, it is 

environmentally and economically beneficial to capture the anesthetic gases from 

hospital vents and recycle them. The recycled anesthetics can be used as raw materials to 

produce bulk anesthetic drugs and sold back into the market to large pharmaceutical 

companies at less than what it costs the companies to manufacture them. Hospitals’ 

anesthesia recycling is expected to play a significant role in shaping the dynamics of this 

industry [17] [60].  

Among the available technologies for the treatment of emitted volatile 

anesthetics, those based on adsorption processes seems to be the most promising for 

reducing the emissions to the atmosphere by capturing the agents and recycling them 

[58]. The adsorption process is suggested to be carried out in a batch mode: the exhaust 

gas coming from the anesthetic gas machine (AGM) that contains anesthetic gases, water 

vapor and carbon dioxide (CO2) is first diluted to 1 vol. % sevoflurane and 50% relative 

humidity (RH); then the gas mixture passes through an adsorbent filled canister. The 

adsorption process continues until the adsorbent’s saturation is attained. The saturated 

column is then replaced and processed to recover the adsorbed anesthetic gases and reuse 

the adsorbent for the next cycle. 
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Porous materials such as silica-gel, activated alumina, activated carbon and 

zeolites have been conventionally used as the adsorbents [58]. Doyle et al. proved that 

using hydrophobic silica zeolite (Deltazite™) packed adsorption column was effective at 

completely removing the 1% isoflurane from exhaled, humidified gas containing CO2 

under simulated operating room conditions for a period of 6.5 hours [62]. Currently, 

Deltazite™ 6000 (D6000) is commercially used by Blue Zone Technologies Ltd. in their 

Deltasorb® Anesthetic Collection Service for sevoflurane adsorption and recovery from 

the exhaust gas coming from the AGM in the hospital operating room. By 2014, the 

Deltasorb® Anesthetic Collection Service was provided in 21 hospitals in Canada and 

was negotiating with various stake holders to increase the penetration of these systems in 

other regions with stringent environmental regulations like the U.S. and Europe [60]. 

In Part II of this thesis, a group of aluminum-substituted mesoporous SBA-15 

(Al-SBA-15) materials were synthesized, modified and tested to selectively adsorb the 

halogenated anesthetics (i.e. sevoflurane) from the gas mixture with water vapor. 

Although the adsorption capacity of synthesized platelet Al-SBA-15 (Al-SBA-15-p) 

sample turned out to be similar to the reference adsorbent D6000, the use of Al-SBA-15-

p provided us the opportunity to post-synthesis modify the adsorbent with organic 

function groups to improve the selectivity of the material.  

A chromium-based metal organic framework (Cr-MOFs) MIL-101 was also 

tested for the selective adsorption of sevoflurane from the gas mixture with water vapor 

in Part II of this thesis. With greater surface area, larger total pore volume, no “roll-up 

effect” during the breakthrough experiments and higher stability under repeated operation 
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and regeneration conditions, MIL-101 demonstrated the potential to be used as a higher 

performance replacement for the conventional D6000 adsorbent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

85 

 

Chapter 8 Materials and Experimental Methods 

8.1 Materials 

Varies type of adsorbents were used: a group of aluminum-substituted 

mesoporous SBA-15 (Al-SBA-15), platelet SBA-15 (SBA-15-p) and platelet Al-SBA-15 

(Al-SBA-15-p) materials were synthesized in the lab and modified with 

trimethoxy(propyl)silane (TMPS) to improve its selectivity of sevoflurane adsorption 

over water vapor; a Cr-based metal organic framework (MIL-101) sample was 

synthesized by Dr. Caputo research group from the University of Naples Federico II 

(Naples, Italy) and pelletized by Dr. Kaskel research group from Dresden University of 

Technology (Dresden, Germany); and a commercial adsorbent Deltazite™ 6000 (D6000) 

were provided by Blue-Zone Technologies, Ltd. (Toronto, Canada) and used as the 

reference absorbent in this study. 

Liquid sevoflurane was provided by Blue-Zone Technologies, Ltd. (Toronto, 

Canada) to be used as representative halogenated anesthetic. Summary of its physical 

properties are listed in Table 6. The 3D structure of sevoflurane molecule is shown in 

Figure 47 [58].  
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Table 6. Physical properties of sevoflurane 

Sevoflurane (SF) 

IUPAC name 1,1,1,3,3,3-hexafluoro-2-(fluoromethoxy)propane 

Formula C4H3F7O 

Molar mass 200.055 g/mol 

Boiling point 58.6°C (at 101.325 kPa) 

Vapor pressure 157 mmHg (22.9 kPa) (at 20°C)  

197 mmHg (26.3 kPa) (at 25°C)  

317 mmHg (42.3 kPa) (at 36°C) 

 

 

Figure 47. Sevoflurane molecule (grey: carbon atoms; white: hydrogen atoms; 

green: fluorine atoms; red: oxygen atom) [58] 
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8.2 Thermal Gravimetric Analysis (TGA) and Differential Scanning Calorimetry 
(DSC) 

The SDT-Q600 (TA Instruments) (see Figure 48) thermal gravimetric analyzer 

(TGA) and differential scanning calorimetry (DSC) were used to provide thermal 

stability evidence of samples. Synthesized and modified adsorbents studied in Chapter 9 

and 10 were heated from room temperature to the target temperature (800 or 1000°C) in 

nitrogen atmosphere (nitrogen flow of 100 mL/min) at a constant heating rate of 

20°C/min. 

 

 

 

Figure 48. TA instruments SDT-Q600 
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8.3 Textural Characterization Adsorption Isotherms BELSORP-max 

Textural properties of different adsorbents were determined from N2 adsorption 

isotherms at 77 K, carried out on BELSORP-max instrument (BEL Japan, Inc.) (see 

Figure 49). The specific surface area, the total pore volume and the pore size distribution 

were evaluated from these isotherms using the data analysis software BEL Master 

V6.1.0.4. The pore size distribution was determined using the appropriate model from the 

BEL Master software. The samples were pretreated by degassing at selected temperature 

(323 K for MIL-101 and 373 K for the rest of the absorbents) under vacuum overnight 

prior to characterization tests. 

The adsorption isotherms of different adsorbents at room temperature (298 K) 

were also carried out using BELSORP-max instrument: the equilibrium data at different 

partial pressures were obtained by incremental addition of selected sorbate (gas / vapor) 

to the sample chamber. The isotherm adsorption capacities (mmol/g) at different relative 

pressures (p/p0) were determined automatically by the instrument, e.g., from p/p0
 close to 

zero to about 0.99. 
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Figure 49. BELSORP-max instrument (BEL Japan, Inc.) 

 

8.4 Breakthrough Tests 

For practical applications, dynamic (breakthrough) measurements are necessary to 

carry out to determine important parameters, such as selectivity based on equilibrium 

adsorption capacities [63]. 

Both single component and binary mixture gas breakthrough measurements were 

carried out at 298 K and atmospheric pressure (1 atm) using the experimental system 

assembled in our lab. A schematic diagram of breakthrough experimental setup is shown 

in Figure 50. Three-way Swagelok valves, 1/8 inch nylon or stainless steel tubing, and 
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1/8 inch Swagelok fittings are used to build the breakthrough experimental setup in our 

lab. Sample pellets or beads were packed in half inch stainless steel columns (column 

length = 5.8cm or 10cm).  

 

 

Figure 50. Schematic diagram of breakthrough experimental setup (MFC: mass 

flow controller; RGA: residual gas analyzer; valves and by-pass streams were not 

included in this diagram) 

 

By adjusting the temperature of the water bath (with sevoflurane filled bubblers in 

it) and the gas flow rates, a mixture containing sevoflurane (SF) and water vapor 

(generate from HumiSys High Flow System (InstruQuest Inc., Coconut Creek, FL, US) ) 

in nitrogen carrier gas, at the total flow rate of 100 mL/min was prepared at desired 

concentrations. The concentration changes of SF and water vapor in the gas mixture at 
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the exit from the column were measured by mass spectrometry (residual gas analyzer 

(RGA) (Stanford Research System, QMS300)) and recorded for data analysis. Due to the 

low concentration of the gas / vapor in the mixture gas stream, e.g. sevoflurane (1 vol. %) 

and water vapor (1.6 vol. %) in nitrogen carrier gas, the limitation of the accuracy of the 

RGA detector, the error for the data collected was estimated at ±10% based on the signal 

fluctuation observed during the experiments.   
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Chapter 9 Halogenated Anesthetic and Water Vapor Adsorption 

Behaviors on Modified Al-SBA-15 Adsorbents  

9.1 Introduction 

As mentioned in Chapter 1, halogenated volatile anesthetics are categorized as 

fluorinated gas which is one type of GHG with global warming potential (GWP) of three 

orders of magnitude higher than that of carbon dioxide [58]. In recent years, the attention 

towards the effect of halogenated anesthetics on global climate change and the 

environment has increased. Adsorption based processes have been proved to be the most 

promising technologies for the treatment of emitted volatile anesthetics [58]. Currently 

Deltazite™ 6000 (D6000) is commercially used by Blue Zone Technologies Ltd. for 

sevoflurane adsorption and recovery from the exhaust gas coming from the AGM in the 

hospital operating room. 

In this chapter, a group of aluminum-substituted mesoporous SBA-15 (Al-SBA-

15) based adsorbents are used to selectively remove and recover halogenated anesthetics 

at low concentration (1 vol. % sevoflurane with 50% relative humidity, corresponding to 

the concentration of the exhaust gas coming from the AGM in the hospital operating 

room). To improve the hydrophobicity to achieve better selectivity, synthesized Al-SBA-

15 was further modified with trimethoxy(propyl)silane (TMPS) [64]. 

However, the conventional Al-SBA-15 particles consist of 2D cylindrical shape 

pore structure with pore lengths in tens of micrometers (μm), which might have pore 

blockage along channels and/or cause difficulties for molecular diffuse through the 

lengthy channels during adsorption processes. In recent years, various co-surfactant, co-
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solvent and electrolytes have been investigated and used to synthesis mesoporous 

adsorbents with 3D structure consist of shorter channels (i.e., platelet SBA-15) [65].  

Therefore, a modified route was developed to prepare platelet SBA-15 (SBA-15-

p) and platelet Al-SBA-15 (Al-SBA-15-p) materials with short channels and expanded 

pore diameters. These new materials were characterized with respect to the textural, 

equilibrium and dynamic properties using sevoflurane (representative anesthetic) and 

water vapor as sorbates in the single component and mixture adsorption systems. 

Adsorption isotherms and breakthrough data were collected for both synthesized samples 

and a commercially used reference sample (D6000) to compare the performances of these 

adsorbents.  

 

9.2 Synthesis and Modification 

9.2.1 Synthesis of Al-SBA-15 

Since the first report of the direct synthesis method by Yue et al. in 1999 [66], the 

standard Al-SBA-15 synthesis process usually takes seven days [67] due to the long 

hydrolysis process of the silicon precursor (tetraethyl orthosilicate, TEOS) [68]. In this 

thesis, the synthesis of Al-SBA-15 follows the renovated directly synthesis method 

introduced by Li et al. using a hydrolysis-controlled approach in which the hydrolysis of 

the silicon precursor (tetraethyl orthosilicate, TEOS) is accelerated by fluoride [68]. The 

whole synthesis process takes about four days and is described as below: 

About 2g of Pluronic® P123 triblock copolymer (EO20PO70EO20, Aldrich) and 

0.025g of ammonium fluoride (NH4F, Aldrich) were dissolved in 75 mL of a 0.1 M HCl 

solution made from 99% hydrochloric acid (Fisher Scientific) (solution A). 4.6g of 
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tetraethyl orthosilicate (TEOS, Aldrich)  and 0.212g of aluminium isopropoxide (Al(O-i-

Pr)3, Aldrich) were dissolved in 5 mL of a 0.1 M HCl solution (solution B), which was 

stirred for 30 minutes. Solution B was added dropwise to solution A, and the resulting 

mixture was stirred at 40°C for 20 hours. The mixture was transferred to a Teflon lined 

autoclave and heated under hydrothermal conditions at 100°C for 24 hours. The final 

product was filtered, washed with distilled water and dried at 60°C overnight. Calcination 

was carried out at 500°C for 10 hours (heating rate: 1°C/min) [68]. White powder with 

clumps of varies size were obtained after calcination. 

 

9.2.2 Modification of Al-SBA-15 

In order to improve the hydrophobicity, the post-synthesis modification of Al-

SBA-15 with trimethoxy(propyl)silane (TMPS, Sigma-Aldrich) was carried out using a 

procedure derived from that described by Jaroniec et al. [64].  

The modification of Al-SBA-15 samples was performed in toluene solvent at its 

boiling point (111°C). To test the stability of Al-SBA-15 in organic solvent, 0.5g of 

synthesized Al-SBA-15 was dissolved in 50 mL toluene and refluxed for 4 hours. After 

cooling down to ambient temperature, the sample (labeled as Al-SBA-15 toluene) was 

filtered and washed with toluene, deionized water and acetonitrile before dried in 100°C 

oven over night. 

The modification was performed in Schlenk line under argon gas due to the 

sensitivity of TMPS to water. The grinded Al-SBA-15 powder sample was placed in a 

round-bottom Schlenk flask. Then 50 mL dry toluene and about 0.004mol (0.7 mL) per 

500mg Al-SBA-15 sample (product labeled as TMPS-Al-SBA-15-1) or 0.008mol (1.5 
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mL) per 200mg Al-SBA-15 sample (product labeled as TMPS-Al-SBA-15-2) of TMPS 

was added using glass syringe. The mixture was refluxed under argon for 4 hours. After 

cooling to ambient temperature, the samples (TMPS-Al-SBA-15-1 and -2) was filtered 

and washed with toluene, distilled water and acetonitrile and dried in oven at 100°C 

overnight. 

 

9.2.3 Synthesis and Modification of Platelet Samples 

The synthesis and modification of platelet SBA-15-p and Al-SBA-15-p materials 

were described in Appendix A and B. Seven samples were prepared in total (see Table 7). 

 

9.3 Results and Discussion 

9.3.1 Thermal Stability  

The thermal gravimetric analyzer (TGA) was used to examine the stability of the 

synthesized and modified samples. The sample clumps were first grinded to powders, and 

then heated from room temperature to 800°C in nitrogen atmosphere at a constant heating 

rate of 20°C/min (see Appendix C).  

TGA results showed that the synthesized Al-SBA-15, SBA-15-p and Al-SBA-15-

p samples are stable up to 800°C with small amount of weight loss from room 

temperature to 100°C and 200 - 300°C, resulting from the loss of moisture and burn out 

of Pluronic® P123 surfactant residue, respectively. The modified TMPS-Al-SBA-15 and 

TMPS-SBA-15-p samples are stable up 500°C: the degradation and loss of TMPS 

function group happen at 500 - 600°C temperature range. 
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9.3.2 Textual Properties 

9.3.2.1 N2 Adsorption Isotherms at 77  K 

Textural properties were determined from N2 adsorption isotherms at 77 K 

performed on BELSORP-max instrument (BEL Japan, Inc.). All the samples were 

pretreated by degassing at 373 K under vacuum (0.5 kPa) overnight prior to 

characterization tests. The N2 adsorption isotherm measurement results at 77 K are shown 

in Appendix D, the isotherm results of the reference sample are also presented in the 

figures for comparison.  

 

9.3.2.2 BET Surface Area and Total Pore Volume 

The specific surface area of all the samples was calculated by Brunauer-Emmett-

Teller (BET) method in the p/p0 range of 0.05 - 0.50 and compared with the commercial 

reference sample (see Table 7). The samples with short-channels in the porous structure 

(i.e., SBA-15-p, TMPS-SBA-15-p and Al-SBA-15-p) showed higher BET surface area 

than the Al-SBA-15 based samples (i.e. Al-SBA-15, TMPS-Al-SBA-15-1 and -2). Based 

on the BET data only, SBA-15-p samples should have the best adsorption potential.  
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Table 7. Textural properties of adsorbent samples 

Sample name BET surface area 

(m2/g) 

Total pore volume 

(cm3/g) (p/p0 = 0.990) 

Reference sample 648 0.38 

Al-SBA-15 485 0.76 

Al-SBA-15 toluene 524 0.82 

TMPS-Al-SBA-15-1 (1.5 mL TMPS / g) 529 0.74 

TMPS-Al-SBA-15-2 (7.5 mL TMPS / g) 3.45 0.06 

SBA-15-p 929 0.84 

TMPS-SBA-15-p (1 mL TMPS / g) 711 0.51 

Al-SBA-15-p 744 0.94 

 

 

Refluxing Al-SBA-15 sample in toluene solution seems cleaned the impurities / 

residues inside the sample, since the BET surface area and the total pore volume of the 

sample increased slightly after the toluene refluxing process. 

Generally speaking, modification by adding hydrophobic function group such as 

TMPS lowers the BET surface area and the total pore volume. Adding too much TMPS 

function group (i.e., 7.5 mL TMPS per gram Al-SBA-15 sample) can cause the total 

blockage of the pores existing in the Al-SBA-15 samples and turned the modified sample 

to none porous material.  
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The total pore volume of the commercial reference sample and the synthesized 

and modified samples were estimated from N2 adsorption isotherm at 77 K and p/p0 = 

0.99. The synthesized and modified samples showed higher total pore volume than the 

reference sample. The Al-SBA-15-p sample has the highest total pore volume of 0.94 

cm3/g, which is two and half times the total pore volume of the reference sample.  

 

9.3.2.3 Pore Size Distribution 

The conventional Saito-Foley (S-F) model and the Barrett-Joyner-Halenda (BJH) 

could be used to predict pore size distribution with the pore diameter in the range of 0 - 

4nm and 2 - 200nm, respectively. The peak diameter (dp) and the peak radius (rp) data 

correspond to the most abundant pore size in the samples are listed in Table 8. Existence 

of micropores and small amount of mesopores with pore diameter of 4 - 6nm can be 

observed in all the samples. No larger meso- or macro-pores exist in the samples. The 

detailed pore size distribution of the synthesized and modified samples model was 

discussed in Appendix E. 
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Table 8. Summary of the Peak Diameter (dp) / Radius (rp) from the Pore Size 

Distribution Data 

Sample name dp (nm) 

from S-F method 

rp (nm) 

from BJH method 

Reference sample 0.59 n/a 

Al-SBA-15 0.74 2.78 

Al-SBA-15 toluene 0.71 2.78 

TMPS-Al-SBA-15-1 (1.5 mL TMPS / g) 0.71 2.78 

TMPS-Al-SBA-15-2 (7.5 mL TMPS / g) 1.41 n/a 

SBA-15-p 0.59 1.72 

TMPS-SBA-15-p (1 mL TMPS / g) 0.59 n/a 

Al-SBA-15-p 0.89 2.17 

 

9.3.3 Adsorption Isotherms 

The sevoflurane and water vapor adsorption isotherms on the reference and the 

synthesized samples at 298 K were also carried out using BELSORP-max instrument. 

The isotherm adsorption capacities (mmol/g) at different relative pressures (p/p0) were 

determined automatically by the instrument, for example, from p/p0 close to zero to about 

0.99. Only TMPS-Al-SBA-15-1 sample were used to represent the modified Al-SBA-15 

(TMPS-Al-SBA-15) sample for adsorption isotherm measurements, since the TMPS-Al-

SBA-15-2 sample lost the porosity due to too much modification group inserted. 
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9.3.3.1 Sevoflurane Isotherms 

 

Figure 51. Sevoflurane isotherms of Al-SBA-15 based samples comparing to the 

reference sample at 298 K 

 

As shown in Figure 51 to Figure 53, the sevoflurane isotherms of the reference 

sample is typical Type I behavior, which implies the microporous structure of the 

reference sample. The interaction between the surface area of the reference sample and 

the sevoflurane molecules is strong enough to reach a complete filling of the pores at low 

relative pressure (p/p0) of about 0.2. 

The sevoflurane isotherms for the synthesized Al-SBA-15 sample and the 

modified TMPS-Al-SBA-15 sample (see Figure 51 and Figure 52) showed an isotherm of 
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type IV with characteristic hysteresis loops, which suggested the formation of multiple 

layers after completion of the monolayer either on the surface or on the wall of a pore. 

The existence of small amount of TMPS modification groups doesn’t affect the 

sevoflurane isotherm of the sample. The average sevoflurane adsorption amount at p/p0 = 

1 for synthesized samples was about 5.5 mmol/g, which was twice as much as it was for 

the reference sample (2.81 mmol/g). But at low pressure (p/p0 ≤ 0.4), the adsorption 

amount of synthesized samples was lower than the reference sample. The adsorption at 

low pressure needs to be improved. 

 

Figure 52. Sevoflurane isotherms of TMPS modified samples comparing to the 

reference sample at 298 K 
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The sevoflurane isotherms for the samples with short channels showed diverse 

results. The SBA-15-p sample demonstrated Type II adsorption behaviour with indefinite 

multi-layer formation after completion of the monolayer adsorption at about p/p0 = 0.3. 

This type of isotherm is usually found in adsorbents with a wide distribution of pore 

sizes, which is consistent with the pore size distribution analysis results that SBA-15-p 

contains pores with a relatively wide diameter range of 0.5 - 4nm. 

 

 

Figure 53. Sevoflurane isotherms of samples with short channels comparing to the 

reference sample at 298 K 

 

Both TMPS-SBA-15-p and Al-SBA-15-p showed Type IV isotherm behavior as 

the Al-SBA-15 sample and the modified TMPS-Al-SBA-15 sample. However, the 
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samples with short channels showed much lower adsorption capacities than the regular 

Al-SBA-15 based samples for the full range of pressure. 

 

9.3.3.2 Water Vapor Isotherms 

The water vapor adsorption and desorption data of the regular Al-SBA-15 based 

samples (Al-SBA-15, Al-SBA-15 toluene and TMPS-Al-SBA-15) are shown in Figure 

54, and the water isotherm data of the samples with short channels (SBA-15-p, TMPS-

SBA-15-p and Al-SBA-15-p) are shown in Figure 55. The water vapor adsorption 

isotherms of the reference sample were also included in Figure 54 and Figure 55 for 

comparison. 

All regular Al-SBA-15 based samples (Al-SBA-15, Al-SBA-15 toluene and 

TMPS-Al-SBA-15) showed un-favored adsorption isotherms. By modifying the 

synthesized Al-SBA-15 sample with TMPS, the water vapor adsorption capacity 

decreased. Even with a small amount of functional group being used to modify the 

sample surface, it produced sample of TMPS-Al-SBA-15 with better sevoflurane over 

water vapor selectivity.  
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Figure 54. Water vapor isotherms of regular Al-SBA-15 based samples comparing 

to the reference sample at 298 K 

 

The samples with short channels (SBA-15-p, TMPS-SBA-15-p and Al-SBA-15-

p) and the commercially used reference sample demonstrated weak adsorbate - adsorbent 

interactions and capillary condensation as shown in Figure 55. The samples with short 

channels showed higher adsorption capacity than the reference sample at the relative 

pressure (p/p0) between 0.75 - 0.99. However, they showed lower adsorption capacity 

than the reference sample at p/p0 ≤ 0.75.  
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Figure 55. Water vapor isotherms of short-channel SBA-15 samples comparing to 

the reference sample at 298 K 

 

9.3.3.3 Selectivity 

The sevoflurane and water vapor in the exhaust stream coming from AGM are 

usually diluted to 1 vol. % sevoflurane and 50% relative humidity (RH) before adsorption 

in the removal system (canister). At 298 K, the saturated pressure (p0) of sevoflurane and 

water vapor are 26.3 kPa and 3.2 kPa, respectively. Thus at 298 K and 1 atm operating 

condition, 1 vol.% sevoflurane and 50% RH in the exhaust stream correspond to the 

partial pressure of 1.047 kPa for sevoflurane (p/p0 = 0.04) and 1.6 kPa for water vapor 

(p/p0 = 0.5). The adsorption capacities at p/p0 = 0.04 for sevoflurane and p/p0 = 0.5 for 
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water vapor for different samples are listed in Table 9. The pure component selectivity 

can be calculated using the following equation: 

∝ =  𝑞𝑆𝑆
𝑞𝑤

 ×  𝑃𝑤
𝑃𝑆𝑆

                                                                                               (Equation 9.1) 

where qSF is the adsorption capacity of sevoflurane (mmol/g) at partial pressure PSF (1 

kPa) and qw is the adsorption capacity of water vapor (mmol/g) at partial pressure Pw (1.6 

kPa), corresponding to RH=50%.  

 

Table 9. Equilibrium adsorption capacities of SF and water vapor on reference and 

synthesized samples at 298 K and 1 atm 

Sample Isotherm capacities (mmol/g) Selectivity 

α Sevoflurane 

at p/p0 = 0.04 

Water vapor 

at p/p0 = 0.5 

Ref. sample 1.57 11.24 0.22 

Al-SBA-15 0.67 3.25 0.33 

Al-SBA-15 toluene 0.78 4.04 0.31 

TMPS-Al-SBA-15 0.62 2.85 0.35 

SBA-15-p 2.63 5.97 0.71 

TMPS-SBA-15-p 1.01 2.83 0.57 

Al-SBA-15-p 2.66 3.75 1.13 
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9.3.4 Breakthrough Measurements 

The binary gas mixture breakthrough measurements of 1 vol. % sevoflurane and 

50% RH were carried out at 298 K and 1 atm using the breakthrough experimental 

system introduced in Chapter 8 section 8.4. Both single component and binary mixture 

adsorption capacities can be calculated from the breakthrough data using the following 

relation: 

q = 𝐶0×𝐹𝑇𝑜𝑇𝑇𝑇
𝑚

× ∫ [1 − 𝐶(𝐶)
𝐶0

]𝐶
0                                                                                     (Equation 9.2) 

where q is the adsorption capacity (mmol/g) for a single component or in the mixture; C0 

is the concentration of sevoflurane or water vapor in the feed gas (N2), for 1 vol. % 

sevoflurane at 298 K and 1 atm operating conditions, by applying the ideal gas law, the 

concentration is 420 mmol/m3; while for RH=50% water vapor, the concentration is 0.66 

mol/m3; FTotal is the total gas flow rate at 298 K and atmospheric pressure (100 mL/min = 

1.67×10-6 m3/s  = 10-4 m3/min  in this study); C is concentration of sevoflurane or water 

at the exit from the column (mmol/m3) measured by mass spectrometry (residual gas 

analyzer (RGA)); m is the weight of adsorbent sample in the packed column (g). 

After each adsorption measurement, the saturated column was regenerated at low 

pressure (0.5 kPa) and constant temperature with helium gas purge (flow rate of 6.5 

mL/min). The regeneration of the Al-SBA-15-p sample and the reference sample was 

performed inside an oven maintained at 373 K overnight (12 hours). The adsorbents in 

the columns were repeatedly used for adsorption and regenerated in a cyclic manner. 
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9.3.4.1 Al-SBA-15-p 

As calculated in Table 9, Al-SBA-15-p showed the highest selectivity of 

sevoflurane over water among the Al-SBA-15 based samples and the samples with short 

channels, which indicates that Al-SBA-15-p might have the best potential to selectively 

adsorb sevoflurane from the sevoflurane and water vapor binary gas mixture.  

The synthesized Al-SBA-15-p sample clumps were first separated into several 

size fractions using W.S. Tyler sieves. The clumps of size between 6 - 8 Tyler mesh size 

(particle diameter of 2.38 - 3.36mm) were packed in a column (L = 5.8cm, OD = 

1.275cm) for breakthrough tests. 

The breakthrough curves for multi-cycle adsorption experiments on Al-SBA-15-p 

sample are shown in Figure 56. As can be seen from the figure, the sevoflurane 

breakthrough point (arbitrarily chosen at c/c0 = 0.05) is at about 24 minutes (min) for 

cycle 1 and was reached much earlier than the water vapor (at about 71 min).  

In the case of cycle 1 as an example, the column reaches the sevoflurane 

saturation point (c/c0 = 1) at about 50 min, while water vapor’s adsorption continues and 

reaches its saturation point after about 1040 min. Between 50 to 1040 min, adsorbed 

sevoflurane is gradually displaced and eventually driven out from the column by water 

vapor, which indicates that the Al-SBA-15-p sample favors water adsorption over 

sevoflurane at these conditions. As a result, the sevoflurane shows a “roll-up effect”, 

which is demonstrated by the relative concentrations above unity at the column exit, e.g. 

c/c0 is about 1.2 at the maximum, as shown in the figure. When the water vapor and 

sevoflurane finally reach equilibrium throughout the column, indicated by relative 

concentration of unity for both sorbates (pinch point on the diagram at about 1040 min), 
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the adsorbed amount of sevoflurane left in the column is much lower (close to zero) 

compared to sevoflurane breakthrough capacity (arbitrarily chosen at c/c0 = 0.05). The 

sevoflurane and water vapor breakthrough and equilibrium adsorption capacities are 

calculated and summarized in Table 10 and Table 11. 

Similar “roll-up effect” can also be observed for cycles 3 and 5 with the relative 

concentrations (c/c0) equal to 1.2 at the maximum. As the cycle number increases, the 

sevoflurane and water vapor breakthrough adsorption capacity of Al-SBA-15-p slightly 

decrease, while the water vapor equilibrium adsorption capacity decreased by 20%. 

 

 

Figure 56. Multicycle sevoflurane (solid lines) and water vapor (dashed lines) 

breakthrough curves of the binary gas mixture comprised of 1 vol. % SF and 50% 

RH in the Al-SBA-15-p adsorbent packed column at 298 K and 1 atm 
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Table 10. Binary mixture breakthrough (BT) capacities of sevoflurane (SF) and 

water vapor in Al-SBA-15-p sample obtained from the multiple cycle breakthrough 

data of 1 vol. % SF and 50% RH gas mixture at 298 K and 1 atm 

Cycle At SF BT (c/c0 = 0.05) At water vapor BT (c/c0 = 0.05) 

BT Time  

(min) 

SF BT capacity 

(mmol/g) 

BT Time  

(min) 

Water vapor BT capacity 

(mmol/g) 

1 24 0.97 71 4.57 

3 17 0.71 69 4.31 

5 16 0.65 71 4.48 

 

Table 11. Binary mixture equilibrium capacities of sevoflurane (SF) and water 

vapor in Al-SBA-15-p sample obtained from the multiple cycle breakthrough data 

of 1 vol. % SF and 50% RH gas mixture at 298 K and 1 atm 

Cycle At the mixture equilibrium 

Corresponding Time 

(min) 

SF equilibrium capacity 

(mmol/g) 

Water vapor equilibrium 

capacity (mmol/g) 

1 1040 ≈0 (≤0.1) 12.8 

3 500 ≈0 (≤0.5) 12.1 

5 385 ≈0 (≤0.0) 10.2 

 
 
 



 

111 

 

9.3.4.2 Reference Sample 

A regular size column (L = 5.8cm, OD = 1.275cm) was used for the breakthrough 

tests on the reference sample. The breakthrough curves for multi-cycle adsorption 

experiments on the reference sample are shown in Figure 57.  

 

Figure 57. Multicycle sevoflurane (solid lines) and water vapor (dashed lines) 

breakthrough curves of the binary gas mixture comprised of 1 vol. % SF and 50% 

RH in the reference adsorbent packed column at 298 K and 1 atm 

 

As can be seen from the figure, the sevoflurane breakthrough point (arbitrarily 

chosen at c/c0 = 0.05) is at about 80 min for cycle 1, while it took over 300 min for the 

water vapor to reach its breakthrough point. The sevoflurane shows a “roll-up effect” 

between 100 and 1600 min with the relative concentrations above unity for all the cycles, 
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which is similar to the results for the Al-SBA-15-p adsorbent. Due to the “roll-up effect”, 

the equilibrium adsorption capacities of sevoflurane measured at the binary mixture 

equilibrium point, corresponds to pinch point in the figure, are much lower (close to zero) 

than the breakthrough adsorption capacity of sevoflurane (at c/c0 = 0.05).  

 

Table 12. Binary mixture breakthrough (BT) capacities of sevoflurane (SF) and 

water vapor in the reference sample obtained from the multiple cycle breakthrough 

data of 1 vol. % SF and 50% RH gas mixture at 298 K and 1 atm 

Cycle At SF BT (c/c0 = 0.05) At water vapor BT (c/c0 = 0.05) 

BT Time  

(min) 

SF BT capacity  

(mmol/g) 

BT Time  

(min) 

Water vapor BT 

capacity (mmol/g) 

1 80 0.87 331 5.49 

3 71 0.78 275 4.72 

5 37 0.41 195 3.36 

 

The sevoflurane and water vapor breakthrough and equilibrium adsorption 

capacities are calculated and summarized in Table 12 and Table 13, respectively. As the 

cycle number increases, the sevoflurane breakthrough adsorption capacity on the 

reference sample decrease 50%, while the water vapor breakthrough adsorption capacity 

decrease 40% after 5 cycles.  
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Table 13. Binary mixture equilibrium capacities of sevoflurane (SF) and water 

vapor in the reference sample obtained from the multiple cycle breakthrough data 

of 1 vol. % SF and 50% RH gas mixture at 298 K and 1 atm 

Cycle At the mixture equilibrium 

SF equilibrium capacity (mmol/g) Water vapor equilibrium capacity (mmol/g) 

1 ≈0 (≤0.01) 11.3 

3 ≈0 (≤0.01) 10.4 

5 ≈0 (≤0.01) 9.44 

  

The reference sample shows more significant breakthrough adsorption capacity 

loss than the Al-SBA-15-p sample after being tested for the same cycles of breakthrough 

measurement. The water vapor equilibrium adsorption capacity also decreases as the 

cycle number increases. After 5 cycle tests, the reference sample lost about 15% of its 

water vapor equilibrium adsorption capacity, while the Al-SBA-15-p lost about 20% of 

its water vapor equilibrium adsorption capacity. The reference sample demonstrated 

better stability than the Al-SBA-15-p sample under repeated operating and regeneration 

conditions.  

 

9.3.5 SEM and TEM 

Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) images were made for the Al-SBA-15-p samples before and after the 5 cycle 
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breakthrough measurements (see Figure 58 and Figure 59), no noticeable differences can 

be seen in the SEM and TEM images of the Al-SBA-15-p sample chunks. 

 

 

Figure 58. SEM images of Al-SBA-15-p sample in packed column a) & c) before and 

b) & d) after 5-cycle adsorption tests 
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Due to the small size of the pores (dp ≤ 4 nm) inside the Al-SBA-15-p samples, 

and the variety of the platelet pore orientations, it is impossible to identify the porous 

structure even with the more detailed TEM images. 

Although no evidence of degradation can be seen by comparing the SEM and 

TEM images before and after the multicycle breakthrough tests, the BET surface area and 

total pore volume of the Al-SBA-15-p sample show a decrease of 25% (see Table 14). 

The decrease of sample porosity caused the 20% adsorption capacity loss after 5 cycle 

adsorption measurements as shown in Table 11.  

 

 

Figure 59. TEM images of Al-SBA-15-p sample in packed column a) before and b) 

after 5-cycle adsorption tests 
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Table 14. Comparison of the BET surface area and total pore volume of the Al-

SBA-15-p sample before and after multicycle breakthrough tests 

 Before After 

BET surface area (m2/g) 744 567 

Total pore volume (cm3/g) (p/p0 = 0.990) 0.94 0.72 

 

 

9.4 Conclusion 

Regular aluminum-substituted mesoporous SBA-15 (Al-SBA-15), platelet SBA-

15 (SBA-15-p), and platelet Al-SBA-15 (Al-SBA-15-p) were synthesized, modified with 

TMPS hydrophobic function group, characterized and tested for selective adsorption of 

sevoflurane from sevoflurane and water vapor binary gas mixture. Based on the 

sevoflurane and water vapor isotherm results at 298 K, Al-SBA-15-p showed the best 

sevoflurane over water vapor adsorption potential, and the sample was further tested in 

multiple cycle breakthrough experiments. The results were also compared with 

commercially used reference adsorbent D6000. 

As demonstrated in the 5-cycle breakthrough adsorption tests, the Al-SBA-15-p 

showed similar breakthrough and equilibrium adsorption capacity as the reference 

sample. The “roll-up effect” was observed in both Al-SBA-15-p and the reference 

sample. Moreover, the Al-SBA-15-p showed less stability under repeated operating and 

regeneration conditions than the reference sample with 20% capacity loss after 5 cycles, 

while the reference sample lost about 15% of its adsorption capacity. No advantage were 
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observed in Al-SBA-15-p over the reference sample for selective adsorption of 

sevoflurane from the 1 vol. % SF and 50% RH binary gas mixture. 

In order to capture and recover as much anesthetic gas (sevoflurane) as possible 

during the adsorption process, it is recommended that the adsorbents should be replaced 

before it reaches the sevoflurane saturation point (c/c0 = 1), i.e., at its sevoflurane 

breakthrough point (c/c0 = 0.05).  
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Chapter 10 Halogenated Anesthetic and Water Vapor Adsorption 

Behaviors on Cr-based MOF (MIL-101) Adsorbent  

10.1 Introduction  

Although silica zeolites, such as D6000 used as the reference adsorbent in this 

study, are effective adsorbents to collect and recycle anesthetic gases, the search for 

adsorbents with higher capacity and selectivity of anesthetic over water vapor is still of a 

great interest for commercial applications.  

During the last 15 years, a new class of porous adsorbents called metal organic 

frameworks (MOFs) has been developed. MOF’s are crystalline hybrid porous solids 

consisting of metal clusters connected by organic linkers to form tri-dimensional 

structures. When an appropriate choice of metal groups and/or organic linkers is made, 

many different chemical structures can be obtained, usually with very large pore volumes 

and surface areas, thereby providing limitless potential to tailor their structure and carry 

out a specific application [58]. 

Although applications of MOFs to capture / storage of industrial and 

environmental relevant gaseous species have been well studied, very limited research has 

been done on the adsorption of halogenated anesthetics [58]. To the best of our 

knowledge, no work has been done to investigate the dynamic adsorption capacities and 

the selectivity of halogenated anesthetics in binary gas mixtures with water vapor. For 

this reason, a preliminary study on using MOFs to capture and reduce the emissions of 

halogenated anesthetics into the atmosphere is present in this chapter.  
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The MOF adsorbent use for this study was a Cr-based MOF (MIL-101) sample, 

which is known for its zeolite type cubic structure with large cell volume (702 nm3) and 

larger mesopores (3.0 to 3.4nm). Furthermore, this Cr-based MOF is stable in air and in 

various organic solvents at ambient temperature or in heating condition [58].  

A modelling process was conducted by Dr. Caputo research group to examine the 

interaction between sevoflurane molecule and the MIL-101 adsorbent using the semi-

empirical Sips isotherm model. The modeling results demonstrated good affinity of MIL-

101 towards sevoflurane at ambient temperature with more than 2/3 of the total 

adsorption capacity achieved in the adsorbent at pressures as low as 1 to 3 kPa, 

corresponding to the partial pressures of halogenated anesthetics in typical anesthetic 

applications. The modelling results also indicated the interaction between the ambient 

temperature-activated MIL-101 adsorbent and the sevoflurane adsorbate molecules is 

weak, thus the sevoflurane desorption and column regeneration are expected to be easy 

[58]. 

Encouraged by the modeling results, in this chapter, the MIL-101 sample was 

synthesized; characterized with regard textural, morphological, TGA/DSC and 

equilibrium (isotherm) adsorption properties; pelletized and tested for the dynamic 

adsorption of sevoflurane and water vapor at room temperature (298 K). The 

breakthrough measurements of single component and binary gas mixture of sevoflurane 

and water vapor at room temperature (298 K) were performed with both MIL-101 and the 

reference adsorbent provided by Blue Zone Technologies Ltd. to compare the 

performances of these materials. The multi-cycle adsorption experiments were also 
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performed to examine the stability of samples under repeated operating and regeneration 

conditions. 

 

10.2 Experimental 

10.2.1 Synthesis 

Cr-based MOF (MIL-101) samples were synthesized by the Caputo’s group at 

University of Naples, Italy as powders using a procedure described in our published 

paper [58]: 

“4.00g of Cr(NO3)3•9H2O (Baker) was dissolved in 43.20g of ultra-purified 

water, which was produced by a TKA Smart2Pure device; 1.64g of terephthalic 

acid (Aldrich) and 5.0 mL of a 4 wt. % hydrofluoric acid solution, obtained by 

diluting a 37 wt. % pristine solution (Carlo Erba), were then added. These 

chemicals were mixed and kept in a stirrer for about 5 min. The resulting 

suspension was then transferred to a Teflon-lined autoclave bomb and kept in an 

oven at 493 K for 8 hours. After equilibration at ambient temperature, the large 

terephthalic acid crystals present in the batch were eliminated by filtration using 

a large pore fritted glass filter (no. 2); the water suspension of Cr-MOF powders 

which passed through the filter was then filtered again on Whatman ashless 

grade 42 filtration papers. The retained green product was finally dried at 333 K 

overnight.” [58] 

Synthesized MIL-101 powder sample was pelletized for breakthrough 

measurements and multiple cycle adsorption tests. Pelletization was done by Dr. Kaskel 

research group from Dresden University of Technology (Dresden, Germany). 
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10.2.2 Breakthrough Experiments 

The single and binary gas mixture breakthrough measurements were carried out at 

298 K and atmospheric pressure using the breakthrough experimental system as 

described in Chapter 8 section 8.4. The synthesized Cr-MOF sample (MIL-101 pellets) or 

the reference sample beads were packed in columns (L = 5.8cm, OD = 1.27 cm).  

As mentioned earlier, the sevoflurane and water vapor in the exhaust stream 

coming from AGM are usually diluted to 1 vol. % sevoflurane and 50% relative humidity 

(RH) before adsorption takes place in the removal system (canister). At 298 K, the 

saturated pressure (p0) of sevoflurane and water vapor are 26.3 kPa and 3.2 kPa, 

respectively. Thus at 298 K and 1 atm operating condition, 1 vol. % sevoflurane and 50% 

RH in the exhaust stream correspond to the partial pressure of  1.047 kPa for sevoflurane 

(p/p0 = 0.04) and 1.6 kPa for water vapor (p/p0 = 0.5). By adjusting the temperature of the 

water bath and the gas flow rates in the breakthrough experimental system, a mixture 

containing 1 vol. % sevoflurane and 50% RH water vapor mixture using nitrogen as a 

carrier was prepared for the breakthrough tests. 

After each adsorption measurement, the saturated column was regenerated at low 

pressure (0.5 kPa) and constant temperature with helium gas purge (flow rate of 6.5 

mL/min). The regeneration of the reference sample was performed inside an oven 

maintained at 373 K overnight (12 hours), while the regeneration of MIL-101 samples 

was performed at room temperature (298 K) for two days (48 hours) to avoid sample 

degradation at high temperature. The adsorbents in the columns were repeatedly used for 

adsorption and regenerated in a cyclic manner. 
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10.3 Results and Discussion 

10.3.1 XRD 

The powder X-ray diffraction (PXRD) pattern of the synthesized MIL-101 

powder sample shown in Figure 60 is consistent with other previously reported patterns 

[69]. 

 

 

Figure 60. X-ray diffraction (XRD) pattern of MIL-101 powder 

 

10.3.2 FE-SEM 

The field emission scanning electron microscopy (FE-SEM) micrographs of the 

synthesized MIL-101 powder sample were provided by Dr. Caputo research group from 

the University of Naples Federico II (Naples, Italy). Sub-micron-sized crystallites are 

clearly visible. The well-defined octahedral crystals of the synthesized MIL-101 sample 

are consistent with other SEM investigations performed on the same material [58]. 
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Figure 61. Field emission scanning electron microscopy (FE-SEM) images of MIL-

101 crystals obtained using a conventional secondary electron (SE2) detector (a) and 

an in-lens detector (b) [58] 
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10.3.3 TGA and DSC 

The TGA and DSC results of synthesized MIL-101 powder sample are shown in 

Figure 62. Two weight-loss steps were observed: the first, corresponding to 54% weight 

loss, occurred at the range 25 - 200°C resulting from the loss of guest water molecules, 

which can be confirmed by an endothermic peak at 100°C on DSC curve; the second (an 

extra 35% weight loss) was due to the departure of OH/F groups and decomposition of 

the framework structure between 275°C and 1000°C [69]. DSC results of the synthesized 

MIL-101 powder sample provided information related to the heat flow as a function of 

temperature. Two exothermic peaks can be observed at the measured temperature range 

(at 375 and 700°C), confirming the loss of crystallinity of the MIL-101 molecules.  

 

Figure 62. TGA (solid line) and DSC (dashed line) of MIL-101 powder sample 

under nitrogen atmosphere (20°C/min. heating rate) 
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10.3.4 Textural Properties 

The N2 adsorption isotherm measurements at 77 K (see Figure 63) of the 

reference sample showed Type I behavior. This type of behavior implies to be typical of 

adsorption on microporous solids. The interaction between the adsorbent surface area and 

N2 molecules is strong enough to bring about a complete filling of the pores at low 

relative pressure, e.g., p/p0 = 0.2 for the reference sample. The isotherms of the MIL-101 

samples (powder and pellets) also showed Type I behavior, and the completion of 

monolayer adsorption was near to the first point of inflexion (e.g., p/p0 = 0.3). 

 

 

Figure 63. Nitrogen isotherms at 77 K. Triangles: the reference sample. Squares: 

MIL-101 powder. Circles: MIL-101 pellet. Solid Symbols: adsorption, open 

symbols: desorption 
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The specific surface area of MIL-101 pellets, determined from the Brunauer-

Emmett-Teller (BET) method, is 1853 m2/g. It is similar to the synthesized MIL-101 

powder sample, but almost three times greater than the specific surface area of the 

reference sample. The total pore volume of pelleted MIL-101 sample estimated from N2 

adsorption isotherm at 77 K and p/p0 = 0.99,  was found to be 1.14 cm3/g, which is close 

to the total pore volume of as synthesized MIL-101 powder sample, but three times 

higher than the total pore volume of the reference sample (see Table 15).  

 

Table 15. Textural properties of adsorbent samples 

Sample 

BET 

surface 

area (m2/g) 

Total pore 

volume 

(cm3/g)  

(p/p0 = 0.990) 

Peak 

diameter 

dp (nm) 

Particle 

density ρp 

(g/cm3) 

Bulk 

density ρb 

(g/cm3) 

Bed 

porosity 

εb (%) 

Reference 

sample 
648 0.38 0.59 1.10 0.70 36 

MIL-101 

powder 
2041 1.27 0.69 - - - 

MIL-101 

pellet 
1853 1.14 0.71 0.36 0.18 50 

 

Other properties, such as particle (pellets / beads), bed densities, and bed 

porosities were obtained from the samples’ suppliers (Blue-Zone Technologies Ltd., 
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Toronto, Canada and Dresden University of Technology, Dresden, Germany). As can be 

seen from Table 15, the particle density of the reference sample beads is about three 

times greater than the density of the MIL-101 pellets. The bulk density of the reference 

sample packed in the column is about four times greater compared to the MIL-101 

pellets, while the bed porosity of column packed with  MIL-101 pellets is about 40% 

higher compared to the reference sample. 

 

Table 16. Pore volume distribution calculated from S-F method 

Sample 

Pore volume (cm3/g) (p/p0 = 0.990) 

Diameter ≤  

2 nm 

Diameter  

2-5 nm 

Diameter >  

5 nm 
Total pore volume 

Reference 

sample 
0.27 0.08 0.03 0.38 

MIL-101 

powder 
0.79 0.17 0.31 1.27 

MIL-101 

pellet 
0.74 0.14 0.25 1.14 

  

Figure 64 shows the pore size distribution of the reference sample and the MIL-

101 powder and pelleted samples using the conventional Saito-Foley (S-F) model, which 

can be used for the pore size analysis up to 4nm [70]. As can be seen from the figure, a 

rather narrow range (0.5 - 2.5nm) of pore sizes exists in all samples. In particular, the 
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reference sample has a very narrow pore range, i.e., between 0.5 to 1nm, with a very 

small percentage of pores between 1.0 - 1.5nm. A low extent of small mesopores (around 

2.5nm) exists in MIL-101 powder samples, where it is presumed that most of the 

mesopores are blocked by pelletizing. The peak diameter data corresponding to the most 

abundant pores in the samples are listed in Table 15. All three samples are dominated by 

micropores with the pore diameters less than 1nm. The total pore volume of micropores 

(diameter of 0 - 2nm) and small mesopores (2 - 5nm) are shown in Table 16.  

 

 

Figure 64. Pore size distribution diagrams (S-F method) 

 

In addition to S-F method, the Barrett-Joyner-Halenda (BJH) model was also used 

for pore size analysis. BJH method can predict pore size distribution of larger pores, e.g., 
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diameter in the range of 2 - 200nm. The analysis of the N2 adsorption / desorption 

isotherms at 77 K using BJH method also confirmed the absence of mesopores and 

macropores in the pore structure of samples (see Figure 65). Although the amount of 

pores with diameter larger than 5nm is negligible and no peak showed in this pore size 

range, by integrating the pore volume over a large range of pore size (5nm to infinite), 

there is still a small amount of pore volume can be count for this pore size range as 

shown in Table 16. It should be noted that the increasing tendency of the pore size 

distribution curve (d Vp / d Dp) towards smaller diameters (below 2nm) did not show any 

peak formation due to the method limitations to the pores above 2nm. 

 

 

Figure 65. Pore size distribution by the BJH method 
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10.3.5 Adsorption Isotherms 

The sevoflurane (SF) adsorption isotherms at 298 K (Figure 66) show that the 

MIL-101 powder and pelleted samples have much higher adsorption capacities than the 

reference material. As shown in Figure 66, all sevoflurane isotherms are typical of Type 

I. The sevoflurane amount adsorbed by the pelletized MIL-101 is 4.5 mmol/g, which is 

almost three times higher than the amount adsorbed by the reference sample (1.6 mmol/g) 

at the same relative pressure of p/p0 = 0.04. Pelleting of the MIL-101 powder sample 

slightly affected the shape of sevoflurane adsorption isotherm curves. 

 

 

Figure 66. Sevoflurane isotherms at 298 K. Triangles: the reference sample. 

Squares: MIL-101 powder. Circles: MIL-101 pellet. Solid symbols: adsorption, open 

symbols: desorption 
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Figure 67. Water vapor isotherms at 298 K. Triangles: the reference sample. 

Squares: MIL-101 powder. Circles: MIL-101 pellet. Solid symbols: adsorption, open 

symbols: desorption 

 

The synthesized Cr-MOF adsorbents (MIL-101 powder and pellets) and the 

reference sample showed very different water vapor adsorption behaviors as can be seen 

from Figure 67. Both MIL-101 samples show Type IV behavior, with the broad 

hysteresis loops above 40% at the relative pressure (RH) scale indicating capillary 

condensation in mesoporous structures [71]. The synthesized MIL-101 samples showed 

insignificant adsorption at p/p0 = 0 to 0.5 range, which is then followed by a sharp 

increase of adsorption capacity due to capillary condensation, which is also demonstrated 

by an occurrence of the broad hysteresis loop at around 0.4 - 0.6 of the relative pressure 

range. Capillary condensation starts at a low relative pressure (around 0.4) indicating the 
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existence of small mesopores, which is consistent with the pore size distribution analysis 

for MIL-101 samples as discussed in section 10.3.4 of this chapter (textural properties).   

In contrast, the reference sample showed monotonous, slow increase for the 

whole range of relative pressures. As discussed earlier, the reference sample contains a 

relatively small amount of mesopores (0.0794 cm3/g). Although a small hysteresis loop is 

noticeable in the reference sample, it is much less pronounced than the MIL-101 samples.  

At p/p0 (RH) = 0.5, the water vapor adsorption capacity of pelletized MIL-101 

sample was determined as 8.1 mmol/g, which is only about 70% of the reference sample 

adsorption capacity (11.2 mmol/g). The equilibrium capacities corresponding to 1 vol. % 

SF and 50% RH, from the single component isotherm data, are summarized in Table 17. 

 

Table 17. Equilibrium adsorption capacities of SF and water vapor on reference 

sample beads and MIL-101 pellets at 298 K and 1 atm from the single component 

isotherm data 

Sample 

Equilibrium adsorption capacities from the single 

component isotherms (mmol/g) 

SF Water vapor 

Reference sample 1.6 11.2 

MIL-101 4.5 8.1 
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10.3.6 Breakthrough Results 

The single component and binary gas mixture breakthrough measurements were 

carried out at 298 K and atmospheric pressure using the breakthrough experimental 

system as shown in Chapter 8. Both single component and binary mixture adsorption 

capacities can be calculated from the breakthrough data using Equation 9.2 as introduced 

in Chapter 9: 

q = 𝐶0×𝐹𝑇𝑜𝑇𝑇𝑇
𝑚

× ∫ [1 − 𝐶(𝐶)
𝐶0

]𝐶
0                                                                                     (Equation 9.2) 

 
 
10.3.6.1 Single Component Breakthrough Analysis 

The single component breakthrough experiments for 1 vol. % sevoflurane or 

water vapor at 50% RH on the reference sample and MIL-101 were performed at 298 K 

and 1 atm (see Figure 68).  

For the same column’s size (L = 5.8cm, OD = 1.275cm), sevoflurane saturation 

time (at c/c0 reaching unity) is similar for both the reference and MIL-101 sample (about 

216 min). On the other hand, water vapor saturation time for the reference sample (about 

1333 min) is more than two times greater than the saturation time for the MIL-101 

sample (about 500 min), indicating that the reference sample is more favorable for water 

vapor adsorption than MIL-101.  
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Figure 68. Single component breakthrough curves of SF and water vapor in 

reference (solid line) and MIL-101 (dashed line) samples at 298 K and 1 atm (a) 1 

vol. % SF and (b) 50% RH water vapor 
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Table 18. Adsorption capacities of SF and water vapor on reference sample beads 

and MIL-101 pellets at 298 K and 1 atm obtained from single component 

breakthrough curves 

Sample 

Breakthrough capacity (mmol/g) 

at c/c0 = 0.05 

Equilibrium capacity (mmol/g) 

at c/c0 = 1 

SF Water vapor SF Water vapor 

Reference sample 0.9 4.0 1.3 11.4 

MIL-101 3.0 2.3 4.5 6.7 

 

Table 19. Comparison of equilibrium capacity from the isotherms and the single 

component breakthrough curves 

Sample 
Isotherm capacities (mmol/g) 

Equilibrium capacities from the 

single component breakthrough 

curves  (mmol/g) 

SF Water vapor SF Water vapor 

Reference sample 1.6 11.2 1.3 11.4 

MIL-101 4.5 8.1 4.5 6.7 

 

The calculated single component adsorption capacities (at c/c0 = 1) and the 

adsorption amount at breakthrough time (breakthrough capacity at c/c0 = 0.05) are shown 

in Table 18. The adsorption capacities at c/c0 = 1, obtained from the single component 
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breakthrough curves, are close to the equilibrium capacities obtained from the isotherm 

measurements, as shown in Table 19. Although the results were obtained by different 

experimental techniques, they are very close, except for water vapor (RH = 50%) on 

MIL-101 (about 17% difference, which is still reasonably close). 

 

10.3.6.2 Binary Mixture Breakthrough Analysis 

Figure 69 displays breakthrough curves of binary gas mixture containing 1 vol. % 

sevoflurane with water vapor at 50% RH for the reference sample at 298 K and 1 atm. 

The column (L = 5.8cm, OD = 1.275cm) reaches the sevoflurane saturation point (c/c0 = 

1) at about 145 min, while water vapor’s adsorption continues and reaching its saturation 

point after about 1250 min. Between 145 to 1250 min, adsorbed sevoflurane is gradually 

displaced and eventually driven out from the column by water vapor, which indicates that 

the reference sample favors water adsorption over sevoflurane at these conditions. As a 

result, the sevoflurane shows a “roll-up effect”, which is demonstrated by the relative 

concentrations above unity at the column exit, e.g. c/c0 is about 1.3 at the maximum, as 

shown in Figure 69. When the water vapor and sevoflurane finally reach equilibrium 

throughout the column, indicated by relative concentration of unity for both sorbates 

(pinch point on the diagram at about 1250 min), the adsorbed amount of sevoflurane left 

in the column is much lower (close to zero) compared to sevoflurane breakthrough 

capacity (arbitrarily chosen at c/c0 = 0.05). It should also be noted that the binary mixture 

breakthrough capacity of sevoflurane (shown in Table 20) is close to the single 

component breakthrough capacity of sevoflurane.  
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Figure 69. Sevoflurane (solid line) and water vapor (dashed line) breakthrough 

curves of  the binary gas mixture containing 1 vol. % SF and 50% RH on the 

reference adsorbent at 298 K and 1 atm 

 

The water vapor did not reach its breakthrough point (c/c0 = 0.05) until about 243 

min in the process. As a result, the sevoflurane adsorption capacity was only slightly 

affected by water vapor at the beginning of the process due to slow water vapor kinetics, 

which was reflected by the greatly extended shape of water vapor breakthrough curve 

compared to sevoflurane breakthrough curve. It should also be noted that the binary 

mixture adsorption capacity of water at equilibrium (9.83 mmol/g), shows in Table 20, is 

relatively close to its single component adsorption capacity of 11.4 mmol/g, as shown in 

Table 18, because water vapor adsorption is not adversely affected by the competition 
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with sevoflurane, i.e. water vapor behaves almost as a single component in the mixture 

with sevoflurane. 

 

Table 20. Equilibrium and breakthrough adsorption capacities of reference 

adsorbent determined from the breakthrough data of binary mixture consisting of 1 

vol. % SF and 50% RH at 298 K and 1 atm 

 

Binary mixture adsorption capacity 

(mmol/g) 

Sevoflurane Water vapor 

At SF breakthrough (c/c0 = 0.05) 1.11 1.75 

At water vapor breakthrough (c/c0 = 0.05) 1.05 4.25 

At equilibrium (c/c0 = 1.00) 0.10 9.83 

 

Figure 70 shows breakthrough curves of 1 vol. % sevoflurane and 50% RH in the 

binary gas mixture on MIL-101 pellets at 298 K and 1 atm using the same size column (L 

= 5.8cm, OD = 1.275cm). Sevoflurane reached saturation (c/c0 = 1) slightly earlier than 

water vapor, and no sevoflurane was displaced by water vapor (no roll-up effect). The 

equilibrium and breakthrough adsorption capacities of MIL-101 determined from the 

breakthrough data of binary mixture are summarized in Table 21. It indicated that the 

binary mixture adsorption capacity of sevoflurane and water vapor at equilibrium (4.5 

mmol/g and 6.8 mmol/g, respectively) is similar to its single component adsorption 

capacity (4.5 mmol/g and 6.7 mmol/g, respectively) as shown in Table 18.  
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Figure 70. Sevoflurane (solid line) and water vapor (dashed line) breakthrough 

curves of the binary gas mixture comprised of 1 vol. % SF and 50% RH on MIL-

101 at 298 K and 1 atm 

 

The selectivity (α) of sevoflurane over water vapor for the adsorbents can be 

calculated using Equation 9.1 as introduced in Chapter 9: 

∝ =  𝑞𝑆𝑆
𝑞𝑤

 ×  𝑃𝑤
𝑃𝑆𝑆

                                                                                               (Equation 9.1) 
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Table 21. Equilibrium and breakthrough adsorption capacities of MIL-101 

determined from the breakthrough data of binary mixture consisting of 1 vol. % SF 

and 50% RH at 298 K and 1 atm 

 

Binary mixture adsorption capacity 

(mmol/g) 

Sevoflurane Water vapor 

At SF breakthrough (c/c0 = 0.05) 3.04 4.63 

At water vapor breakthrough (c/c0 = 0.05) 2.31 3.59 

At equilibrium (c/c0 = 1.00) 4.48 6.83 

 

 

Table 22. Equilibrium adsorption capacities of SF and water vapor in reference 

sample beads and MIL-101 pellets at 298 K and 1 atm obtained from the binary gas 

mixture breakthrough data at the equilibrium 

Sample Equilibrium adsorption capacities from the binary mixture 

(mmol/g) 

Selectivity 

α 

SF Water vapor 

Reference sample 0.1 9.8 0.02 

MIL-101 4.5 6.8 1.06 
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From the experimental data, the selectivity of sevoflurane over water vapor 

adsorption on MIL-101 pellets (1.06) was found to be much higher than for the reference 

sample (0.02), which means that MIL-101 is about 50 times more efficient for the 

selective adsorption of the sevoflurane from the binary mixture with water vapor than the 

reference sample. This is mainly caused by the drastic reduction of the sevoflurane binary 

mixture equilibrium capacity in the reference sample due to a very strong co-adsorption 

of water vapor, compared to the single component sevoflurane adsorption. On the other 

hand, sevoflurane binary mixture equilibrium adsorption capacity in MIL-101 stays the 

same compared to the single component adsorption capacity.  

  

Table 23. Breakthrough adsorption capacities of SF and water vapor in reference 

sample beads and MIL-101 pellets at 298 K and 1 atm obtained from the binary gas 

mixture breakthrough data at the breakthrough point (c/c0 = 0.05) 

Sample Breakthrough adsorption capacities  

from the binary mixture (mmol/g) 

Selectivity 

α 

SF Water vapor 

Reference sample 1.1 4.2 0.42 

MIL-101 3.0 3.6 1.33 

 

It is also interesting to notice that, although at the breakthrough point (c/c0 = 0.05) 

of the binary mixture adsorption process, the sevoflurane breakthrough adsorption 

capacity was not affected by the water vapor adsorption and the “roll-up effect” yet; the 
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selectivity of sevoflurane over water vapor adsorption on both adsorbents were higher 

than the selectivity at equilibrium, and the selectivity of MIL-101 pellets (1.33) was 

found to be still much higher than for the reference sample (0.42), 

 

10.3.6.3 Multiple Cycle Breakthrough Experiments 

10.3.6.2.1 Reference Sample 

The breakthrough curves for multi-cycle adsorption experiments, using reference 

sample packed column, are shown in Figure 71. As can be seen from the figure, the 

sevoflurane breakthrough point (arbitrarily chosen at c/c0 = 0.05) is at about 97 min for 

cycle 1 and was reached much earlier than the water vapor (at about 243 min). For cycle 

1, the sevoflurane shows a “roll-up effect” between 145 and 1250 min with the relative 

concentrations above unity (about 1.3 at the maximum) at the column exit. Similar “roll-

up effect” can also be observed for cycles 14 and 17 with the relative concentrations 

(c/c0) equal to 1.2 at the maximum. However, less displacement loss due to more cycles 

operated does not necessarily mean that the adsorption capacity of sevoflurane is less 

affected in the multi-cycle operation. One of the main reasons for decreased sevoflurane 

roll-up effect with an increase in the number of the cycles is due to a decrease of water 

vapor capacity and its ability to displace sevoflurane. 

The sevoflurane and water adsorption capacities at their respective breakthrough 

points are calculated and summarized in Table 24. The sevoflurane breakthrough capacity 

of 1.03 mmol/g for cycle 1 is close to the breakthrough capacity of sevoflurane 

determined from the single component breakthrough measurements (0.91 mmol/g).  

However, the water vapor breakthrough capacity for cycle 1 (4.25 mmol/g) is slightly 
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higher than the breakthrough capacity of water vapor obtained from the single component 

breakthrough experiments (3.97 mmol/g), which indicates that the presence of 

sevoflurane may enhance water vapor adsorption due to interaction of these species at the 

adsorption sites, e.g. the formation of hydrogen bonds between sevoflurane and water 

molecules. 

 

 

Figure 71. Multicycle sevoflurane (solid lines) and water vapor (dashed lines) 

breakthrough curves of the binary gas mixture comprised of 1 vol. % SF and 50% 

RH in the reference adsorbent packed column at 298 K and 1 atm 
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Table 24. Binary mixture breakthrough and equilibrium capacities of sevoflurane 

(SF) and water vapor in reference sample obtained from the multiple cycle 

breakthrough data of 1 vol. % SF and 50% RH gas mixture at 298 K and 1 atm 

Cycle At SF breakthrough (c/c0 = 0.05)  

Breakthrough time 

(min) 

SF breakthrough 

capacity (mmol/g) 

Water vapor adsorption capacity 

(mmol/g) 

1 97 1.03 - 

14 6 ≈0 (0.03) - 

17 12 ≈0 (0.19) - 

Cycle At water vapor breakthrough (c/c0 = 0.05) 

Breakthrough time 

(min) 

SF adsorption capacity 

(mmol/g) 

Water vapor breakthrough 

capacity (mmol/g) 

1 243 - 4.25 

14 77 - 1.29 

17 100 - 1.73 

Cycle At the mixture equilibrium 

Corresponding 

time (min) 

SF equilibrium capacity 

(mmol/g) 

Water vapor equilibrium 

capacity (mmol/g) 

1 1250 ≈0 (≤0.1) 9.83 

14 833 ≈0 (≤0.0) 5.48 

17 667 ≈0 (≤0.0) 4.44 
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As the cycle number increases, the SF breakthrough and equilibrium capacities 

decrease. In cycles 14 and 17, the sevoflurane reaches its breakthrough point soon after 

the beginning of the cycle (less than 15 min) which results in very low breakthrough 

capacity (close to zero). Meanwhile, the breakthrough capacity of water vapor in cycle 14 

and 17 drops since less sevoflurane is left in the column to interact with water vapor, thus 

decreasing the water vapor adsorption, as explained above. 

When water vapor and sevoflurane from the mixture reach equilibrium throughout 

the entire column (corresponds to pinch point in the diagram), the equilibrium capacity of 

sevoflurane is greatly reduced (almost to zero) due to displacement with stronger 

adsorbed water vapor. The binary mixture equilibrium capacity of water vapor for cycle 1 

is relatively close to its single component equilibrium capacity, showing that water vapor 

behaves as the single component system, i.e., it is not affected by the presence of SF in 

the mixture. By comparing the equilibrium time and the adsorption capacity of water 

vapor at the equilibrium point for cycles 1, 14 and 17, the time required to reach 

equilibrium decreases as the cycle number increases, such that the equilibrium capacity 

for cycle 14 is significantly less than the equilibrium capacity for the 1st cycle. After 17 

cycles, the equilibrium capacity of water vapor was only half of its original value.  

 

10.3.6.2.2 MIL-101 

A same size column (L = 5.8cm, OD = 1.275cm) was used to examine the 

performance of MIL-101 sample for the multi-cycle adsorption process (see Figure 72 

and Table 25).  
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Figure 72. Multicycle sevoflurane (solid lines) and water vapor (dashed lines) 

breakthrough curves of the binary gas mixture comprised of 1 vol. % SF and 50% 

RH in MIL-101 adsorbent packed column at 298 K and 1 atm 

 

For all cycles, the sevoflurane breakthrough capacities are close to the 

breakthrough capacity of sevoflurane determined from the single component 

breakthrough experiments (3.0 mmol/g).  The water vapor breakthrough capacities are 

somewhat higher than the breakthrough capacity of water vapor obtained from the single 

component breakthrough experiments (2.3 mmol/g), due to the presence of sevoflurane, 

which is disposed to enhance water vapor adsorption at the same adsorption sites. 
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Table 25. Adsorption capacity and selectivity of MIL-101 obtained from the 

multiple cycle breakthrough data for binary mixture of 1 vol. % SF with 50% RH at 

298 K and 1 atm 

Cycle At breakthrough point (c/c0 = 0.05) 

SF breakthrough capacity 

(mmol/g) 

Water vapor breakthrough capacity 

(mmol/g) 

1 3.0 3.6 

6* 2.8 2.9 

13* 2.8 3.8 

14 2.2 3.6 

Cycle At the mixture equilibrium (c/c0 = 1) 

SF equilibrium 

capacity (mmol/g) 

Water vapor equilibrium 

capacity (mmol/g) 

Selectivity 

α 

1 4.5 7.0 1.03 

6* 3.6 5.9 0.98 

13* 3.7 8.5 0.70 

14 3.2 8.2 0.62 

*longer column 

 

Both sevoflurane and water vapor were saturated inside the column at about the 

same time (333 min) and very little sevoflurane was displaced by water vapor after the 
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column reached equilibrium. As the cycle number increases, the sevoflurane adsorption 

capacity decreased, which led to a small roll-up effect. The selectivity (α) of MIL-101 

showed a slight decrease between the first and sixth cycle; however, it started showing a 

more significant decreasing trend after the sixth cycle (see Figure 73). The much smaller 

sevoflurane “roll-up effect” observed for MIL-101 sample (c/c0 = 1.1 at the maximum) 

compared to the reference adsorbent indicates that MIL-101 has higher affinity for 

sevoflurane than the reference adsorbent. 

 

 

Figure 73. Multicycle sevoflurane (solid lines) and water vapor (dashed lines) 

breakthrough curves of the binary gas mixture comprised of 1 vol. % SF and 50% 

RH in MIL-101 adsorbent packed column (longer column) at 298 K and 1 atm 
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A longer column was also used to further demonstrate the performance of MIL-

101 sample for the multi-cycle adsorption process (see Figure 73 and Table 25). Similar 

adsorption behaviour can be observed in the longer column as in the shorter one: both 

sevoflurane and water vapor reach the equilibrium point at about the same time (1000 

min) with small “roll-up effect”.  

Although different numbers of breakthrough tests have been performed on the 

two different column lengths, same tendency of adsorption capacity changes with the 

cycle number can be generally observed for both columns: for the sevoflurane both 

breakthrough and equilibrium capacities show a decreasing trend with the cycle number; 

on the other hand the water vapor breakthrough capacities are basically constant while 

equilibrium capacities exhibit a slight increase with the cycle numbers. This phenomenon 

is likely to be caused by the damage of crystal structure of the MIL-101 during 

regeneration: MIL-101 is assembled by corner-sharing super-tetrahedral, which consist of 

Cr3O trimers and 1, 4-benzenedicarboxylic acids. The super-tetrahedral are microporous 

with an 8.6Å free aperture [72], which can easily fit a sevoflurane molecule (largest 

diameter for the tumbling sphere shape molecule is approximately 8.9Å). There are 3 

terminal sites in each Cr3O trimer and the ratio of fluorine to water is 1:2. Small amount 

of the terminal water molecules might be removed during low pressure regeneration (0.5 

kPa), thus providing exposed metallic Lewis acid sites in MIL-101 (see Figure 74) [58] 

[73]. When the metallic sites are exposed, they interact with sevoflurane molecules 

leading to an irreversible adsorption and causing damage of the porous substrate in terms 

of the adsorption capabilities in the next sevoflurane adsorption cycle. On the other hand, 

water molecule (molecule diameter is about 2.75Å) is much smaller than sevoflurane, and 
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with a small destruction of the MIL-101 structure, water molecules can still fit in 

numerous micropore cages that exist in the adsorbent. For that reason, the water vapor 

adsorption capacity is not affected by the small change of the crystal structure of MIL-

101. Moreover, with less sevoflurane adsorbed in the column, the water vapor adsorption 

capacity increases with the cycle number, due to less competition with sevoflurane for the 

adsorption sites, as shown in Table 25. As mentioned earlier, MIL-101 is stable at room 

temperature and atmosphere condition. Although the vacuum during regeneration causes 

some destruction of the crystalline structure of MIL-101 (e.g. slightly loss of SF 

capacity), the damage is relatively minor, which is further supported by the TEM results 

discussed in the next session. 

 

 

Figure 74. Formation of coordinative unsaturated chromium sites in the Cr3O-

carboxylate cluster of the MIL-101 structure [73] (CUS: coordinative unsaturated 

site) 
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10.3.7 Electron Microscopy SEM and TEM 

In order to examine the impact of adsorption and regeneration process on the 

sample structure after multi-cycle breakthrough experiments and to investigate the 

reasons for the capacity loss, scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) images were made for the fresh reference samples (before 

the first adsorption experiment) and the used reference sample (after 17-cycle 

experiment) (see Figure 75). Besides the color changes (sample turned yellow after 

multiple cycle breakthrough experiments), no noticeable differences were evident in the 

SEM images of the reference sample beads (see Figure 76).  

However, the more detailed TEM images of the ground reference sample powder 

demonstrated the structure degradation after the multi-cycle breakthrough experiments. 

The fresh reference sample shows diversity due to existence of crystals, while the used 

reference sample shows smoother edges in the TEM image due to sintering of individual 

particles followed by the formation of amorphous phase. Once the sample started to sinter 

due to formation of amorphous phase, the edges become smoother, which would cause 

the decreasing of the total surface area of the sample and the loss of adsorption capacity 

(see Table 26). After 17 breakthrough cycles, the BET surface area of reference sample 

decreased by half, and the total pore volume decreased by 15%. 

Figure 77 displays the SEM and TEM images of synthesized MIL-101 sample: 

sub-micron-sized crystallites are clearly visible. In particular, inspection of TEM images 

reveals well-defined octahedral crystals, which are consistent with other TEM 

investigations performed on MIL-101 [62]. No visible sample degradation can be 

observed by comparing the sample images before and after the multiple cycle 
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breakthrough tests. The BET surface area and total pore volume of the sample are not 

affected much by the cycle numbers (see Table 26). MIL-101 demonstrated much greater 

stability than reference adsorbents in multiple cycle adsorption experiments with no 

obvious structural degradation and only minor adsorption capacity loss. 

 

 

Figure 75. SEM (a) and TEM (b) images of reference sample in packed column 

before and after multiple cycle adsorption tests 
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Figure 76. Picture of the reference samples before (left) and after (right) 17-cycle 

adsorption experiments 

 

Table 26. Comparison of the BET surface area and total pore volume of the samples 

before and after multi-cycle breakthrough tests 

Sample Ref. sample  

(17 cycles) 

MIL-101 pellet 

(14 cycles) 

Before After Before After 

BET surface area (m2/g) 648 325 1853 1725 

Total pore volume (cm3/g) (p/p0 = 0.990) 0.38 0.32 1.14 1.09 

 



 

154 

 

 

Figure 77. SEM (a) and TEM (b) images of MIL-101 sample in packed column 

before and after multiple cycle adsorption tests 

 

10.4 Conclusion 

A new Cr based MOF adsorbent (MIL-101) was synthesized and tested for low 

concentration of sevoflurane (model anesthetic) in the mixture with water vapor at 50% 
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relative humidity. Preliminary results reported in this chapter provide a useful insight into 

the potential use of MIL-101 as a higher performance replacement of the conventional 

adsorbent materials (the reference sample in this study) that are currently used for the 

capture and recovery of halogenated anesthetics. With the three times greater surface area 

and more abundant porous structure, MIL-101 demonstrated higher adsorption capacity 

and far better selectivity for sevoflurane compared to the reference adsorbent.  

As can be seen from the binary gas mixture breakthrough experiments, 

sevoflurane reaches saturation much faster than water vapor in the column packed with 

reference adsorbent. Since water vapor mass transfer front travels much slower through 

the column due to its higher affinity to the reference adsorbent, the sevoflurane is slowly 

displaced and eventually “pushed out” from the column by water vapor (“roll-up effect”). 

Due to the “roll-up effect”, the sevoflurane mixture equilibrium capacity is much lower 

compared to the single component equilibrium capacity. A very small amount of 

sevoflurane remains (close to zero) after the entire column reaches equilibrium. On the 

other hand, water vapor and sevoflurane reach saturations at about the same time in MIL-

101 sample, indicating that the co-adsorption of water vapor has very little effect on the 

adsorption of sevoflurane. As a result, the equilibrium adsorption capacities of 

sevoflurane and water vapor in the mixture are similar to the single component capacities. 

This indicates a significant advantage (less sorbate loss) of MIL-101 adsorbent over the 

reference sample. 

Moreover, MIL-101 showed higher stability with lower capacity loss than the 

reference sample in multi-cycle adsorption experiments. After 14 cycles, MIL-101 retains 

its adsorption capacity for both sevoflurane and water vapor, while the reference sample 
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lost half of its adsorption capacity for water vapor and almost all capacity for 

sevoflurane. The results were consistent with the TEM and BET measurement: MIL-101 

lost less than 10% of its BET surface area and total pore volume after 14 cycles with no 

visible sample degradation observed from the TEM images, while the reference sample 

lost half of its surface area and 15% of its total pore volume after 17 cycles breakthrough 

tests due to the degradation of the sample’s structure which was clearly demonstrated in 

the TEM images.  

Considering similar chemical composition and molecular structure of other 

halogenated anesthetics, e.g., desflurane and isoflurane, our findings are not anticipated 

to be sevoflurane specific only and it is expected that the same or similar trends will 

apply to other related anesthetics. Overall, MIL-101 seems to be the next generation of 

adsorbents that will be used for halogenated anesthetics removal and recovery. 
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Chapter 11 Future Work 

In addition to the work we’ve already performed, there are still a lot of avenues to 

pursue to improve the adsorption of the halogenated anesthetic gas. Some specific 

examples are discussed below.    

 

11.1 Adsorbents 

The Cr-based MOFs MIL-101, Al-SBA-15 based samples and a silica zeolite (the 

reference sample [62]) have been tested as adsorbents for the halogenated anesthetic gas 

(i.e. sevoflurane) adsorption. MIL-101 showed higher sevoflurane adsorption capacity 

and selectivity, as well as better performance in multi-cycle operations, thus being 

considered to be the best adsorbent candidate for the halogenated anesthetic gas 

adsorption so far. 

Other adsorbent materials with similar properties as MIL-101 could also be tested 

for the selective adsorption of halogenated anesthetic gases from the mixture with water 

vapor. More metal organic frameworks, such as MOF-5 [74] and MOF-177 [75], could 

be investigated for their adsorption properties.  

New classes of porous crystals, such as zeolitic imidazolate frameworks (ZIFs) 

and 3D-covalent organic frameworks (3D-COFs) [76] (see Table 27) could be tested for 

selective halogenated anesthetic gas adsorption as well. 
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Table 27. Textural properties of selected candidate adsorbents 

Material  Surface Area (m2/g) Total Pore Volume (cm3/g) 

MOF-5 [74] 2900 1.04 

MOF-177 [75] 4500 1.59 

ZIF-8 [77] 1947 0.663 

ZIF-11 [77] 1676 0.582 

COF-102 [76] 3472 1.35 

COF-103 [76] 4210 1.66 

COF-105 * 6450 [78] 5.22 [79] 

COF-108 * 6298 [79] 5.40 [78] 

* Only simulation data available 

 

11.2 FT-IR  

Adsorption site with different properties exist inside the porous structure of 

different adsorbents. Adsorption sites and their properties are most efficiently analyzed at 

a molecular level. When proper probe molecules are chosen, IR spectroscopy can be used 

for investigations of intermolecular interactions such as H-bond, coordination bond and 

Lewis acid-base interactions [80]. Thus, Fourier transform infrared spectroscopy (FT-IR) 

technology has the potential to be a useful method to look into the interaction between 

the sorbate molecules (i.e. sevoflurane and water vapor) and the adsorption site of the 

adsorbents, which would provide useful information of the adsorption mechanism and 

point out the direction in search of proper adsorbents. 
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11.3 Adsorption Kinetics 

As discussed in section 10.3.4, both the reference D6000 sample and MIL-101 

showed very narrow pore size distribution, indicating they can separate molecules based 

on their size, shape, and adsorption kinetic rate; and different adsorption kinetics 

mechanisms can be established for different adsorbate [81].  

In order to obtain more insight in the adsorption phenomena, it would be helpful 

to study the kinetic behaviour of sevoflurane and water vapor on MIL-101 and the 

reference sample. Generally speaking, macropore / mesopore resistance in the secondary 

pore structure and micropore resistance (surface barrier and pore diffusion) in the primary 

pore structure are the main mass transfer resistance in adsorbent particle agglomerates. 

When adsorption happened for a binary or multi-component mixture, an additional mass 

transfer resistance of the transportation through the laminar fluid boundary layer 

surrounding the particle may exist (see Figure 78) [81] [82]. 

 

Figure 78. Schematic diagram of the three principal mass transfer resistances in an 

adsorbent pellet [82] 
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As there are several distinct mass transfer resistances that can limit the adsorption 

rate, it is not always obvious which resistance is in control without detailed analysis 

coupled with appropriately designed experiments [82]. By comparing the experimental 

data with appropriate selected kinetic models, the nature of the mass transfer rate 

controlling mechanism and the interactions between sorbate molecules and active pore 

surfaces can be investigated [81]. 
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Appendix A. Synthesis Methods 

A1. Synthesis of SBA-15-p 

Short-channel SBA-15-p materials with expanded pore diameters were 

synthesized in the lab following the method described in the literature [65]. In a typical 

synthesis, 0.32g of zirconyl chloride octahydrate (ZrOCl2·8H2O, Acros) and 2g of 

Pluronic® P123 triblock copolymer were thoroughly dissolved in 80 mL of 0.1 M HCl 

solution. 4.2g of TEOS was then added and pre-hydrolyzed for 30 minutes, followed by 

adding 1g of trimethylbenzene (TMB, Aldrich). The mixture solution was stirred at 35 - 

40°C overnight. Next morning the solution was transferred to an autoclave with Teflon 

inside layer and reacted at 90°C for 48 hours under static conditions. White precipitates 

recovered by filtration were thoroughly washed with de-ionized water and dried at 50°C 

overnight. The P123 was removed by calcining the as-made materials at 550°C for 8 

hours in air. White powder with clumps of varies size were obtained after calcination. 
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A2. Synthesis of Al-SBA-15-p 

A modified route was developed to synthesis Al-SBA-15-p materials with 

expanded pore diameters, based on the Al-SBA-15 synthesis procedure described earlier: 

2g of Pluronic® P123 triblock copolymer and 0.025g of NH4F were dissolved in 75 mL 

of a 0.1 M HCl solution (solution A). 4.6g of TEOS and 0.212g of Al(O-i-Pr)₃ were 

dissolved in 5 mL of a 0.1 M HCl solution (solution B), which was stirred for 30 min. 

Solution B was added dropwise to solution A, and the resulting mixture was stirred at 

40°C for 20 hours [68]. 1g of TMB was added as swelling agent to interfere the 

formation of an ordered 2D hexagonal pore structure of Al-SBA-15, enlarge the pore 

size, and form short channel platelet Al-SBA-15-p materials [65]. The mixture was then 

transferred to a Teflon lined autoclave and heated under hydrothermal conditions at 

100°C for 24 hours. The final product was filtered, washed with distilled water and dried 

at 60°C overnight. Calcination was carried out at 500°C for 10 hours (heating rate: 

1°C/min) and final product of white powder with clumps were obtained. 
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Appendix B. Modification of SBA-15-p  

The surface modification of short-channel SBA-15-p materials with TMPS was 

carried out using the same procedure as described in Section 9.2.2: 1g grinded SBA-15-p 

powder sample was placed and weighted in a round-bottom Schlenk flask. Based on the 

experience of Al-SBA-15 modification, less TMPS function group was added per gram 

of sample. 100 mL dry toluene and about 0.002mol (0.3 mL) of TMPS was added using 1 

mL size syringe. The mixture was refluxed under argon for 4 hours. After cooling to 

ambient temperature, the sample (TMPS-SBA-15-p) was filtered and washed with 

toluene, distilled water and acetonitrile and dried in oven at 100°C overnight. 
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Appendix C. TGA and DSC Results 

C1. TGA and DSC of Al-SBA-15 Based Samples 

 

Figure C1. TGA results of synthesized Al-SBA-15, Al-SBA-15 toluene and modified 

TMPS-Al-SBA-15 samples 

 

Two weight-loss steps were observed on Al-SBA-15 samples: the first, 

corresponding to 1 wt. % loss, occurred at the range 25 - 200°C resulting from the loss of 

moisture trapped inside the clumps; the second, an extra 18 wt. % loss at 200 - 400°C, 

was due to the burning out of Pluronic® P123 surfactant residue. 

Similar results were observed on Al-SBA-15 toluene samples. However, the first 

step weight loss of 8 wt. % from room temperature to about 200°C results from the loss 
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of toluene solvent instead of water. And a second step weight loss of 15 wt. % was 

observed from 200 to 400°C, which was a similar amount of weight loss as the starting 

Al-SBA-15 sample.  

The TGA results for the modified TMPS-Al-SBA-15-1 sample showed three 

weight-loss steps: a very small weight loss (less than 0.3%) at 100 - 110°C, which 

suggested the physically adsorbed water/solvent was little, and therefore indicated a 

relatively hydrophobic character of its surface; the major weight loss happened at 200 - 

380°C, due to the burning out of Pluronic® P123 surfactant residue; the third step of 

weight loss (6 wt. %) happened at 500 - 600°C, which can be attributed to the 

decomposition of the TMPS modification group from the surface. 
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C2. TGA and DSC of Platelet Samples with Short-Channels 

 

Figure C2. TGA results of synthesized SBA-15-p, TMPS-SBA-15-p and Al-SBA-15-

p samples 

 

TGA results show that both SBA-15-p and Al-SBA-15-p samples are stable up to 

800°C (Figure C2) with only about 2 - 6 wt. % weight loss from room temperature to 

100°C resulting from the loss of moisture.  

Three weight-loss steps were observed for the modified TMPS-SBA-15-p sample, 

which is similar result as observed in the modified TMPS-Al-SBA-15-1 sample: 7% of 

weight loss at 100 - 110°C suggested very little physical adsorbed water/solvent in the 

sample; very little weight loss (about 2 wt. %) happened at 200 - 380°C due to the 

burning out of Pluronic® P123 surfactant residue; and the decomposition of surface 



 

179 

 

modification group TMPS happened at 500 - 600°C, which caused another 4% weight 

loss. 
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Appendix D. N2 Adsorption Isotherms at 77 K 

Textural properties were determined from N2 adsorption isotherms at 77 K 

performed on BELSORP-max instrument (BEL Japan, Inc.). All the samples were 

pretreated by degassing at 373 K under vacuum overnight prior to characterization tests.  

 

Figure D1. Nitrogen isotherms at 77 K of Al-SBA-15 based samples 

 

The reference sample showed typical Type I adsorption behavior with a 

monolayer of adsorbate is formed at the adsorbent surface, which implies the existence of 

micropore in the structure. The Al-SBA-15 based samples (i.e. Al-SBA-15, Al-SBA-15 

toluene and TMPS-Al-SBA-15-2) showed Type IV adsorption isotherm with the 

intermediate flat region (p/p0 = 0.01 - 0.5) in the isotherm curve corresponds to 
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monolayer formation followed by multilayer formation. A hysteresis loops above p/p0 = 

0.5 indicating capillary condensation in small mesoporous structures, which is consistent 

with the pore size distribution analysis for the samples as discussed in Appendix E. The 

nitrogen isotherms at 77 K for the TMPS-Al-SBA-15-2 sample also demonstrated the 

loss of porosity if too much TMPS function group is added during the modification. 

 

Figure D2. Nitrogen isotherms at 77 K of samples with short-channels 

 

The nitrogen isotherms at 77 K for all the samples with short channels (i.e. SBA-

15-p, TMPS-SBA-15-p and Al-SBA-15-p) also showed Type IV adsorption isotherm. 

However, no obvious hysteresis loop can be observed in the samples with short channels 

as in the Al-SBA-15 based samples. 
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Appendix E. Pore Size Distribution 

 

Figure E1. Pore size distribution of Al-SBA-15 based samples using S-F method 

 

Figure E1 shows the pore size distribution of the Al-SBA-15 based samples (i.e. 

Al-SBA-15, Al-SBA-15 toluene and TMPS-Al-SBA-15) using the conventional Saito-

Foley (S-F) model. As can be seen from the figure, a rather narrow range (0.5 - 1.5nm) of 

pore sizes exists in all samples with the peak diameter of 0.7nm corresponding to the 

most abundant pores in the samples.  
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Figure E2. Pore size distribution of Al-SBA-15 based samples using BJH method 

 

In addition to SF method, the Barrett-Joyner-Halenda (BJH) model was also used 

for pore size analysis, which can predict pore size distribution of larger pores, e.g. pores 

with radius (rp) in the range of 1 - 100nm or diameters (dp) in the range of 2 - 200nm. The 

pore distribution using BJH method shows the existence of small amount of macropores 

(rp = 1 - 6nm or dp = 2 - 12nm) in the pore structure (see Figure E2), which is also 

demonstrated in the N2 isotherms at 77 K as it shows the hysteresis loops of capillary 

condensation. 
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Figure E3. Pore size distribution of samples with short channels using S-F method 

 

The pore size distribution of the SBA-15-p sample using S-F method is shown in 

Figure E3, with peak diameter of 0.59nm. Existence of micropores and small amount of 

mesopores with pore diameter of 4nm can be observed in the pore size distribution 

diagram using both S-F and BJH method. No large mesopore (dp ≥ 4 nm) or macropore 

(dp = 50 - 1000nm) exists in the sample.  
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Figure E4. Pore size distribution of samples with short channels using BJH method 

 

Modifying the SBA-15-p with TMPS function groups seems blocked most of the 

mesopores inside the sample. Only micropores within a small diameter range of 0.5 - 

1.5nm can be seen in the pore size distribution diagram using S-F method, and no 

mesopore or macropore can be observed in either S-F or BJH pore size distribution 

diagram. 

The pore size distribution of Al-SBA-15-p sample shows existence of micropores 

with peak diameter of 0.89nm using S-F method and small amount of mesopores with 

peak radius of 2.17nm using BJH method. 
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Appendix F. Multicycle Breakthrough Measurements on D6000 in 

Long Column 

A longer column (L = 10cm, OD = 1.275cm) was also prepared for the reference 

sample to examine the effect of column length on the breakthrough tests. Because of the 

larger size of the column used (L = 10cm instead of 5.8cm), more sample (6.52g instead 

of 3.79g) was packed inside the column, thus the water vapor adsorption saturation time 

for this reference sample packed column was estimated to be almost 3000 min. However, 

the size of the sevoflurane bubbler (about 20 mL) used in this experimental setup could 

only generate sevoflurane vapor at desired concentration (1 vol. %) for about 1400 min. 

Due to the limitation of the experiment setup and to save the amount of sevoflurane used, 

the multi-cycle adsorption experiments were terminated at around 1200 min.  

In order to estimate the water saturation time and water adsorption capacity, water 

vapor breakthrough curves were extended to the saturation point (c/c0 = 1) following the 

trend of the water vapor concentration curve. Both experimental and extended multi-

cycle sevoflurane and water vapor breakthrough curves are demonstrated in Figure F1.  
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Figure F1. Multicycle sevoflurane and water vapor breakthrough curves of the 

binary gas mixture comprised of 1 vol. % SF and 50% RH in the reference 

adsorbent packed column at 298 K and 1 atm 

 

As expected, the sevoflurane saturation point (c/c0 = 1) was reached much earlier 

than the water vapor as observed in the breakthrough curves for the regular size column. 

A “roll-up effect” with the relative concentrations (c/c0) equal to 1.4 at the maximum can 

be seen on the longer column as well. Similar sevoflurane and water vapor breakthrough 

capacities were obtained.  
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 Table F1. Binary mixture breakthrough (BT) capacities of sevoflurane (SF) and 

water vapor in the reference sample obtained from the multiple cycle breakthrough 

data of 1 vol. % SF and 50% RH gas mixture at 298 K and 1 atm 

Cycle At SF BT (c/c0 = 0.05) At water vapor BT (c/c0 = 0.05) 

BT Time  

(min) 

SF BT capacity  

(mmol/g) 

BT Time  

(min) 

Water vapor BT 

capacity (mmol/g) 

1 145 0.93 496 4.97 

3 130 0.83 610 6.12 

5 128 0.82 409 4.02 

 

The water vapor equilibrium adsorption capacity of the reference sample in the 

longer column was also slightly higher than the regular column. As the column is longer, 

more sample beads were packed inside the column. The time needed for the mixture gas 

to pass through the column and reach the equilibrium point is longer, which allows the 

water vapor molecules to diffuse further inside the sample beads and results a small 

increase on the equilibrium adsorption capacity.  
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Table F2. Binary mixture equilibrium capacities of sevoflurane (SF) and water 

vapor in the reference sample obtained from the multiple cycle breakthrough data 

of 1 vol. % SF and 50% RH gas mixture at 298 K and 1 atm 

Cycle At the mixture equilibrium 

SF equilibrium capacity (mmol/g) Water vapor equilibrium capacity (mmol/g) 

1 ≈0 (≤0.0) 14.1 

3 ≈0 (≤0.1) 13.4 

5 ≈0 (≤0.5) 12.2 

  

After 5 cycle tests, the reference sample packed in the long column lost about 

14% of its water vapor equilibrium adsorption capacity (see Table F2), which is similar 

to the capacity loss obtained from the shorter column. 

It is recommended that the sample should be replaced before it reaches the 

sevoflurane saturation point (c/c0 = 1), i.e., at its sevoflurane breakthrough point (c/c0 = 

0.05). As the sample weight packed inside the column is proportional to the column 

length (same column diameter), which are also proportional to the time for the column to 

reach the breakthrough and equilibrium adsorption point in the binary mixture 

breakthrough tests (see Table F3), the proper time to replace the canister / column for 

different situations can be easily predicted. 
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Table F3. Relations of column size and adsorption time of the reference sample in 

the binary gas mixture breakthrough tests with 1 vol. % SF and 50% RH 

 Regular 

column 

(column 1) 

Longer 

column 

(column 2) 

Ratio =  

𝑐𝑐𝐿𝑐𝑐𝑐 1
𝑐𝑐𝐿𝑐𝑐𝑐 2

 

Column length (cm) 5.8 10 0.58 

Sample weight (mg) 3.79 6.52 0.58 

SF breakthrough time (min) 80 145 0.55 

Water vapor breakthrough time (min) 331 496 0.67 

Equilibrium time (min) 1632 3083 0.53 

Average value 0.58 
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