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SHORTENED ABSTRACT 

Equilibrium adsorption properties are studied on zeolites for the application of 

upgrading biogas from landfills. Pure adsorption isotherms of carbon dioxide (CO2) and 

methane (CH4) measured with a constant volume apparatus. The Henry's Law constant 

and the heat of adsorption for NaLSX is also determined. The adiabatic working 

capacity and selectivity of four adsorbents is compared. NaLSX showed the highest 

capacity for CO2 at elevated temperatures. 

The binary equilibrium of CO2/CH4 on NaLSX is measured in a modified gas 

chromatograph at total mixture pressures of 1 and 3.3 atmospheres. The adsorbed phase 

is dominated by CO2 with a selectivity of 20 to 100 for the separation of CO2 and CH4. 

The increase in total pressure resulted in an increase in adsorbent capacity and a decrease 

in selectivity. Finally, an economic analysis relates landfill size to PSA operational costs 

and returns. 
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ABSTRACT 

Equilibrium adsorption properties are studied on various adsorbents for the 

application of upgrading biogas from landfills. The study begins with an examination of 

the pure adsorption isotherms of carbon dioxide (CO2) and methane (CH4) on various 

adsorbents. These measurements are performed with a constant volume apparatus. The 

differences in capacity at various temperatures are studied. In addition to isotherms, the 

Henry's Law constants and the heat of adsorption for the zeolite NaLSX is determined 

by employing the concentration pulse chromatographic technique. This experimental 

information is combined with a temperature dependant equilibrium model to evaluate the 

selectivity of various adsorbents based on the adiabatic working capacity of a vacuum 

pressure swing adsorber (VPSA) cycle. The conclusions of these analyses indicate that 

the adsorbents NaLSX, NaX and NaY demonstrate applicability for the bulk separation 

of CO2/CH4 in a VPSA system. In addition the adsorbent NaLSX showed the highest 

capacity for CO2 at elevated temperatures. 

Following the adsorbent screening, the binary equilibrium behaviour of CO2/CH4 on 

NaLSX is investigated. Mixture gas adsorption behaviour is measured in a modified gas 

chromatograph at total mixture pressures of 1 and 3.3 atmospheres. The concentration 

pulse chromatography technique was used to observe the changes in the binary isotherm 

of the mixture at these two pressures. The results show an adsorbed phase that is 

dominated by CO2 indicating a high selectivity for separation of CO2 and CH4. The 

increase in total pressure resulted in an increase in adsorbent capacity and a decrease in 

selectivity. The curvature of the binary isotherm is similar for both pressures although it 

differs significantly from pure isotherm models. 

Finally, the binary equilibrium capacity is used in an economic analysis for the 

upgrading of Landfill gas (LFG). The size of the landfill and consequently the LFG 

throughput into the VPSA is varied to observe the relationship between process 

operational costs and returns. Currently the breakeven costs of upgrading LFG and 

reselling the product at current natural gas prices are not competitive with current 

utilization technologies based on laboratory experiments. However, PSA LFG upgrading 

projects at landfills greater than 4 million tonnes can be profitable when natural gas 

prices or renewable energy incentives increase substantially. 
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RESUME 

Les proprietes d'adsorption a l'equilibre de plusieurs matieres adsorbantes sont 

etudiees dans l'application de l'amelioration des biogaz emanant des sites 

d'enfouissement. Cette etude debute avec l'examination de l'isotherme du dioxyde de 

carbone (CO2) et du methane (CH4) purs sur divers adsorbants. Ces mesures sont 

realisees avec un systeme de volume constant. Les differences de capacites a diverses 

temperatures sont etudiees. En plus des isothermes, les constantes d'Henry et la chaleur 

d'adsorption du Zeolite NaLSX sont determines a l'aide de la technique 

chromatographique d'une impulsion en concentration. Cette information experimentale 

est combinee a un modele dependant de la temperature a l'equilibre pour evaluer la 

selectivite de divers adsorbants base sur la capacite de travail adiabatique d'un cycle 

VPSA. Les conclusions de ces analyses indiquent que les adsorbants NaLSX, NaX et 

NaY peuvent etre appliques a la separation du CO2/CH4 dans un VPSA. De plus, 

l'adsorbant NaLSX a demontre la plus grande capacite pour le C02 a des temperatures 

elevees. 

Suite a l'examination des adsorbants, les isothermes d'adsorption de melanges 

binaires sur le NaLSX sont investigues. L'isotherme binaire du CO2/CH4 est mesure dans 

un chromatographic a gaz modifie aux pressions totales de 1.1 et 3.3 atmospheres. La 

technique chromatographique d'une impulsion en concentration fut utilisee pour 

observer les changements dans l'isotherme binaire a ces deux pressions. Les resultats 

demontrent une phase adsorbee dominee par le CO2, indiquant une selectivite 

significative. Une augmentation de la pression totale a conduit a une augmentation de la 

capacite d'adsorption et a une diminution de la selectivite. La courbe de l'isotherme 

binaire est semblable aux deux pressions, bien que significativement differente des 

modeles d'isothermes purs. 

Enfin, la capacite binaire a l'equilibre est utilisee dans une analyse economique pour 

l'amelioration des gaz emanant des sites d'enfouissement. La grandeur du site 

d'enfouissement est varie pour observer la relation entre les couts operationnels du 

processus et les profits. Base sur des mesures de laboratoires. le seuil de rentabilite pour 

l'amelioration des gaz de sites d'enfouissement n'est pas competitif avec les 

technologies utilisees a l'heure aetuelle. II est aussi conclu que les projets d'umelioration 
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des gaz des sites d'enfouissement PSA de plus de 4 millions de tonnes pourraient etre 

profitables si les prix de l'energie verte ou les ineitations envers l'energie renouvelable 

augmentent considerablement. 
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Chapter I: Introduction 
Introduction 

Today's society is faced with the challenges of reducing green house gas (GHG) 

emissions globally. These emissions are contributing to quantifiable changes in global 

weather patterns, and temperature [1]. The anthropogenic sources of GHGs are largely 

made up of fossil fuel combustion by-products released in the sectors of energy supply, 

transport, industrial, and agriculture. Waste and wastewater decomposition represent 

only 2.8% of global GHG emissions [2], The most common method for waste disposal, 

and coincidentally the most cost-effective, is landfilling. Roughly 50% of global waste is 

placed in large piles in the ground where it decomposes over many years [1]. The 

anaerobic decomposition of municipal solid waste releases landfill gas (LFG) a biogas 

that is mainly a binary mixture of methane (CH4) and carbon dioxide (CO2) as well as 

many trace gases listed in Table I -1. This biogas is released to the atmosphere as the 

organic fraction of waste decomposes in landfills over many decades after landfills have 

been closed. Both CH4 and CO2 are GHGs but methane has a global warming potential 

(GWP) 25 times that of C0 2 [3], 

The release of LFG to the atmosphere has been identified as a significant source of 

GHGs and techniques for preventing its release are applied in some countries. The most 

common method of reducing the GWP of LFG is by capping the landfill and burning the 

gas in a flare. Flaring LFG is an effective method of GHG reduction in developing 

countries due to its relative low cost; however, the high energy content of LFG is largely 

wasted. 

In developing countries LFG is being recognized as a renewable source of energy. 

Common technologies that change biogas into a useful energy form include steam 

boilers, modified natural gas engines and gas separators. Steam boilers allow for the 

thermal energy of LFG to be utilized locally. Gas engines are connected to turbines to 

produce electricity. Biogas is combusted in an engine or a steam boiler to produce 

electricity, however the gas requires pre-purification prior to combustion. The water and 

trace compounds in raw biogas can damage utilization equipment resulting in higher 

operational costs. An advantage of gas separators is that the energy density of biogas is 

increased by removing C()2 as well as the unwanted trace impurities. Upgraded methane 
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from LFG can be sold on the energy market as a renewable fuel. Alternatively, if natural 

gas (NG) infrastructure is not available near the landfill, the CH4 can be used as an 

alternative transportation fuel. For example, upgraded LFG in Puente Hills California is 

used to fuel waste processing equipment and garbage trucks with liquefied methane 

captured from the landfill. The application of upgrading LFG to natural gas quality is 

relatively new although the area of gas separations is well established. 

LFG poses a challenging renewable resource to utilize via upgrading. Firstly the gas 

must be captured from the landfill. This is accomplished with wells and vacuum pumps 

at a maximum recovery rate of 50% [1]. Secondly the composition of LFG is mainly 

CO2 and CH4 in addition to many trace compounds that are a product of waste 

decomposition. The trace compounds include: air (N2 and O2), hydrogen sulphide (H2S), 

carbon monoxide (CO), non-methane organic compounds (NMOCs), water vapour (H2O), 

siloxanes, and other compounds shown in Table I -1. 

Table I -1 - Typical Landfill Gas Characteristics |4| 
Component Range 

Methane (CH4) 35% to 55% 
Carbon Dioxide (C02) 20% to 50% 
Nitrogen (N2) 2% to 45% 
Oxygen (02) 0.5% to 5% 
Non-methane organic 
compounds (NMOCs) 200 to 2000 ppmv 
Hydrogen Sulfide (H2S) 20 to 500 ppmv 
Carbon Monoxide (CO) <10 ppmv 
Siloxane 0.2 to 10 ppmv 
Water (H20) 0-100% R.H. 

Ihe presence of the corrosive gases makes raw LFG difficult to store and burn 

without damaging energy utilization equipment [5]. In addition to troublesome 

compounds the composition of the LFG can vary depending on the climate, garbage type, 

and age of the landfill. 

The field of adsorption separations is well established and is simple in its operation. 

The separation of LFG is carried out at an elevated pressure in a pressure swing adsorber 

(PSA). The binary mixture enters a packed column tilled with porous adsorbent and the 

16 



C0 2 is retained in the bed as the relatively pure CH4 exits the bed. Once the C0 2 begins 

to breakthrough the bed the feed mixture is redirected to another adsorbent bed. The 

adsorbed C0 2 in the saturated bed is desorbed by reducing the pressure in the column. 

Purifying the LFG to NG quality involves three main steps. Removing unwanted 

trace compounds and dry ing the gas is first. This pre-purification is accomplished with a 

charcoal adsorbent bed that adsorbs and physically retains the trace elements and 

particulates in Table I -1. A desiccant bed in combination with a knockout drum removes 

H 2 0 from the raw biogas prior to pre-purification. 

The second important step is the separation of C02 . The separation of the main 

components of biogas can be performed by several technologies. There are several 

competing technologies for the bulk separation of C0 2 and CH4. They include: cryogenic 

distillation, absorption (chemical or physical), membrane separation, and adsorption. For 

small to medium sized landfills adsorption separation has the advantages of being less 

energy intensive than cryogenic and absorption technologies [6], PSAs are commonly 

used for gas bulk separations because of their simple operation and relatively low energy 

consumption [7]. A PSA also does not require water or liquid chemicals as in absorption 

processes. Membrane technologies are modular and adaptable although they are sensitive 

to variations in feed composition [8]. Adsorption processes are relatively flexible to 

variations in biogas composition and can be regenerated if accidentally contacted with 

raw LFG. Additionally, PSA is a proven separation technology that has been 

demonstrated for several decades [9], 

The final purification of the CH4 product elevates the purity to NG standards with N2 

removal. This third step is accomplished with membrane or adsorption processes. This 

paper explores the application of the bulk adsorption separation of LFG. 

Bulk PSA separations are a challenging process because >10% (wt) of the feed is 

adsorbed. causing the temperature in the bed to increase and flow rate to decrease [10], 

Physical adsorption is an exothermic process, thus the increase in system temperature 

results in a lower adsorption potential and a decreased PSA efficiency. 

The adsorption of C0 2 is reversible because the mechanism of adsorption is physical 

and not chemical |9], The adsorption process is scaled to the size required for a 

municipal landfill. 
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A successful LFG upgrading PSA requires an efficient separation of C0 2 from CH4. 

This performance is mainly determined by the capacity and selectivity of the adsorbent 

bed [11]. These qualities are identified in laboratory experiments based on the screening 

of several materials. 

In this study the adsorption equilibrium properties of several zeolite adsorbents are 

measured for the application of LFG bulk separation. The effect of the silica to alumina 

ratio (Si/Al) for zeolites are selected for analysis. The pure C0 2 and pure CH4 adsorption 

isotherms are determined with the constant volume method at temperatures of 40 to 150 

°C up to 5 atmospheres of pressure. The concentration pulse method is used to measure 

the Henry's Law Constant of pure C0 2 and CH4 as well as the binary mixture adsorption 

isotherms for a candidate adsorbent. The results of these analyses have been applied to 

the operation of a PSA and the economics of a landfill gas separation. 

Research Objectives 

1. Identify an adsorbent with a high equilibrium capacity and selectivity for C0 2 at 

temperatures above 40 °C. The challenge is to find an adsorbent that applicable 

for a C02/CH4 bulk separation with a PSA. 

2. Incorporate the effects of temperature in adsorbent selection for a PSA bed 

designed for bulk equilibrium separation of C0 2 and CH4. The challenge is to 

capture the change in equilibrium behaviour with temperature dependant isotherm 

models. 

3. Measure the binary adsorption equilibrium behaviour of C02/CH4 at atmospheric 

and elevated pressures. The challenge is to approximate the change in adsorption 

behaviour with pressure in a modified laboratory gas chromatograph. 

4. Determine the economic expenses and returns with respect to landfill size for the 

PSA bulk separation of biogas. The challenge is to keep the analysis applicable to 

North America and compare the breakeven costs of upgrading LFG to other 

utilization technologies. 
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Thesis Structure 

This thesis is presented in a paper format and includes four (4) chapters and five (5) 

Appendices. The first chapter introduces the topic of landfill gas upgrading by pressure 

swing adsorption and states the research objectives of the thesis. The second and third 

chapters consist of one paper each which will be submitted to be published in scientific 

journals. Their content is described in more detail below. The final chapter incorporates 

general conclusions and recommendations based on the findings of the two papers. The 

Appendices A and B have been added to compliment the analyses for chapter 2 and 3 

respectfully. The restriction on journal article length does not allow a complete and 

transparent analysis of the experimental data therefore supplementary information has 

been located in the appendices. In addition, the methods of measurement and the details 

about the zeolite adsorbents used are included in the subsequent appendices. 

Chapter II is composed of the paper by Bestfather, C. and Tezel, F.H.. The paper is 

entitled "Upgrading Landfill Gas by Adsorption: Adsorbent Selection and Equilibrium 

Data For the Bulk Separation of Carbon Dioxide and Methane" and is to be submitted for 

publication in the Journal of Energy & Fuels. This study identifies adsorbents that have 

potential for the separation of biogas based on the pure equilibrium behaviour and heats 

of adsorption. The pure isotherms of CO2 and CH4 are measured with a volumetric 

apparatus on CaX, NaY, and "NaLSX" (NaX zeolite with a Si/Al = 1.0) at temperatures 

of 40 to 150 °C and up to pressures of 4.5 atmospheres. Additionally, the concentration 

pulse chromatography technique is used to determine the Henry's Constants and limiting 

heat of adsorption for NaLSX. All of the adsorbents studied exhibit a favourable CO2 

isotherm and linear CH4 isotherm although NaLSX has the highest C0 2 capacity at 40°C. 

The limiting heat of adsorption for NaLSX is 27.9 and 18.5 kJ/mol for CO2 and CH4 

respectively. 

The bulk separation of biogas in an adiabatic vacuum pressure swing adsorber 

(VPSA) exhibits a 70 to 140 °C increase in bed temperature for a pressure ratio of 80. 

The selectivity of C0 2 over CH4 is favourable (5-20) based on a ratio of adiabatic 

working capacity. In conclusion NaLSX, NaX and NaY demonstrate applicability for the 

bulk separation of C02/CH4 in a VPSA. 
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Chapter III is composed of the paper by Bestfather, C. and Tezel. F.H.. It is entitled: 

"Upgrading Landfill Gas by Adsorption: Economic Analysis and Binary Adsorption 

Behaviour of Carbon Dioxide and Methane on NaLSX" and is to be submitted for 

publication in the Journal of Environmental Science & Technology. This paper 

investigates the application of pressure swing adsorption for the bulk separation of 

biogases. The pure CO2 and CH4 gas adsorption equilibrium on NaLSX (Si/Al = 1.0) at 

150 °C and up to 4.5 atm is compared with the binary equilibrium at 150 °C and total 

pressures of 1 and 3.3 atm. The binary equilibrium was successfully measured with 

concentration pulse chromatography in a gas chromatograph modified for total system 

pressures above 1 atm. The results show the domination of CO2 in the adsorbed phase 

with comparable capacity at elevated temperatures of the experiments. The ideal 

separation factor of NaLSX ranges from 20 to 103 for the experimental conditions. 

The results of the binary adsorption equilibrium experiments were applied to an 

economic analysis of a bulk PSA separation for LFG. The analysis included the sale of 

natural gas and the benefits of carbon credits for landfills sized from 0.2 to 10 Million 

tonnes. The results of the analysis indicate that upgrading LFG is not competitive with 

other utilization methods at current prices. It also suggests that if renewable fuel and 

green house gas economic incentives do increase, upgrading landfill gas is better suited 

for landfills above 4 million tonnes. 
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Abstract 

Biogas is a significant green house gas that can be utilized as a renewable source of 

methane (CH4) when it is separated from carbon dioxide (CO2). In this study adsorption 

separation of these gases has been considered. The equilibrium adsorption behaviour of 

pure CO2 and CH4 was studied on various adsorbents to screen materials for a bulk 

separation of CO2/CH4. The pure adsorption isotherms of CO2 and CH4 were measured 

with a constant volume system on zeolites CaX, NaY. and NaLSX (Si/Al = 1.0) at 

temperatures of 40 to 100 °C and up to 4.5 atmospheres of pressure. Additionally, the 

concentration pulse chromatography technique was used to determine the Henry's Law 

constants and limiting heat of adsorption for NaLSX. 

All of the adsorbents exhibited a favourable C0 2 isotherm and linear CH4 isotherm. 

The limiting heats of adsorption for NaLSX were determined to be 27.9 and 18.5 kJ/mol 

for CO2 and CH4 respectively. The bulk separation of biogas in an adiabatic vacuum 

pressure swing adsorber (VPSA) cycle (pressure ratio of 80) exhibited 70 to 140 °C 

increase in bed temperature. The selectivity for C0 2 over CH4 was favourable (5-20) 

based on a ratio of adiabatic working capacity. In conclusion NaLSX, NaX and NaY 

have applicability for the bulk separation of CC>2/CH4 in a VPSA. 
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Introduction 

Biogas from landfills and waste water sludge is a renewable energy resource that can 

be upgraded to an alternative fuel source. Biogas is a result of the anaerobic digestion of 

organic waste in bioreactor vessels and landfills. It is our environmental responsibility to 

capture this gas before it is released to the atmosphere because it is composed of several 

greenhouse gases (GHG) that contribute to global wanning and climate change. The 

main component is methane (CH4) that makes up approximately half of the mixture with 

carbon dioxide (CO2). The composition of Landfill Gas (LFG) varies with waste type, 

climate, and landfill age and contains a wide variety of trace compounds and saturated 

water vapour shown in Table II - 1. 

Table II - 1 - Typical Landfill Gas Characteristics 111 
Component Range 

Methane (CH4) 35% to 55% 
Carbon Dioxide (C02) 20% to 50% 
Nitrogen (N2) 2% to 45% 
Oxygen (02) 0.5% to 5% 
Non-methane organic 
compounds (NMOCs) 200 to 2000 ppmv 
Hydrogen Sulfide (H2S) 20 to 500 ppmv 
Carbon Monoxide (CO) <10 ppmv 
Siloxane 0.2 to 10 ppmv 
Water (H20) 0-100% R.H. 

At landfills biogas is flared to reduce its global warming potential (GWP). Methane 

has a GWP of 25 (assuming a 100 year lifetime in the atmosphere) compared to carbon 

dioxide with a GWP of 1 [2], Therefore the combustion of LFG significantly reduces its 

GHG impact. Alternatively, if the methane in biogas is upgraded, it can be piped directly 

into natural gas (NG) pipelines or used as an alternative fuel for waste disposal vehicles 

and landfill equipment [1 ]. 

The bulk separation of CO2 and CH4 is an important step of the biogas upgrading 

processes. The C0 2 must be removed to increase the energy content of the gas and to 

prevent corrosion in NG transportation and equipment [3], There exist several competing 

technologies for the bulk separation of C()2 and CI14. They include: cryogenic 
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distillation, absorption (chemical or physical), membrane separation, and adsorption. For 

small to medium sized landfills adsorption separation has the advantages of being less 

energy intensive than cryogenic and absorption technologies [4], As a promising 

separation technology, a Pressure Swing Adsorber (PSA) also does not require water or 

liquid chemicals in its operation as in absorption processes. 

Adsorption processes separate gas mixtures by differences in adsorbent capacity, 

electrostatic properties, and diffusion rates. The physical interaction of van der Waals 

forces between the gas "adsorbate" and solid "adsorbent" create a potential for 

adsorption. This interaction between the adsorbent and the adsorbate is a very important 

factor in determining the size of the packed bed for PSA and the overall efficiency. 

Table II - 2 - Physical properties of CP2 and CH4 [5| 
Adsorbate CH4 C0 2 

MW (kg/kmol) 16.04 44.01 
Dgas-He X 1 05 (m2/s) 6.76 5.65 
Kinetic Diameter (A) 3.80 3.30 
Polarizability (10"40 J"'C2m2) 2.93 2.89 
Dipole Moment (A3) 0.0 0.0 
Quadrupole moment (A3) 0.00 0.64 
Tb Boiling Temperature (K) 111 195 
Te Critical Temperature (K) 190.6 304.2 
Pc Critical Pressure (atm) 45.4 72.9 

Table II - 2 compares the properties of the main components of LFG. C0 2 has a 

larger molecular weight and is more linear in shape than the spherical CH4 [5]. Both 

gases share a similar kinetic diameters and lack dipoles. The main difference is the 

quadrupole moment of C0 2 whereas CH4 has none. A significant potential for adsorption 

for C0 2 over CH4 is a result of this difference, especially on heterogeneous adsorbent 

surfaces. 

Zeolite adsorbents are used commercially for gas mixture separation. Synthetic 

zeolites have a stable crystal structure with surface areas of 500-800 m2/g [71. X and Y 

type zeolites are selected based on their adsorption behaviour with pure C()2 and CH4 

gases. These zeolites have a uniform pore size of 8.1 A [7], Adsorbent selection is the 

most important part of PSA design [6], A more detailed description of zeolite structure is 

provided in Appendix C. 



In this paper adsorbents for the bulk separation of C02/CH4 from LFG are screened 

based on equilibrium parameters. The properties measured in the laboratory include the 

selectivity, capacity, heat of adsorption, and adiabatic working capacity (AWC). 

Selectivity for C0 2 is necessary to produce a high purity methane product stream. The 

ideal selectivity for C0 2 is determined from a ratio of Henry's Law constants. The 

capacity for C0 2 determines the size of the adsorbent bed and the regeneration time. The 

heat of adsorption is released in the transition from the gas phase to the adsorbed phase 

for the adsorbate. It quantifies the energy required to reverse the physical adsorption 

process and regenerate the saturated adsorbent bed. Finally, the adiabatic working 

capacity and selectivity are determined from the adsorption isotherms and heat of 

adsorption data. These screening parameters indicate the applicability of an adsorbent for 

CO2/CH4 separation by adsorption. 

Literature Review 

Interest in renewable sources of energy like LFG began to rise when oil prices 

increased suddenly in the 1980's. Today, fossil fuel prices are on the rise again and 

international environmental regulations are encouraging GHG emissions reductions [8], 

Demand for renewable and alternative fuels is also increasing and natural gas produced 

from biogas is an example. It can be marketed as a green fuel for electricity production, 

heating, or transportation fuel. For example, incentives for alternative fuel use in 

California have led to the development of 8 LFG to pipeline quality NG plants [1]. 

Currently, rising fuel prices and GHG emission regulations have set the stage for 

renewable fuels like upgraded landfill gas to become feasible on the green economical 

stage. 

Upgrading LFG by adsorption separation is a well proven technology and a growing 

field \1\. The adsorption separation of landfill gas by pressure swing adsorption was first 

patented by Sircar, et al. in the late 80's [9]. Continuous development of new adsorbents 

has led to further research into C02/CH4 separations with activated carbons, carbon 

molecular sieves (CMS), zeolites (natural and synthetic), and silicalites. In addition to 

capacity, adsorbents for LFG separation require selectivity and low heat of adsorption. 

Table II - 3 identifies the ranges of these properties. 
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Table II - 3 - Common CO; adsorbent properties 

Si/AI 
Surface 

Area 
I "M 

Surface 
Polarity1'01 

Pore 
size 

(A)"01 
AHc„2 C() 2 

(kJ/mol) Selectivity* 
Reference 

Zeolite 
NaX 

1-1.5 500 to 800 Hydrophilic 7 to 8.1 20 - 75 1 M 1 2 ] 

Zeolite 
NaY 

1.5-3 500 to 800 Hydrophilic 7 to 8.1 
-30 to 

-33 
N/A [13]: [14] 

Activated 
Carbon 

N/A 
100 to . 10 to -16 to 
3000 Non-polar ^ _ 2 6 

1 - 5 [15] 

Carbon 
Molecular 

Sieve 
(CMS) 

N/A 500 Non-polar 4 to 9 
-11 to 

-39 
1 - 4 0 [5]: [12]: [16] 

Silicalite >1000 800 to 900 Hydrophobic 7 to 30 
-20 to 
-27.4 

W 
2 - 3 [17] 

"Equilibrium selectivity based on ratio of CO2/CH4 capacity at 1 atm 

Activated carbon is widely used in PSA systems as a hydrophobic adsorbent [7]. It 

has a wide pore size distribution and has been used in the trace removal of LFG due to its 

organophilic surface. CMS are used for the kinetic separation of CO2 from CH4 although 

they require the diameter of the adsorbate to be comparable to the diameter of the pore 

[10]. The closing of the carbon pores results in a decreased CMS surface area however 

the surface is energetically homogeneous for CO2 adsorption [5]. Synthetic zeolites are 

most commonly used for CO2 bulk gas separations because of their selectivity. X and Y 

zeolites are types of faujasites that have a narrow pore size distribution and exchangeable 

cations within a crystalline structure [7]. Ackley et al. argue that natural zeolites have 

applications for the trace removal of CO2, however not in the application of bulk 

separations due to their impurities and low reproducibility [ 18]. As a result, the majority 

of industrial applications for CO2 adsorption utilize synthetic zeolites like CECA 13X 

(herein referred to as NaX). 

Zeolites are crystalline aluminosilicates and are composed of SiOa and A104 

tetrahedra |7], They contain cations that can be exchanged to modify the selectivity for 

components in gas mixtures. The zeolite Si/AI atomic ratio determines the number of 

ions within the framework to balance the overall charge. Cation type and Si/AI ratio are 

customized to optimize a PSA separation like LFG. In the case of CO2/CH4 separation 

the electrostatic field of the cation interacts directly with the quadrupole of the CO? to 



increase the potential for adsorption [7], The result is a high degree of localized 

adsorption around the cation sites in the zeolite crystals [19]. An example of this 

application is the commercial use of NaX to remove C0 2 from air before cryogenic 

separation of and N2 [7]. 

NaLSX (Si/Al = 1.0) is an example of an adsorbent that has a high cation density and 

capacity for C02 . Currently, there exists little C0 2 equilibrium data for this adsorbent (at 

pressures above 0.4 atm) and no CH4 adsorption data due to a patent on zeolite 

manufacture with Si/Al ratios below 1.15 [20]. This is in sharp contrast to the well used 

and published NaX (Si/Al > 1.15). NaLSX represents the upper limit of cation density 

for zeolites due to the low quantity of silica within its structure. 

Heat effects in bulk separations pose a challenging separation problem when 

compared to trace removal. Industrial PSA systems operate under adiabatic conditions 

where the heat released from adsorption directly heats the gas and adsorbent bed [4]. 

Since adsorption is an exothermic process the increase in temperature results in a 

decrease in capacity [21]. Temperature changes of up to 70 K have been observed in 

bulk separations of C0 2 [6]. Significantly larger heat of adsorption has the consequence 

of high PSA operational costs due to the energy input required for regeneration. 

Therefore an adsorbent with a high capacity and a low heat of adsorption can exhibit a 

superior working capacity that is advantageous in a PSA separation. The difference 

between the adsorption equilibrium capacities at the end of the high pressure feed and at 

the end of the low pressure regeneration is the working capacity. The effect of thermal 

conditions in a PSA cycle is conveniently measured with the adiabatic working capacity 

(AWC) [22]. This paper will examine the properties of NaLSX and compare its C0 2 

adsorption behav iour with other zeolites for the bulk separation of landfill gas. 

Experimental & Theory 

In this section the method of experimentation and data analysis is described for: 

adsorbent capacity, selectivity at low pressures, heat of adsorption and adiabatic working 

capacity. 
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Constant Volume System (CVS) 

The constant volume system evaluates the equilibrium capacity of an adsorbent by 

measuring the pressure change due to adsorption in a fixed volume. It is the oldest 

method of adsorption measurement and has been used since 1777 [23]. This system 

calculates the volume of gas adsorbed in contact with an adsorbent at various pressures 

and a fixed temperature [23]. An Accusorb 2100E Physical Adsorption Analyser 

(manufactured by Micromeritics Instrument Corporation) was equipped with two MKS 

pressure transducers at high (260 psi ±0.02) and low (1000 Torr ± 0.7) pressure ranges 

that measured the pressure change in a sample cell containing 4 to 5 g of out gassed 

adsorbent (Ws). 

Prior to experiments, the adsorbent was regenerated under vacuum overnight at 350 

°C to remove any water and impurities adsorbed in its structure. Then, the sample was 

cooled to the desired temperature and the dead volume (Vs) in the sample cell was 

estimated twice and an average used (±0.2 ml) with non-adsorbing Helium (He) gas. The 

temperature of the isotherm was maintained within ±0.4 °C with a thermal jacket and 

measured with thermocouples in the manifold and sample cell. Pressure and temperature 

were recorded with Labview software. The adsorbate gas was allowed 20 hrs to reach 

equilibrium with the adsorbent at which time the pressure in the system was observed to 

remain constant. Details on the operation of the constant volume system are provided in 

Appendix A.l. 

The regeneration of the adsorbent determines the PSA operation cycle time and the 

greater part of energy required for system operation. The reversibility of the C0 2 

adsorption isotherm is demonstrated with a desorption isotherm. This method is 

commonly used for equilibrium separations [24; 25], 

Concentration Pulse Chromatography (C 'PC) 

In this study Concentration Pulse Chromatography (CPC) has been used to measure 

Henry's Law constants and heat of adsorption [21; 26-28], The linear relationship 

between the adsorbed phase and the gas phase at equilibrium is expressed as the Henry's 

Law Constant (Kp). 
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Figure II - 1 - Gas Chromatographic system with He carrier gas controlled by mass flow controller 
(MFC), C0 2 sorbate, and thermal conductivity detector (TCD). 

A Varian 3300 Gas Chromatograph (GC) was employed to measure Henry's Law 

constants for various adsorbents. A He gas carrier was passed through a 10.5 cm long 

(L) stainless steel column (1.677 cm3) filled with approximately 1 g of crushed (20x60 

mesh) adsorbent. The carrier gas flow was controlled by an MKS mass flow controller 

(MFC) and verified with a bubble flow meter at the system outlet. The concentration of 

the gas was measured at the column outlet at atmospheric pressure with a thermal 

conductivity detector (TCD) and its signal (c) was recorded with Labview software 

installed on an Intel based computer. The helium gas entered the reference side of the 

TCD, then passed through the oven for heating and subsequently through a sample valve 

in which a pulse (1 ml sample) of adsorbate gas was injected into the carrier gas. The 

pulse passed through the column filled with crushed adsorbent and the sample gas was 

adsorbed causing a delay in the time the pulse remained in the column. The 

dimensionless Henry's Law constant (K) is determined from the first moment (ju) 

according to the following relationships [29]: 
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j[c{t-yn)dt 
f"* (1) 

M = - 1 + 
\ — £ 

K (2) 

The system dead time (//o) is the time (/) from injection to column exit determined for 

a pulse of a non-adsorbing gas. For these studies fio was deducted from the measured 

system retention time, as shown in Equation (1). The adsorbent was regenerated at 350 

°C under a He purge for 24 hrs prior to experiments. The GC experiments were 

conducted in a 0.451 cm diameter and 10.5 cm long column, at volumetric flow rates 

between 5 and 30 cm3/min (STP). The porosity (c = 0.421) of the crushed adsorbent was 

determined with glass beads that have the same particle size (20x60 mesh) as the 

adsorbent packed in the column. The interstitial velocity (v) was calculated from the 

porosity, volumetric flowrate and column volume. The dimensionless Henry's Law 

constant (K) is related to the dimensional Henry's Law constant (Kp) at the experimental 

temperature (T) of the gas (R - ideal gas constant) as follows [30]: 

K = K,,RTpU(js (3) 
The absolute density of the adsorbent pellets {pads ~ 2.23 g/cm3 excluding the volume 

of the pores) was measure with non-adsorbing He gas at room temperature. 

The pulse size of the CPC experiments was sufficiently small to ensure that the 

measurements were made in the Henry's Law region. The uncertainty in the Henry's 

Law constant measurements were determined by repeating the injections (after 

regeneration) at different flow rates for the same temperature and pressure for different 

samples of the same adsorbent. 

The limiting heat of adsorption at low adsorbent coverage (AHo) is calculated from 

the change in Henry's Law constant due to temperature. This follows the vant Hoff 

equation [10]: 

c/ln K,, Afl,, 
- = T (4) 

dT RT-
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Adiabatic Working Capacity (A WC) 

The packed bed adsorbent increases in temperature adiabatically because the porous 

adsorbent behaves as an insulator. Therefore the majority of the heat released during the 

PSA operation goes into heating the bed [4], The capacity and temperature changes in 

the bed are correlated with the adiabatic working capacity (AWC). For a PSA cycle the 

low and high pressures are predetermined and the adsorbent behaviour with respect to 

temperature is evaluated from an isobar plot (amount adsorbed vs temperature for lines of 

constant partial pressure). The PSA operating line intersects the isobar plot at the feed 

conditions (partial pressure of adsorbate species at feed temperature conditions) with a 

slope of AH/CpS [18]. This method assumes all of the heat generated due to adsorption 

goes into heating the adsorbent bed with solid heat capacity Cps. The difference between 

the capacity at the end of the high pressure feed and the end of the low pressure 

regeneration provides the pure gas adiabatic working capacity and an approximation of 

the bed temperature swing. 

VSA-PSA systems (herein shortened to VPSA) are commonly regenerated at 0.1 atm 

because any lower pressures increase vacuum pump operating costs [4]. The changes in 

capacity and temperature are directly related to the operation cycle and a 4 step VPSA 

cycle is used [31]: 

1. Feed pressure (1 atm) and temperature (5 to 100 °C) 

2. Pressurization (8 atm) 

3. Counter-current blow down (1 atm) 

4. Vacuum Regeneration (0.1 atm) 

To generate the isobar plot the adsorption isotherm data at several temperatures are 

used. The isotherms have been "Fit" (by minimizing the SSR) to the Temperature 

Dependant (TD) Toth Isotherm Model [32]. The amount of data available for fitting the 

isotherms to the TD Toth isotherm model varied depending on the adsorbent. In most 

cases only two isotherms were available whereas NaLSX has up to four isotherms. NaX 

(331 and silicalite [17] has three isotherms. Additionally, the heats of adsorption 

measured in the laboratory were used where ever possible and literature values are 
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supplemented where necessary. Utilizing the TD model allows for the equilibrium 

adsorption capacity (q) to be interpolated at various temperatures and pressures as 

follows [32], 

q bP 
0 = - (5) 

[ i + M ) 
Where P is the pressure (atm) and the other parameters can be written as functions of 

temperature as follows: 

Q> = e x P 1 - T 
Tr 0 J 

(6) 

b = b^ expf 
I RT = K e x P 

Q 
RT., 

f T \ 
- 1 

T / 

t = to+J 
" { T 

(7) 

(8) 

Q is the heat of adsorption (kJ/kmol) 

T0 is the reference temperature (K) 

qso, X' b<>, t0, and a are all constants 

The parameters for the model are determined by a least squares minimization 

technique utilizing the non-linear solver tool in MS Excel for all of the experimental 

temperatures. Initial estimates of these parameters were based on single isotherm 

behaviour and common sense. After the determination of these parameters, a spreadsheet 

was used to calculate the capacity and temperature at which lines of constant pressure 

could be drawn. Although the isobar plots are constructed only from the CO2 pure 

isotherm data. Since the CO2/CH4 mixture adsorption was mostly dominated by CO2 on 

zeolites, the isobars provide a good estimation of the mixture behaviour [17; 33J. 
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Adsorbent Selection 

A simple method is used in this work for selecting an adsorbent for the bulk 

separation of CO2/CH4 from biogas. Comparing isotherm capacities or Henry's Law 

constants of C0 2 and CH4 can indicate the equilibrium selectivity (aeq) for C0 2 on 

various adsorbents [7], 

a * — (9) 
cu x 7 

4(7/ 4 

KCH 4 V}shh flA 

This relatively simple method of selection does not take into account the VPSA 

operating conditions or the change in bed temperature for bulk separations. Additionally 

the mixture behaviour and competition for adsorption sites is largely overlooked. The 

relatively simple adsorbent selection practice of Ackley [22] that takes operating 

conditions, temperature change, and mixture behaviour into account is the AWC 

selectivity method. 

The AWC selectivity is based on the ratio of the AWC evaluated at the adsorption 

Liny) and desorption (DES) conditions (mole fraction, bed temperature, and pressure). The 

AWC for a pure gas is given by the following equation [22]: 

AAWC = q{PS)Ans-q(Pj)ni:s (II) 

The selectivity for a given adsorbent, binary mixture, and PSA cycle can be compared 

in the form of a ratio of AWCs in the following manner [22]: 

Pi si02 /1 -n 
A/1 WC(V4 {q{yJ\T)ws-q{yJ\T)l>lslVi 

Where the adsorbent capacities are evaluated with a multi-component model at the 

molar composition (v). temperature ('/) and pressure (P) at the end of the adsorption and 

desorption steps. The temperature change in the bed is based on the adsorption of C0 2 

and not in combination with CH4. This assumption was made because the adsorbents 

studied have a greater capacity and larger heat of adsorption for C()2. The above 
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selectivity parameter is shown to have good predictive capabilities of recovery for 

equilibrium bulk separations [7; 18]. 

Materials 

The adsorbents used in this study were graciously provided by Air Products and UOP. 

Table II - 4 gives the physical properties of the adsorbents considered in this study. The 

zeolite NaX (Si/AI = 1.0) is known as "NaLSX" where the LSX represents a low silica to 

alumina ratio. 

Table II - 4 - Physical Properties of the Adsorbents considered in this study. 
„ .. Si/AI Cation Density pBuik Cp, 
S"PP»er R a t i ( > ( i o n s / c a g e ) ^ (g/cm3) (J/g K) 

NaLSX Zeochem 1.0 96.0 8x14 mesh 0.632 0.92 
NaY UOP 1.8 68.6 8x14 mesh 0.729 0.92 
CaX* Air Products 1.17 53.1 8x14 mesh 0.645 0.92 

N a X 1 " ' CECA 1.17 88.5 8x14 mesh 0.659 0.92 
Silicalite"71 UOP >1000 0.0 1/16" extrudate 1.070 1.00 
The CaX is 80% substitution of NaX. 

All bulk densities (pBuik) were measured in the laboratory (±0.001 g/cm3). The zeolite 

heat capacity was assumed to be similar and the value for NaX (0.920 J/g K) was used for 

all zeolites [34]. This assumption was made since the heat of adsorption is the main 

contribution to the AWC calculations. Similarly the Si/AI ratio was obtained from the 

manufacturer and subsequent literature. CaX is supplied by Air Products and is made 

from NaX by ion exchanging with Ca2+ cations (up to 80% substitution). As a result the 

CaX zeolite has the same adsorbent Si/AI ratio as NaX although the cation density is 

lower due to the divalent cation substitution. Volumetric experiments for NaX and 

Silicalite were performed in our laboratory by Mulgundmath et al [33] and Li and Tezel 

[17] respectively. The isotherms (at 40, 70. and 100 °C) and heat of adsorption for C0 2 

and CH4 have been used in this paper to compare the selectivity of NaLSX (measured by 

present author) to other adsorbents with elevated Si/AI ratios. 
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The adsorbents in Table II - 4 were selected to provide a comparison of Si/AI ratios 

for the CO2/CH4 mixture separation. The gases used in this study were provided by BOC 

GASES*. The C0 2 was of Bone Dry Grade 3.0 (99.9% purity), CH4 of Ultra High Purity 

3.7 (99.97% purity), and Helium of Ultra High Purity 5.0 (99.999% purity). 

Results & Discussion 

The zeolite adsorbents listed in Table II - 4 are presented as isotherms at 40 °C. The 

isotherms of NaLSX, NaY, and CaX were measured and compared with the isotherms of 

NaX [33] and silicalite [17] from literature. Because NaLSX has, theoretically, the 

lowest Si/AI the adsorbent was selected to comparing its isotherm behaviour at various 

temperatures, regeneration, Henry's Law constants, and limiting heat of adsorption to 

silicalite [17], NaX [33], CaX and NaY. In addition a detailed analysis of NaLSX was 

chosen because of its high capacity for C0 2 and the absence of adsorption equilibrium 

data on this zeolite at high pressures. Finally, adiabatic CO2 working capacities are 

presented for the adsorbents studied. 

Isotherms at 40 °C 

The isotherms at 40 °C and up to 4 atm in Figure II - 2 demonstrate that CO2 is 

adsorbed with much higher capacity than CH4 on all of the zeolites studied. This figure 

illustrates the rectangular isotherm shape of CO2 at low pressures compared to the linear 

isotherms of CH4. At 1 atm pressure, CO2 adsorbent equilibrium capacity begins 

levelling off at 3-5 mol/kg whereas CH4 capacity is around 0.5 mol/kg. At these 

conditions the bulk separation has an equilibrium selectivity of 6-10 (according to 

equation 9 and depending on temperature) which increases as the partial pressure of C0 2 

decreases. 

In LFG. CO2 has a partial pressure of 0.5 atm and the capacity of CO2 follows 

NaLSX>CaX>NaX>NaY in decreasing order. Under these conditions the capacity of 

CH4 at 40 °C is relatively similar for the three zeolites and followed the order: 

CaX>NaLSX>NaX>NaY. 
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Pressure (atm) 

Figure II - 2 - C 0 2 & CH4 isotherms NaLSX and CaX at 40 °C. NaY-CO: isotherm at 40°C was 
measured with the CVS. The broken curves - NaY§-CH4 and NaX£ (C02 and CH4) isotherms are 
from Talu et al . | N | and Mulgundmath et al'33' respectively. All data are fit to the Toth isotherm 
model. 

The differences in CH4 capacity between the four zeolites studied are relatively small. 

Literature data for NaY-CH4 [14] isotherm at 40 °C was fit to the Toth isotherm model 

and was found to behave similarly to the other zeolites. They all increase linearly with 

increasing partial pressure within the pressure range presented in this study. Therefore 

the equilibrium selectivity for C0 2 will decrease as pressure is increased for the PSA at 

higher pressures because capacity for CH4 adsorption increases, whereas that for C0 2 

starts levelling off. 

NaLSX-C02 isotherm is rectangular compared to the NaY-C02 isotherm which 

behaves in a less rectangular fashion due to its low cation density. There are less high 

energy adsorption sites in NaY and C0 2 has a relatively low adsorption potential at low 

partial pressures when compared to the other zeolites. Similar observations have been 

made for CQ2 adsorption by NaX and NaY at 22 °C [21 ]. 
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At pressures below 0.7 atm the 3 Na+ zeolites have C0 2 capacities that increase with 

cation density (NaLSX>NaX>NaY). This follows the Si/AI ratio; as it decreases, the 

equilibrium capacity for CO2 increases. This behaviour is due to the interaction of the 

quadrupole moment of CO2 with the electrostatic field of the Na+ cations. The 

predominant electrostatic interaction of C0 2 and Na+ cations in zeolites is identified by 

Ghoufi et al. [3] The presence of more cations within the unit cell increases the potential 

for adsorption for CO2. Once the high energy adsorption sites adjacent to the cations 

become occupied, the remaining sites are available as pressure increases. As the amount 

of CO2 adsorbed increases the distance between the adsorbed molecules decreases [3] 

resulting in a higher interaction energy. This causes the adsorption potential to decrease 

and the isotherm to level off at pressures above 0.7 atm. 

In summary, the equilibrium results at 40 °C suggest all of the zeolite adsorbents 

presented above have a high capacity and selectivity for CO2 which is necessary for the 

C02/CH4 bulk separation. Of the zeolites studied, NaLSX has the largest potential for 

CO2 adsorption and the following measurements further examine this adsorbent. 

NaLSX CO2 and CH4 Isotherms 

C0 2 and CH4 isotherms for NaLSX were measured at 40, 70, 100, and 150 °C with 

the CVS up to 4.5 atm and the results are shown in Figure II - 3. Four temperatures were 

chosen to characterize the adsorbent equilibrium behaviour as temperature increases. 

There is a significant potential for CO2 adsorption at low pressures which is why X type 

zeolites are commonly used for trace removal [7]. NaLSX shows high equilibrium 

capacity at temperatures above ambient (25 °C) conditions. Therefore it can be beneficial 

to operate the bulk separation VPSA at a higher operating temperature and forego inter-

stage cooling during feed compression. 

24 



-IIV 

1 0 0 C 

150°C 

4 0 X 
- o c 

100°C 
150 C 

Figure II - 3 - CO : & CH4 NaLSX isotherms measured with the CVS at 40 ( • ) , 70 (O), 100 (•) , and 
150 (O) °C and fit with TD Toth isotherm model. 

Figure II - 3 shows the adverse effect of temperature on the equilibrium capacity for 

NaLSX adsorption of CO2 and CH4 as expected because physical adsorption is an 

exothermic process [10]. The NaLSX-CC>2 isotherm becomes less rectangular as 

temperature increases whereas the CH4 isotherms retain their linear shape. In addition, 

the reduction in C0 2 capacity due to temperature is larger than that of CH4 implying C0 2 

capacity is more sensitive to temperature effects with a larger heat of adsorption. This 

behaviour suggests a decrease in NaLSX equilibrium selectivity at higher temperatures. 

Therefore operating the VPSA at temperatures above ambient will decrease equilibrium 

capacity and selectivity for CO2. 

0 1 2 3 4 

Pressure (atm) 

Table II - 5 - TD Toth parameters for C0 2 and CH4 on NaLSX at 40 to 150 °C 
nsl, b„ Q/RTo 

(mol/kg) x (atm'1) t„ u (kJ/mol) T„ (K) 
C0 2 6.09 0.62 24.99 0.63 0.04 9.91 313.15 
CH4 2.48 0.00 0.21 1.14 0.47 4.62 313.15 
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The TD Toth isotherm model describes the NaLSX C0 2 & CIL system well with 

minor deviation from the measured data. Table II - 5 contains the six parameters of the 

temperature dependant Toth isotherm model that describe the variation of ns, b. and t over 

the temperature range measured (see equations 5 - 8). The raw isotherm data is located 

in Appendix A. It should be noted that extrapolating this model to temperature and 

pressure ranges outside of the present study invites uncertainty. 

NaY and CaX C()2 and CH4 Isotherms 

CO2 and CH4 isotherms for CaX and NaY were measured at 40 and 100 °C by the 

CVS up to 4.5 atm and are shown in Figure II - 4. 

6 

0 1 2 3 4 
Pressure (atm) 

Figure II - 4 - CaX- C0 2 isotherms with (O) (gi 40 & 100 °C & CaX-CH4 (©) isotherm ®> 40 °C 
measured with the CVS. NaY-C()2 isotherms (a> 40 & 100 °C (A) measured with the CVS & NaY-
CH4 (A) isotherm data at 40 and 70 °C from Talu et al.|14' All curve fits with TD Toth isotherm 
equation. 

The capacity of both CaX and NaY for C()2 exhibit similar temperature dependence. 

The capacity of CaX for CH4 is relatively larger than NaY and the temperature 

dependence is relatively small when compared to the behaviour of CC)2. 
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The TD Toth adsorption isotherm model accurately represents the equilibrium 

behaviour of NaLSX, CaX and NaY. Table II - 6 shows the parameter values used to fit 

the isotherms presented in Figure II - 4. In addition, the isotherms of NaX [33]. Silicalite 

[17] and NaY (CH4 only) [14] from literature are also fit to the TD Toth isotherm based 

on the single isotherm data. The raw isotherm data for NaLSX, CaX and NaY is located 

in Appendix A along with data and figures of the Toth model for NaX [33], silicalite 

[17], and NaY (CH4)[14]. 

Table II - 6 - TD Toth parameters for C 0 2 and CH 4 on CaX, NaY, NaX, and Silicalite at 40 to 100 °C 
nso b0 Q R T „ Reference 

(mol/kg) j ( a t m ' ) t„ a (kJ/mmol) T0 

co2 
CaX 

NaY 

NaX 

Silicalite 

CH 4 

NaY 4.22 2.53 0.06 1.31 2.91 5.54 313 [14] 

NaX 1.80 0.80 0.20 1.65 -1.00 6.00 313 [33] 

Silicalite 2.03 0.00 0.26 1.07 1.07 4.81 313 [17] 

NaLSX Vacuum Regeneration 

NaLSX has the highest capacity and potential for adsorption of the zeolites studied. 

A desorption isotherm at 40 °C was measured after saturating and then vacuuming the 

same adsorbent sample. The reversibility of the NaLSX adsorbent is demonstrated in 

Figure II - 5 with an adsorption and desorption isotherm. To do that, the CO2 adsorption 

isotherm at 40 °C was measured with the CVS up to 4 atm and was followed by the 

desorption isotherm (measured down to 0.045 atm). For each desorption point the system 

was left up to a maximum of 48 hrs to reach equilibrium (no significant change in 

pressure). C0 2 was selected from the C02/CH4 bulk mixture for this desorption study 

since it is the adsorbed component to be removed from the VPSA with vacuum 

regeneration. Only one desorption cycle was performed to show that the adsorbent could 

be regenerated with only a vacuum and without the addition of temperature. 

5.20 0.00 14.33 0.68 -0.47 13.97 313 Present 

5.86 0.73 3.26 0.80 -0.59 8.58 313 study 

4.36 0.00 18.12 0.72 -0.05 10.18 313 [33] 

3.72 0.00 1.66 0.49 0.87 10.87 313 [17] 
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The capacity for C0 2 is shown in Figure II - 5 to be replicated well within the 

theoretical operational range of the VPSA (0.1 atm to 8 atm). Therefore pure C0 2 can 

be regenerated from the NaLSX adsorbent via equilibrium at 40°C in a vacuum although 

the kinetics of the regeneration and temperature drop in the bed require further 

investigation. 

• 
o 

T3 4 
2? 
tS o 

0.001 0 . 0 1 0 1 

Pressure (atm) 

Figure II - 5 - NaLSX adsorption ( • ) and desorption (O) isotherm (C02 vacuum regeneration at 40 
°C). 

Literature Comparison of NaLSX isotherm results 

As stated earlier, few experimental results have been published for C0 2 and CH4 

adsorption isotherms on NaLSX. Three references to NaLSX (Si/Al = 1.0 assumed) were 

found [20; 36: 37] and all contained data at pressures below 0.4 atm. The isotherm data 

of Brandani et al [37] was measured with the zero length column method up to partial 

pressures of 0.03 atm. This pressure is too low to compare with the CVS data since the 

CVS is better suited to measure equilibrium capacity above pressures of 0.1 atm and the 

comparisons below reflect this. 
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Figure II - 6 - NaLSX C0 2 isotherm comparison. CVS present study at 40 (•), 70 (A), 100 (•) , and 
150 ( • ) °C (fit with TD Toth model), Biilow 1361 at 25 °C (•) , and Ojo et al1201 at 5,35, and 50 °C (O). 

The C02-NaLSX isotherms are compared with the gravimetric results of Biilow et al 

[36] on the adsorbent FAU-I or "NaLSX" at 25 °C in Figure II - 6. The C0 2 capacity (at 

40 °C) of NaLSX in the present study is comparable to the results they obtained above 

pressures of 0.1 atm. As expected, their lower temperature (25 °C) results are higher than 

the capacity of the present study at 40 °C. The capacity of the 50 °C isotherm from Ojo 

et al [20] is higher than that measured with the CVS at 40 °C in the present study. In 

comparison, the 40 °C isotherm is up to 1 mol/kg lower than their results at 50 °C. The 

comparisons above show higher C0 2 capacity than measured in the present study. The 

discrepancies are likely due to differences in NaLSX sample Si/Al ratio and equilibrium 

measurement techniques. Despite this plausible difference, in general they show a 

similar trend of C0 2 equilibrium capacity increasing as temperature decreases. A 

detailed CVS uncertainty analysis is provided in Appendix A. 

Literature data high NaLSX C0 2 capacity at temperatures lower than those measured 

in the present study. This implies that C'()2 equilibrium selectivity is likely to extend into 
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lower operational temperatures, which can be the condition for LFG due to its seasonal 

temperature variation. 

Henry 's Law Constant (Kp) 

The Henry's Law constants for NaLSX are measured with the CPC and the CO: 

values are compared to the low pressure literature values. The Henry's Law Constants of 

CO2 in Figure II - 7 are several magnitudes higher than CH4 indicating a high selectivity 

for C0 2 at low partial pressures. This was expected based on the steep CO2 isotherm 

compared to the linear CH4 isotherm. The high selectivity for CO2 at low partial 

pressures will warrant a pure CII4 product from the bulk separation. 
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Figure II - 7 - Henry's Law constant results for NaLSX on CH4 ( • ) and CO, ( • - measured with 
CPC experimental data; O - estimated from initial slope of the isotherm) compared with literature 
(estimated from initial slope of the isotherm). 

The Henry's Law constant measurements were repeated a minimum of 3 times and 

the 95% confidence interval associated with these replicates is illustrated with error bars 

in Figure II - 7. The raw CPC data is provided in Appendix A. The comparison of the 
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Henry's Law constants obtained in the present study with literature values was possible 

with the low pressure results shown in Figure II - 6. The NaLSX-CCh isotherms from 

literature were fitted to a Langmuir isotherm model [24] and the Henry's Law constants 

for these systems were determined from the initial slope of the isotherm. The results of 

Brandani et al [37] show reasonable agreement to the line of best fit determined with the 

CPC technique. The Henry's Law constant of Ojo et al [20] at 35 °C lies directly on the 

line of best fit. In the same fashion, the COj-NaLSX isotherms measured with the CVS 

at temperatures of 70 and 40 °C were also found to follow the line of best fit. The 

Henry's Law constants for C0 2 on NaLSX were not measured at temperatures below 100 

°C because of the limited TCD sensitivity in combination of the high potential for 

adsorption at low temperatures. Even at high temperatures, NaLSX exhibits very high 

equilibrium selectivity (equation 10) of 400 to 100 for CO2 at low partial pressures. This 

high selectivity indicates a favourable CO2 separation although isothermal operation is 

not likely to be the situation for the bulk separation of C02/CH4. 

Limiting Heat of Adsorption (-AH0) 

The limiting heat of adsorption values were calculated for CO2 and CH4 on NaLSX 

adsorbent from the slope of the van't Hoff plots given in Figure II - 7, as mentioned in 

the Experimental and Theory section. The results along with the 95% confidence interval 

are presented in Table II - 7 together with corresponding values from literature. 

Adsorbent Reference C0 2 CH4 

NaLSX present study 27.9 (± 5.21) 18.37 (± 0.03) 
NaLSX [37] 41.60 -

Zeochem NaX [17] 34.9 -

Zeochem NaX [391 49.1 19.2 
CECA 13X [40] 37.22 15.29 

NaX [34] 54.73 15.68 
CECA 13X 117] 26.2 -

LiLSX [37] 48.1 -

CaX [37| 53.3 -

NaX [41] 8.2 3.3 
NaY [17] 33.6 -

Silicalite (HiSiv-3000) [171 28.31 12.52 
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CCVNaLSX heat of adsorption value is greater than CH4 as expected from the 

differences in the slopes of the van't Hoff plots in Figure 1 1 - 7 . The greater heat of 

adsorption is due to the dominant electro static interactions of the Na+ cation electric field 

with the quadrupole moment of COi. The CO2 95% confidence interval (± 5.21 kJ/mol) 

is significantly large due to the variation of Kp data. This difficulty in CO2 replication is 

a result of the considerable adsorption potential and uncertainty in the first moment 

analysis. Similar difficulty in CPC analysis of strong CO2 adsorption on zeolites is 

observed by Triebe and Tezel [27], 

Comparatively, the C0 2 limiting heat of adsorption on NaLSX is much lower than 

that of Brandani et al [37] even when accounting for the experimental uncertainty. This 

discrepancy is due to differences in measurement techniques. Differences of 10 to 20% 

are observed in heat of adsorption measurements at multiple laboratories for the same 

sample [38]. In contrast, the CH4 limiting heat of adsorption is comparable to other 

zeolites and has a small degree of uncertainty. An isosteric heat of adsorption analysis is 

provided in Appendix A for CO2 and CH4 on NaLSX. 

Adiabatic CO2 Working Capacity (AWC) 

The adiabatic CO2 working capacity and bed temperature range is approximated with 

equation (12) for VPSA operating conditions. These conditions are a feed at 1 atm, 

pressurization to 8 atm, and a regeneration pressure of 0.1 atm [42]. This cycle 

represents a bulk VPSA separation with a pressure ratio of 80. The regeneration at low 

pressure increases the COi working capacity by removing the largest fraction of the 

adsorbed C02 . In addition, the adsorption stage pressurization has been shown to 

increase methane purity (for pressure ratios of 30 to 50) [4], For the LFG scenario, the 

feed temperature is dependent upon the season. The effect of these operating conditions 

on bed working capacity and bed temperature are quantified in an isobar plot. Figure II -

8 illustrates an isobar plot of C02-NaLSX from 0.01 up to 10 atm with a VPSA operating 

line at 40 °C. 
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Figure II - 8 - NaLSX-COi isobars (0.01 - 10 atm) from TD Toth isotherm fit. 40 °C operating line 
has slope of AH0/Cps (from Table 4 & 7) and intercept at LFG feed conditions (PCo2 = 0.5 atm). 

Figure II - 8 demonstrates the relationship of NaLSX-C(>2 capacity with adsorbent 

temperature and pressure. The amount of CO2 adsorbed on NaLSX decreases as 

adsorbent temperature increases. As pressure increases equilibrium capacity increases 

along the operating line and the largest changes in capacity occur as pressure decreases 

from 0.1 to 0.01 atm. This behaviour reflects the rectangular shape of the CO2 isotherm 

observed for C0 2 on X-type zeolites. 

For NaLSX and all of the other zeolites, as feed temperature is increased, the CO2 

AWC increases. This behaviour can be observed in Figure II - 8. where the AWC is 

calculated from equation (11). The isobars remain fixed and as the operating line 

intercept is shifted based on the inlet feed temperature (intercept remains on the Pco2 = 

0.5 atm isobar). As feed temperature increased the operating line (with fixed slope 

AH„/Cps) gets longer and hence the C0 2 AWC increases. This property is a result of the 

CO2 equilibrium isotherm shape becoming more linear as temperature increases and the 

distribution of the capacity over a greater pressure range. Figure II - 9 illustrates the 
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increasing C0 2 AWC and decreasing CH4 AWC as the feed temperature and 

subsequently the bed temperature at the end of the adsorption cycle rise. 
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Figure II - 9 - C0 2 and CH4 AWC behaviour as feed temperature is increased (HP - 8 atm, LP = 0.1 
atm). The following isotherms data were fit to the TD Toth model: NaY-CH4 from Talu et al. "4|, 
NaX (C02 and CH4) from Mulgundmath et al|3J>, and Silicalite (C02 and CH4) from Li et al'171. 

The C0 2 working capacities of all the zeolites increase with temperature in the 

adiabatic bed except for silicalite. The silicalite isobars differ from other zeolites in that 

the isobars narrow as temperature increases (See Appendix A). NaX exhibits the highest 

AWC for CO2 although all the zeolites have relatively high values. Ackley et al [22] 

observed AWC for N2 in the range of 0.8 to 0.2 (mol/kg) for the bulk separation of N2/O2 

at a pressure ratio of 5. The values observed here are significantly higher due to the 

greater pressure ratio and differences in gases. 

The CH4 AWC decreases with temperature for all adsorbents as shown in Figure II -

9. NaY shows the lowest CH4 AWC capacity. Conversely. NaLSX has the highest CH4 

adiabatic working capacity for the operating conditions proposed. The ratio of the C02 

AWC to the CH4 AWC from equation (12) gives the adiabatic working capacity 

selectivity which is shown in Figure 11-10. 
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Figure II - 10 - C0 2 and CH4 AWC selectivity as feed temperature is increased (HP = 8 atm, LP = 0.1 
atm). The following isotherms data were fit to the TD Toth model: NaY-CH4 from Talu et al. |l4', 
NaX (C02 and CH4) from Mulgundmath et al'33', and Silicalite (C02 and CH4) from Li et al'17'. 

The selectivity of the four adsorbents in Figure 1 1 - 1 0 are favourable for the 

separation of CO2 from CH4. NaY and NaX have CO2 selectivity that increases with 

temperature above 20 for the proposed VPSA operating conditions. For the bulk 

separation of N2/O2 on zeolites and pressure ratio of 5, selectivity of 5 to 12 is observed 

[22]. The high selectivity observed in the present study is a result of low CH4 AWC. 

The numerator of equation (12) can reach very small numbers from minor differences in 

CH4 capacity which artificially inflates the selectivity [18]. In comparison, silicalite and 

NaLSX have adiabatic selectivity for C0 2 that is favourable and relatively stable with 

respect to changes in bed temperature. This thermal stability is important for bulk VPSA 

separation process because as the adsorbent bed is cycled through several adsorption 

cyles. the bed temperature can change. If the adsorbent is not thermally stable the 

operation time and conditions will change which can result in process instability.'22' 

The isobar results above are based on pure gas equilibrium and are used to 

approximate the multicomponent mixture behaviour. This assumption has been made 

because C0 2 is adsorbed much more strongly than CII4 and controls the mixture 

behaviour). Based on the higher adsorption potential of CO? shown in Figure II - 3 & 4. 

35 



it is assumed that C0 2 dominates the binary system. Binary adsorption equilibrium 

studies show this to be true for silicalite [17], NaX [4. 33], NaY [3] and ZSM-5 zeolites 

[28]. 

Selecting an ideal adsorbent for VPSA bulk separation of CO2/CH4 is based on the 

adsorbent characteristics and their ability to be related to the adiabatic working capacity 

and selectivity. In this study NaX and NaY exhibit the highest selectivities although they 

lack thermal stability with variations in feed temperature. On the other hand, NaLSX 

shows high CO2 capacity although low selectivity. In comparison to NaX and NaY, the 

thermal stability of NaLSX would be favourable for stability of the LFG VPSA bulk 

separation. 

Capacity is the most important property to decrease the capital costs of a LFG PSA 

system; whereas selectivity is important for the process operational costs. It is preferable 

to have an adsorbent that exhibits both elevated selectivity at the PSA operating 

conditions and a high capacity. The zeolite adsorbents in the present study exhibit 

comparable capacity and selectivity with pure gases. An examination of their mixture 

capacity and selectivity for PSA conditions is necessary to complete the selection. 

Conclusions 

The equilibrium adsorption properties of three zeolites (NaLSX, NaY and CaX) were 

measured as screening parameters for the bulk separation of CO2 and CH4. All of the 

adsorbents showed high selectivity for C0 2 at low partial pressures due to the high 

potential of CO2 relative to CH4. The equilibrium isotherms exhibited high capacity for 

C02 and low capacity for CH4. 

NaLSX was studied in more detail because it has the highest cation density of all the 

zeolites studied and limited data is available for this adsorbent behaviour at pressures 

above atmospheric. Therefore measurements of its isothermal capacity from 40-150 °C 

up to 4 atm and the limiting heat of adsorption and Henry's Law constant were 

determined. NaLSX exhibited the highest capacity for C02 even at elevated temperatures 

due to its low Si/Al ratio and high density of cations. However the high potential for C0 2 

adsorption also showed it to have a higher limiting heat of adsorption. 
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The ideal selectivity for NaLSX-COj was shown to range from very favourable (up to 

400 with ratio of Henry's Law Constants) to slightly favourable (5-20 with AWC 

selectivity). The large difference in these selectivities indicates the significant effect bed 

heating has on a bulk separation. VPSA bed temperature changes were in the magnitude 

of 70 to 140 °C based on adiabatic process for a pressure ratio of 80. 

The zeolite equilibrium isotherms were used to evaluate expected working capacity 

and adiabatic working capacity for various VPSA operating conditions. NaLSX was 

shown to have the highest C0 2 working capacity for a bulk separation of LFG. The 

adiabatic working capacity was much smaller in comparison due to the heating effects 

that occur in a VPSA. As such NaX and NaY showed the highest AWC for the 

conditions selected although their selectivity increases with bed temperature. This 

suggests that the VPSA could be operated at higher temperatures effectively for the bulk 

separation of CO2/CH4 if the operation remains thermally stable. 

In conclusion NaLSX, NaX and NaY show applicability for the bulk separation of 

CO2/CH4. All the zeolites studied have selectivity for CO2 adsorption at low partial 

pressures due to the quadrupole moment. This bulk separation is sensitive to heating and 

it should be an important consideration in designing the separation process. Additionally 

all of the zeolites used are sensitive to water and NMOC adsorption therefore the pre-

treatment of the landfill gas is an important step before the bulk separation. The result of 

a VPSA application to upgrade LFG will reduce GHG emissions, as well as produce high 

purity carbon dioxide and methane products. 
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Nomenclature 

b Equilibrium Constant (atm"1) 
br_, b0 Equilibrium Constant Parameter for TD Toth Isotherm (atm" ) 
c Concentration Signal from GC (volts) 

cP Heat Capacity (J/g K) 
Dgas-He Diffusion of gas into Helium (m2/s) 
K Dimensionless Henry's Constant ( - ) 
KP Dimensional Henry's Constant (mol/kg atm) 
L Column Length (m) 
MW Molecular Weight (kg/kmol) 
P Partial Pressure (atm) 
P Total Pressure (atm) 
Pc Critical Pressure (atm) 

Q Heat of Adsorption in TD Toth Isotherm Model (kJ/mol) 

q Amount Adsorbed or Capacity (mol/kg) 
Is Saturation Capacity (mol/kg) 
qso Saturation Capacity Parameter for TD Toth Isotherm (mol/kg) 
R Ideal Gas Constant (J/mol K) 
t, dt Time or Time Step (s) 
t, to, a, x Constants in TD Toth Isotherm Model ( - ) 
T Temperature (K) 
T„ Boiling Temperature (K) 
Tc Critical Temperature (K) 
Td Manifold Temperature (K) 
T, Interconnecting Tubing Temperature (K) 
T0 Reference Temperature (TD Toth Isotherm Model) (K) 
Ts Sample Cell Temperature (K) 
V Volume (ml) 
Vj Manifold Volume (ml) 
V, Interconnecting Tubing Volume (ml) 
y, Sample Cell Volume (ml) 
ws Adsorbent Sample Weight (g) 
AH Isosteric Heat of Adsorption (kJ/mol) 
AH0 Limiting Heat of Adsorption (zero coverage) (kJ/mol) 
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Greek Letters 
E Porosity or Void Fraction of Packed Bed ( - ) 
M First Moment (s) 

Mi) First Moment (System Retention) (s) 
V Interstitial Velocity (m/s) 

Pads Absolute Density of Adsorbent (excluding pore (g/cm3) 
volume) 

(g/cm3) Pbulk Bulk Density of Adsorbent (g/cm3) 

Abbreviations 

AWC Adiabatic Working Capacity 
A104 Alumina Tetrahedral 
Si/Al Atomic Ratio of Silica to Alumina 
Ca2+ Calcium Cation 
CH4 Methane 
C0 2 Carbon Dioxide 
CMS Carbon Molecular Sieves 
CO Carbon Monoxide 
CCX Chicago Climate Exchange 
CPC Concentration Pulse Chromatography 
CI Confidence Interval 
CVS Constant Colume System 
ECX European Climate Exchange 
EWC Expected Working Capacity 
GC Gas Chromatogaph 
GHG Greenhouse Gas 
GWP Global Warming Potential 
He Helium Gas 
H2S Hydrogen Sulphide 
HP High Pressure for Adsorption Stage of VPSA Cycle 
JCR Joint Confidence Region 
LFG Landfill Gas 
Li+ Lithium Cation 
LP Low Pressure Regeneration Stage of VPSA Cycle 
MFC Mass Flow Controller 
CH4 Methane 
NG Natural Gas 
N : Nitrogen 
NMOC Non-methane Organic Compounds 
O2 Oxygen 



PSA Pressure Swing Adsorber 
VSA-PSA or Pressure Swing Adsorber (above 1 atm) with Vacuum Regeneration 
VPSA 
Si04 Silicalite Tetrahedral 
Na+ Sodium Cation 
STP Standard Temperature and Pressure 
SSR Sum of Squared Residuals 
TD Temperature Dependant (Toth isotherm model) 
TCD Thermal Conductivity Detector 
UOP Universal Oil Products 
H2O Water 
ZLC Zero Length Column 
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Abstract 

Upgrading landfill gas (LFG) to natural gas purity is a beneficial method of reducing 

greenhouse gas (GHG) emissions and utilizing a renewable fuel. This paper investigates 

the application of pressure swing adsorption to the bulk separation of biogas. The pure 

carbon dioxide (CO2) and methane (CH4) gas adsorption equilibrium on NaLSX (Si/AI = 

1.0) at 150 °C and up to 4.5 atm is compared with the binary equilibrium at 150 °C and 

total pressures of 1 and 3.3 atm. The binary equilibrium was successfully measured with 

concentration pulse chromatography in a gas chromatograph modified for total system 

pressures above atmospheric. The results show the domination of CO2 in the adsorbed 

phase with comparable capacity at elevated temperatures of the experiments. The 

separation factor of NaLSX ranges from 20 to 103. 

The results of the binary adsorption equilibrium experiments were applied to an 

economic analysis of a bulk Pressure Swing Adsorber (PSA) separation for LFG. The 

analysis included the resale of natural gas and the benefits of carbon credits for landfills 

sized from 0.2 to 10 Million tonnes. The results of the analysis indicate that upgrading 

LFG is not competitive with other utilization methods at current prices. It also suggests 

that if renewable fuel and greenhouse gas economic incentives do increase, upgrading 

landfill gas is best suited for landfills above 4 million tonnes of waste. 
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Introduction 

The current global environment suggests that there is a need to reduce greenhouse gas 

(GHG) emissions and increase renewable resource utilization. Biogas is one of the 

largest anthropogenic sources of CH4 emitted to the atmosphere world wide. Biogas is 

typically a binary mixture of carbon dioxide (CO2) and methane (CH4) is a by-product of 

anaerobic digestion of organic waste in landfills and sewage. The composition is 50/50 

CO2/CH4 although it can contain numerous other trace gases. The methane content of 

biogas is a significant source of renewable energy that has historically been wasted by 

emission to the atmosphere or combustion in a flare. The energy density of landfill gas 

(LFG) can be increased to that of natural gas (NG) by separating the CO2. The 

economics of this process of separation can be prohibitive to upgrading biogas to NG for 

small landfills. However, rising energy costs and motivational factors are creating a 

greater emphasis on utilizing renewable sources of energy and are beginning to make 

these projects more feasible. 

Renewable energy incentives and programs to reduce greenhouse gas (GHG) 

emissions are increasing locally and globally. Provincial examples, within Canada, of 

government incentives to boost renewable energy reliance and decrease GHG emissions 

include the Ontario Renewable Energy Standard Offer Program [1] and the Ontario 

Green Energy Act [2]. Internationally, the carbon credit market is open to trading C0 2 

emission reductions [3; 4], These credits are distributed to regulated programs that 

reduce GHG emissions, otherwise emitted into the atmosphere. LFG capture and 

combustion is a well established carbon credit program that is economical and growing in 

acceptance. The landfill that implements LFG combustion is required to monitor the 

quantitiy of GHGs that are diverted from the atmosphere and is credited for each ton of 

C0 2 equivalent. The advantage of LFG upgrading is that the methane is sold on the 

energy market in addition to renewable incentives. The price of NG has risen in the last 

decade to peak prices of 6 to 16 SUS/mmBTU (2000-2009) [5J. These revenues can 

offset the costs of the equipment and infrastructure required to separate and refine LFG to 

NG standards. The economics for renewable energy projects are improving, costs of 

LFG capture and upgrading can be offset by carbon credits, as well as. incentives to 

utilize renewable fuels. 
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The utilization of LFG can take many forms that depend on the location and size of 

the landfill as well as the infrastructure available for energy utilization. The breakeven 

costs (revenue required to sustain project without deficit) associated with the utilization 

of LFG are shown in Table 111 - 1: 

Table III - 1 - Breakeven costs for GHG abatement by emission controls {6|. 

The breakeven costs are measured in tons of C0 2 equivalent ($CAD/tC02e) because 

each GHG has a relative global warming potential (GWP) that is compared to that of C0 2 

(GWPCO2 = 1). Of the three examples above, industrial boilers are the utilization 

technology that offers a profit. Upgrading renewable fuel to NG pipeline quality (CH4 

with maximum of 2-4% N2 and 2% C02) for resale is an option for LFG utilization that is 

not in the table above [7]. The costs of separating biogas are relatively greater than the 

technologies in Table III - 1; although the infrastructure and market for NG is well 

established (e.g. high efficiency appliances and automobiles). In Puente Hills California, 

LFG is upgraded to compressed natural gas and utilized locally as an alternative fuel. 

The gas is stored at the landfill site and used to power garbage trucks and heavy landfill 

equipment [8]. 

The difficulties of LFG separation can be overcome with proven gas separation 

technologies like adsorption. CO2/CH4 separation has been favourably performed in a 

pressure swing adsorber (PSA) for "small to medium" sized volumes of biogas [7]. 

Adsorption separation offers an economical method of upgrading with a higher degree of 

automation [9 ], In addition, LFG upgrading provides a source of NG which can be piped 

directly into local infrastructure. The separation technology used to upgrade the LFG 

needs to be economical enough to make a profit from the sale of NG. 

The PSA operation, size and efficiency vary depending on the adsorbent within the 

column. A highly selective adsorbent for C0 2 is desirable for the separation of the 

mixture to produce a high pressure CIL enriched product. Many types of adsorbents are 

Breakeven GHG abatement Costs ($CAD/tCQ2e) 
On-site electrical generation 
Industrial boilers 
Flaring 

105 
-30 
38 
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available and screening studies identify potential candidate adsorbents. The equilibrium 

capacity, selectivity and heat of adsorption for the mixture gas are measured for materials 

in the laboratory. These experiments are commonly performed with pure gases and not 

CO2/CH4 or LFG mixtures. Mixture component gas equilibrium data is time and labour 

intensive to obtain, but it is valuable for non-ideal mixtures like C02/CH4 because it 

demonstrates the interaction of the gas species as well as the competition for the 

adsorption sites. Binary equilibrium data reflect the conditions in the PSA, which differ 

greatly from pure component behaviour. Therefore, a screening process based only on 

pure component behaviour is unwise for the bulk separation of biogas. Additionally, the 

screening experiments should consider the temperature and pressure range of the PSA. 

An industrial PSA behaves adiabatically, especially for bulk separations, and exhibits up 

to 70 °C changes in adsorbent bed and gas temperature [10]. Similarly, the pressure of 

the PSA changes as the adsorbent bed becomes saturated; the process cycles through at 

least 4 stages: Pressurization (above atmospheric), Adsorption, Depressurization, and 

Regeneration (at low pressure or high temperature). The cyclic process is carried out in 

several adsorbent beds that operate in sequence so that a constant product stream is 

produced. 

In this paper, the binary adsorption equilibrium of C02/CH4 is measured with the 

concentration pulse chromatographic technique at 1.0 and 3.3 atm total pressure and an 

elevated temperature of 150 °C. For the purposes of C02/CH4 separation, a zeolite 

adsorbent is selected because of its favourable C0 2 capacity and selectivity over CH4. 

The objective is to characterise the PSA operational efficiency of NaLSX based on the 

equilibrium capacity and selectivity for C0 2 at the selected conditions. The binary 

isotherm is compared to a simple mixture model and an economic analysis is performed 

for the case study of a bulk landfill gas separation and upgrading process. 

Literature Review 

PSA design for bulk separation requires an adsorbent that is both high in CC)2 

adsorption capacity and selectivity under mixture conditions [10], Many pure gas 

equilibrium results are available in literature to identify adsorbents with these properties. 

However, the available mixture adsorption data is significantly less. There is binary data 
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available for C02/CH4 on zeolites [11; 12; 13]. silicalite [14], and activated carbon [15; 

16; 17; 18]. These studies show the CO2/CH4 mixture behaves as a non-ideal adsorbate 

on zeolites, silicalites and activated carbon. 

The potential for C0 2 adsorption is much more significant than CH4 largely due to the 

presence of the C0 2 quadruple moment. Electrostatic interactions govern CO2 adsorption 

potential whereas CH4 has significantly less interactions. This difference in 

electromagnetic property is exploited at the cation sites in various adsorbents. For 

example, adsorbents exhibit C0 2 separation factors above 3 for H-ZSM-5 [12], up to 17 

on silicalite [14], and 2 to 6 on activated carbon [15; 16; 17; 18]. Of these binary studies, 

those done on activated carbon were measured above and below atmospheric pressure 

(total). Increasing the equilibrium pressure reflects the conditions in a PSA as well as 

increasing the adsorbent capacity. The large pore distribution of activated carbon 

exhibits a binary C0 2 capacity of 2 to 9 (mol/kg), at 1 and 10 atm respectively [15; 16; 

17; 18]. The increase in pressure also results in a change in selectivity which is a 

consequence of CH4 adsorption. 

The Concentration Pulse Chromatography (CPC) technique is useful for binary 

measurements and is employed in this study. It is a reliable method and is shown to 

replicate gravimetric results [19]. This method has been examined in detail and several 

papers are published on its use [11; 12; 19-26]. Of the CPC binary studies, those focused 

on zeolites are measured at varied temperatures and a fixed pressure. These conditions 

do not reflect the combination of variable temperature and pressure within an operational 

PSA. 

The difference between experimental conditions and operational conditions are far 

from identical but the disparities can be minimized. For example, the CPC technique 

allows for the binary equilibrium to be measured at total pressures above atmospheric. 

These high pressure measurements illustrate the change in binary capacity and selectivity. 

Binary equilibrium measurements at varied pressures have been performed on various 

carbons but remain to be determined for a uniformly porous molecular sieve zeolite. 

Zeolites have favourable adsorption properties due to their uniformly porous structure 

and heterogeneous surface properties. More specifically, zeolite CECA 13X (Si/AI = 

1.17) has been used commercially in C0 2 removal for air pre-purification [10], In very 
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recent studies the C02/CH4 selectivity and capacity of CECA 13X has been measured 

with the CPC technique at 40.100 °C and atmospheric pressure [13]. The NaX adsorbent 

exhibited an equilibrium separation factor above 40 and C0 2 capacity of 2.5 and 1.5 

mol/kg for temperatures of 40 and 100 °C respectively. The adsorbent selected for binary-

research in this study is a form of NaX that has a Si/Al ratio of 1.0. It is referred to as 

Low Silica NaX (or NaLSX) and represents the lowest theoretical limit of Si/Al ratio. 

Studies have shown that decreasing the Si/Al maximises the C02 adsorption potential due 

to the increased cation density and heterogeneity of the zeolite surface [27]. Limited C0 2 

adsorption data is available for NaLSX due to a patent on the manufacture of zeolites 

with Si/Al ratio below 1.15 [28]. Therefore the potential for application of this zeolite in 

bulk separation of C02/CH4 is explored in this paper with the chromatographic technique. 

More details on zeolite structure are provided in Appendix C. 

In this paper isothermal adsorbent bed operating characteristics are determined for the 

bulk separation of C02/CH4 on NaLSX. Bestfather and Tezel [29] have determined the 

properties of various adsorbents for the bulk separation of C02/CH4 based on pure gas 

isotherms. For example, the temperature swing in the bed can be approximated by binary 

working capacity, the heat of adsorption, and the adsorbent heat capacity [30]. This 

paper furthers the research of this separation by exploring the binary equilibrium 

behaviour at atmospheric and higher pressures with the chromatographic system. 

In addition to binary measurements, a PSA operation economic analysis identifies 

whether LFG upgrading is profitable for landfills. Currently there are limited economic 

studies on upgrading landfill gas w ith adsorption because of the high separation costs. A 

general analysis based on PSA size relative to landfill size will identify the potential for 

the proposed separation. The landfill gas production rate and landfill size are related with 

the well established US EPA LANDGEM model [31]. The economics of upgrading 

LFG to natural gas are compared to the breakeven costs of other LFG utilization 

technologies. Thus the capital and operational costs of the upgrading facilities are 

weighed against the returns from the sale of NG and Carbon credits. 
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Experimental & Theory 

The CPC technique is based on the following principles. A carrier gas composed of 

two species (for binary system) passes through a column packed with adsorbent at a fixed 

flowrate, temperature, and pressure. The carrier gas composition is then changed by 

adding a pulse of adsorbate gas species which is sufficiently small enough that the carrier 

gas remains in equilibrium with the adsorbent. The delay of this pulse within the 

adsorbent column indicates the equilibrium behaviour of the adsorbent and adsorbed 

phase. This relationship is linear at low concentrations and is referred to as the Henry's 

Law Constant. 

The dimensionless Henry's Law constant (K) is determined from a material balance 

on the adsorbent column. The first moment (a) provides a direct calculation of the 

Henry's Law constant [21]. 

The first moment of the pulse is measured at the experimental conditions in the 

column of known length (I), fixed interstitial velocity (v), and adsorbent void fraction (e). 

The material balance assumes no mass transfer resistance within the zeolite and that the 

pulse is sufficiently small that it is in linear equilibrium phase range [21]. The 

dimensionless Henry's Law constant (K) represents the effective binary mixture slope (a 

combination of both species in the adsorbed phase). Where the dimensionless Henry's 

Law Constant (K) is related to the dimensional Henry's Law constant (A.V) at the 

experimental temperature (7) and the absolute density of the adsorbent pellets (pads= 2.23 

g/cm3) by the following formula [26]: 

The absolute density of NaLSX (exluding the pore volume) was measured with non-

adsorbing He gas at room temperature. 

The effective binary equilibrium slope (Kp) is a measure of the linear equilibrium 

relationship between the binary gas phase and the adsorbed phase. This measure is a 

combination of the binary adsorption isotherm slopes of CO2 (clqi dPi) and CH4 and 

(dq: dP:). The effective binary equilibrium slope is described for a gaseous equilibrium 

as follows 120): 

( I) 

A' = KrRl'p (2) 
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' ' dl\ ' dl\ 

Kp is determined experimentally for various compositions (>'/) of carrier gas and the 

relationship for the individual equilibrium isotherm slopes are unknown. The binary 

isotherm slopes are resolved by assuming a functional form that captures the variation in 

KP with respect to composition [20; 32; 33]. A result is that the binary equilibrium 

assumes a similar form that is related to the first form with several parameters. The 

functional form of Harlick and Tezel [34] is shown to capture large variations in the 

effective slope for systems like C02/CH4 on ZSM-5 [11; 12], silicalite [14], and CECA 

13X [13], The effective slope functional form is also known as HT-CPM [34]; 

Kr = 4 +A1Yl + A,Yt
2 +^ 4 ln | r , +A\ (4) 

Where At and A are coefficients (A f 0) with no physical meaning. The slopes of the 

binary isotherms are described by the following equations [34]. 

= +2B2Y{ + 7 7 - ^ - * (5) 

d ^ = C] +2C1Y] + , Ci (6) 
dP2 -

Where B,'s, C,'s and A are constants. The functional form for the experimental binary 

effective slope contains 6 unknown coefficients (B, and C,). When equations (5) and (6) 

are substituted into equation (4) these coefficients are determined by the objective 

function of minimizing the sum of square residuals (SSR) defined by equation (7). The 

non-linear solver function in MS Excel was utilized to vary the parameters and achieve 

the objective function. 

SSR = Y,iKi (Exnerime,Ual)-Kr(B,-c' )F (7) 

The final solution was resolved by achieving the objective function with the formula 

for Kp with the B, and C, coefficients in the following formula: 

C, 
K,, (Experimental) = (l - }] )| + 2/?,}', + — 

\Y,+'I 
+ Y C',+2 t \ Y + 

2 1 '); + A\ 
(8) 

Multiple combinations of solutions and local minimums are possible when 

minimizing the objective function: therefore the linal solution is confined. The following 
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constraints are imposed to maintain the solution represents the physical adsorption that is 

actually occurring, [26]: 

1. The pure isotherm capacity (</,°) must match the binary isotherm capacity (</,) at the 

endpoints. 

(</,°),, =(*•)>-,-.0 =(^)>,00 (9) 

2. The effective binary slope of the mixture (A» must match the Henry 's Law 

constant of the pure component (K/>"). 

( j U - , . , 0 = ( * ? • ! (*,•)>•, oo-U ' ; : ) : m 

3. The slope of the binary isotherm is positive for both species and all compositions. 

> 0 for allO <Y\ <1 .0 (11) ^ >0 and ^ 
dR dP\ 

Integrating over the composition of the system provides the binary isotherms, after 

the determination of Bj and coefficients as follows: 

</i = 

<ii = 

BxYi +B2Y? +B3 In 

C , ( l - ^ ) + C 2 ( l - y , 2 ) - C 3 l n 

f; + /1 
a 

Y +JL 
1 + A 

(12) 

(13) 

CPC Experiment 

The CPC technique was carried out in a modified Varian 3300 Gas Chromatograph 

(GC) equipped with a thermal conductivity detector (TCD). The experiments were 

conducted in a 0.451 cm diameter stainless steel column (10.5 cm length) at volumetric 

flow rates between 10 and 30 cmVmin (STP). The porosity {f: = 0.421) of the column 

filled with crushed adsorbent particles (20x60 mesh) was determined with 20x60 mesh 

glass beads. The column of adsorbent was equilibrated at 150 °C with the carrier gas 

stream composition (>1 for a period of 24 hours. The size of the sample loop is (1 ml) 

and was sufficiently small enough that the carrier gas remained in equilibrium with the 

adsorbent. 

The first moment (//) of the pulse is given by: 
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[ c jt-MnYt 

jcdt 
(14) 

Where the concentration of the gas at the column exit (c) is measured with respect to 

time (t) and the first moment is corrected for the system retention time {pin)- The system 

retention time accounts for the delay in the system tubing and detector. nD was calculated 

from a pulse of non-adsorbing gas through the adsorbent column. A simplified schematic 

of the apparatus is shown in Figure III - 1. 

GCOven TCD 
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-M— Vent to Bubble: 

Colnm 
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-IX]— 

Sample Valve 
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Sample Valve 

p; ^ 
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To oc .^/""O^-column 

7 
CH, 

CH, 

Sample Ons 

Figure 111 - 1 - CPC schematic with modifications for high pressure. 

The carrier flow rate was measured with a bubble flow meter and regulated with two 

MKS Type M100B Mass-Flo® Controllers (MFC). A mixing chamber was positioned 

before the GC entrance to ensure a well mixed CO2/CH4 carrier gas. The mixture carrier 

gas passed through the oven and reference side of TCD before entering the sample valve. 

The GC is equipped with an oven and thermocouples to ensure the adsorbent column and 

gas temperature are constant (±0.1 °C). A 6 port sample valve injects a 1 ml sample into 

the carrier gas and a Burgess micro switch was used to record the injection time. The 

carrier and sample then passed through the column (1.677 cm'1) filled with approximately 
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1 to 1.5 g of crushed (20x60 mesh) adsorbent. The composition of the gas exiting the 

column was measured with a TCD to determine the first moment of the pulse within the 

adsorbent column and system. All data from TCD was recorded with Labview software 

on an IBM Intel based computer. 

The Varian 3300 GC was modified with back pressure valves to allow the system to 

be increased above atmospheric pressure. Prior to all experiments the internal system 

tubing was replaced with 1/8 Stainless steel tubing and Swagelok fittings such that 

system was capable of being pressurized to 4.0 atm without any leaks. The modifications 

include several high pressure metering valves (Series 31) manufactured by Whitey Tool 

and Die Company. The valves shown in Figure III - 1 maintain a constant back pressure 

on the system and on the sample injection loop. The outlet side of GC was modified with 

a needle valve to provide a constant resistance to flow at outlet. The pressure at the 

column entrance and exit was monitored with one 100 psi pressure Gauge (Grade 3 A) 

from Omega Engineering Inc. Two binary experiments were carried out at a total 

pressure of 1 and 3.3 (± 0.11 atm). At the beginning of the high pressure experiments, 

the system was pressurized and the back pressure valve adjusted to maintain an 

approximate flow of 15 cm3/min STP (± 0.07 cm3/min). 

Prior to experimentation the adsorbent was regenerated at 350 °C under a He purge at 

atmospheric pressure for 24 hrs. The carrier gas composition was adjusted with the 

MFCs to maintain a fixed Ilowrate and mixture concentration. The measurement of the 

effective slope was performed when the TCD baseline was observed to remain 

unchanged. The experiments covered the entire range of mixture compositions and 

commenced with pure CH4 carrier gas and the mole fraction of C0 2 was increased at 

regular intervals. Injections of C0 2 and CH4 were repeated at each mixture concentration 

to estimate uncertainty of results. 

Materials 

The NaLSX (NaX zeolite with a Si/AI = 1.0) zeolite adsorbent selected for binary 

equilibrium measurement with the bulk mixture was graciously supplied by Air Products. 

The physical properties of this zeolite are presented in Table III - 2. 
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Table III - 2 - Physical Properties of Current Study Adsorbents 

NaLSX 
Manufacturer Zeochem 

Si/AI Molecular Ratio 1.0 
Cation Density (ions/cage) 96.0 

Pellet Size (as received) 8 x 1 4 mesh 
Particle Size (experimental) 20 x 60 mesh 
Bulk Density pI}Uik (g/cm3) 0.632 
Heat Capacity Cps (J/g K) 0.920* 

* Heat capacity for NaX zeolite assumed for NaLSX from [7]. 

All gases were supplied by BOC Canada Limited and the quality of each is listed in 

Table III - 3. 

Gas Grade Purity 
Helium (He) 5.0 (Ultra High Purity) 99.999% 

Carbon Dioxide (C02) Bone Dry 99.85% 

Methane (CH4) 3.7 (Ultra High Purity) 99.97% 

Extended Langmuir Isotherm Model 

The Langmuir isotherm model is commonly used to describe pure and multi-

component mixtures. It is explained in detail by Yang [35] and Ruthven [36]. The pure 

component equilibrium capacity is measured as a function of pressure for component i at 

a constant temperature. The Langmuir [37] isotherm model is fit to the data: 

" :z 
The parameters for C02 and CH4 are determined from the pure isotherm data with a 

best fit plot of P/q, vs P„ a slope of I t / , , and an intercept of 1/ q ,,h,. Where q,, is the 

saturation capacity, h, is the equilibrium constant, and P, is the partial pressure (total 

pressure for pure isotherms) of the gas species /'. The Henry's Law Constant (Kp) is 

approximated from the pure Langmuir parameters with the relationship [36]: 

A', =qxlh, (16) 

The Extended Langmuir (EL) isotherm model follows directly from the pure isotherm 

parameters. For a mixture of V gases the amount adsorbed (q,) of component i is as 

follows: 
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R M 

i + i ^ 

(14) 

The mixture isotherm parameters are taken from the pure Langmuir isotherm model. 

The selectivity («0 gives an indication of how selective an adsorbent is for a mixture. 

For LFG, the ideal selectivity for CO2 is given by [36]: 

k M L , 
a CO, = • 

(18) 
(qJln, 

The ratio of Henry's Law constants can be measured with the CPC method directly 

(Kp) and as a ratio of the Langmuir parameters. 

Economic Analysis 

The break even costs of LFG upgrading were evaluated for several landfill sizes. The 

LFG production relative to landfill size was related with the US EPA LANDGEM model 

[31]. The economics encompassed the capital costs of the adsorption system (including 

compressors, vacuum pumps, heat exchanger, adsorption vessels and adsorbent) and the 

operational costs (utilities, labour, maintenance, and bed replacement). The present value 

of the project was evaluated (benefits vs costs) to determine the breakeven cost for the 

operation with the method of Delhotal et al [38]: 

1=1 

«V(l - x) t '/'(I - x) + f> 

1 1 i] + r)' 0 + / ) ' 

Where 0 is the break even price ($ CAD/t C02e) 

S is the emissions reductions for CH4 and C0 2 (tC02e) 

y/ is the revenue generated from sale of NG ($12 CAD/mmBtu) 

/I is the tax break ( K T / ) 

y is the discount rate (20%) 

x is the tax rate (40%) 

k is the capital cost (SCAD) 

a is the reoccurring operational and maintenance costs (SCAD) 

7' is the project lifetime (15 years) 

(19) 
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The parameters above are selected for comparison to the results in Table 111 - 1 which 

are based on a 15 year project lifetime and an industrial perspective of 20% discount rate 

and 40% tax rate [38]. The analysis does not include pre-purification and assumes 

instantaneous adsorption, 100% recovery of all CH4 at NG purity. No inflation or 

changes in operation costs are assumed and NG prices are from recent (2008) market 

values. 
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Figure III - 2 - LFG VPSA bulk separation process 

Capital costs 

The schematic of the VPSA separation process is illustrated in Figure III - 2. The 

capital costs for this system was determined based on the input flow rate and scaled 

according to equipment heuristics. The inlet gas passes through two compression stages 

and one interstage cooler. The adsorbent capacity was calculated from the adiabatic 

working capacity (2.5 mol COi/kg NaLSX) which assunie.es all of the heat goes into 

heating the adsorbent bed and an average feed temperature of 120 °C. The adsorbent 

price of NaLSX ($6.60 CAD/kg) [39] was used to determine the total adsorber and 

adsorbent cost. The ratio of the total adsorption system cost (includes valves, piping, 

instrumentation, etc.) to the adsorbent cost is related to the volumetric flovvrate with the 

method of Cooper and Alley [40], A two stage compressor was selected to elevate the 

feed pressure from 1 to 8 atm in combination with a stainless steel (304) shell and tube 

water heat exchanger. The vacuum pump was sized for adsorbent regeneration from 1 to 
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0.1 atm for an adsorption cycle time of 15 minutes. The purchased equipment cost was 

then multiplied by three factors from Keller [41] to account for the delivery costs (18%), 

direct installation costs (44%) and indirect installation costs (31%). The details of theses 

calculations are provided in Appendix B. 

Operational Costs 

The operational costs are based on 24 hr operation. 350 days/year for labour ($22.60 

CAD/hr), supervision (15% of the labour) and maintenance (5% of the total installed 

cost). The utilities include electricity ($0.06/kWh) and cooling water ($0.02/1000 L) 

available at 20 °C. The power demand is determined from the compressor and vacuum 

pump horsepower with an adiabatic efficiency of 80%. The cooling water rate is 

controlled such that the compressed gas enters the second stage of compression (4 to 8 

atm) at 50 °C. This PSA cycle was selected as a typical industrial LFG separation cycle 

[39], The exhaust gas enters the adsorbent column at a temperature of approximately 120 

°C. Adsorbent bed replacement is also considered every 8 years and the cost is 

distributed over the 15 year project lifetime at an interest rate of 7%. The details of 

theses calculations are provided in Appendix B. 
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Results & Discussion 

Pure Isotherms for CO2/CH4 on NaLSX 

The isotherms of C0 2 and CH4 on NaLSX at 150 °C were obtained in our previous 

studies [29] and are shown in Figure III - 3: 

0 1 2 3 4 

Pressure (tHin) 

Figure III - 3 - Experimental NaLSX C0 2 (O) and CH4 ( • ) isotherms at 150 °C |29| data points 

compared with the solid lines of the Langmuir isotherm model. 

The two parameter Langmuir model follows the variation of the data although the 

CO: isotherm is slightly over and under predicted. The parameters of the Langmuir 

isotherm, as well as the Henry's Law constant (Kp) and heat of adsorption (measured 

with the CPC method) are presented in Fable III - 4. The ideal selectivity for CO: is 

greater than 28 at 150 °C. indicating a favourable CO: separation at elevated 

temperatures. 

60 



Table III - 4 - Langmuir parameters and adsorption properties for NaLSX on C 0 2 and CH 4 at 150 

°C |29| . 

NaLSX CH4 NaLSX C0 2 

Temperature (°C) 150 150 
q, i (mol/kg) 2.42 4.07 
B, (atm"1) 0.06 1.05 
q„i B, (mol/kg atm) 0.15 4.27 
Kp measured with CPC (mol/kg atm) 0.15 4.13 
Heat of Adsorption* (kJ/mol) 18.4 27.9 

'Data obtained from Bestfather and Tezel [29], curve fitted to Langmuir isotherm model in present study. 

The Henry's Law constant for C0 2 is much greater than that of CH4 which reflects 

the difference in isotherm shape. The Langmuir parameters for C0 2 saturation capacity 

and equilibrium constant are greater than those for CH4. Similarly the Henry's Law 

Constant and limiting Heat of adsorption determined with the CPC technique are 

significantly higher for C0 2 [29], The difference is due to the greater potential for C0 2 

adsorption. The CPC measurement of the Kp is comparable to the value obtained from 

the Langmuir parameters above in equation (16) for CH4 and C0 2 . 

Concentration pulse chromatography for Binary Adsorption Isotherms 

The effective binary mixture slope of C02/CH4 was measured for NaLSX at 150 °C, 

1 and 3.3 atm total pressure with the CPC technique. The capacity at two pressures 

exhibited similar behaviours which are illustrated in Figure III - 4 as a semi-log plot. 
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Figure III - 4 - C02/CH4 effective slope at 150 °C, 1 atm ( • ) and 3.3 atm (O). 

At low C0 2 concentrations, C0 2 out competes CH4 for adsorption sites. This is 

reflected in the high adsorption potential and high effective slope at low C0 2 mole 

fractions indicating selectivity for C02 . The effective slope decreases sharply as the C0 2 

fraction increases to 20 % and then remains relatively unchanging for the remaining 

binary mixture fraction. This decrease in potential for C0 2 adsorption at low C0 2 

fractions is due to limited available high energy cation adsorption sites. The high energy 

adsorption sites are occupied first (i.e. at low C0 2 mole fractions) around the cations, and 

then the lower energy sites (further from the cations). This property is common to non-

ideal binary systems where C0 2 experiences significantly stronger electromagnetic 

interactions with the cations due to its quadrupole moment. 

As the pressure increases, the Henry 's Law constant of the pure gases decreases as 

illustrated at the endpoints of both effective slopes. The shape of the effective slope is 

similar to that observed by Mulgundmath et al [13] for C02/CH4 on 13X. They found 

that the system behaviour at 40 and 100 °C only differed significantly below mole 

fractions of 0.2 for C()2. 
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The effective slope was measured with C0 2 and CH4 injections at different carrier gas 

compositions of C0 2 and CH4. Additionally, the effective slope was measured a 

minimum of 3 times with each species injection. On average 11% variability was 

observed and the confidence intervals reflect this in Figure III - 4Figure III - . At C0 2 

mixture fractions below 0.2 the high potential for adsorption caused the sample pulse to 

spread out within the column and the change in concentration at the TCD was more 

difficult to interpret. 

The effective slope obtained from the methane injection was consistently higher than 

the C0 2 injection. This difference can be explained with two reasons related to the 

greater potential for C0 2 adsorption and the heat of adsorption (see Table III - 4). First, 

looking at Figure III - 4, it can be observed that the effective slope decreases as the C0 2 

mixture fraction is increased. Therefore as C0 2 is injected into the carrier gas at any 

mixture fraction the effective slope will decreases. Correspondingly , for a CH4 injection 

the effective slope increases. Secondly, the difference in the heat of adsorption also 

contributes to the differences in first moment. The C0 2 sample injection increases the 

partial pressure, resulting in C0 2 adsorption and heat being released. Because physical 

adsorption is an exothermic process, the increase in available energy within the column 

encourages C0 2 desorption. This increase in heat due to C0 2 adsorption is significantly 

greater than that released when CH4 is injected. Finally, as the CH4 sample is injected, 

the increase in partial pressure results in some CH4 adsorption. The potential for 

adsorption is much less than C0 2 as is the heat released due to CH4 adsorption. 

Therefore there is less energy available for desorption within the column resulting in a 

longer CH4 first moment and larger effective slope. This systematic difference between 

injections accounted for the largest fraction of variability and remained below 10% for 

the majority of measurements. The propagation of measurement errors for the CPC 

technique is provided in Appendix B. 

The change in effective slope across the mixture fraction is modeled to the functional 

form in equation (8). By capturing the behaviour of the effective slope the slopes of the 

binary isotherms can be evaluated. However, these adsorption isotherms are not a result 

of individual measurements but rather of the behaviour of the system and the binary 

equilibrium relation between the binary gases. The trend of the effective slope in Figure 
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Ill - 4 was well described by the HT-CPM form. Mulgundmath et al [13] also found the 

HT-CPM form for Kp captured the behaviour of the 13X biogas binary mixture at 

atmospheric pressure similarly to the NaLSX sy stem above. The trend of the effective 

slope is captured with the purposed functional form within the variability of the 

measurements. 

It was found that the solution to the algorithm that "fit" the data was highly dependant 

upon the X parameter in equations (4) to (6). (12) and (13). Details of this data analy sis 

are provided in Appendix B. The following procedure was followed: 

/. For various values of A: 

a. Using equation (4) the objective function (equation (7)) was minimized 

holding X constant and allowing A, parameters to vary. 

b. A plot of SSR vs X demonstrated a minimum region and this range of 

values for X was constrained. 

2. With the constrained value of X equation (8) was used to minimize equation (7) by 

varying the B, and C, parameters while subjected to the constraints of equation (9) 

to (11). 

The application of the constraints in equation (9) to (11) were found to significantly 

limit the number of possible solutions to the objective function. The method above 

shortened the trial and error that occurs when all parameters in equation (8) are allowed 

to vary which leads to numerous local minimums that do not necessarily conform to the 

constraints. 
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Binary Isotherm 

The CO2/CH4 binary isotherms for NaLSX at 150 °C are determined from the best fit 

to the effective slope in Figure III - 4 and are described by equation (12) and (13). They 

are illustrated at total pressures of 1 and 3.3 atm in Figure III - 5 and Figure III - 6 

respectively. 
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Figure III - 5 - Experimental C02/CH4 binary adsorption equilibrium at 150 °C, 1 atm (black) 
compared with predicted Extended Langmuir (grey). 
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Figure III - 6 - Experimental C02/CH4 binary adsorption equilibrium at 150 °C, 3.3 atm (black) 
compared with predicted Extended Langmuir (grey). 

The CO2/CH4 binary equilibrium on NaLSX contains an adsorbed phase that is 

composed primarily of CO2. The total amount adsorbed increases fairly linearly as the 

carbon dioxide fraction in the mixture increases. Only at methane fractions below 90% 

does methane compose a significant fraction of the adsorbed phase equilibrium. This 

behaviour suggests that NaLSX is highly selective for C0 2 adsorption at both pressures 

studied. The behaviour of C0 2 dominating the adsorbed phase is well documented on H-

ZSM-5 [11: 12: 34], activated carbon [15-18], and less so on silicalite [14]. For biogas 

(Y(02 = 0.5), the capacity of NaLSX is greater than 1 and 0.4 mol/kg for 3.3 and 1 atm 

respectively . In comparison, the binary C0 2 capacity is 1 mol/kg on H-ZSM-5 [11; 34], 

1.5 mol/kg for activated carbon [18] and 0.7 to 0.3 mol/kg for silicalite [14] at lower 

temperatures. Mulgundmath et al [13] observe a concave up C02 binary isotherm 

capacity on 13X at atmospheric pressure at 40 and 100 °C. The capacity for 13X is also 

significantly higher (1.5 to 2.5 mol/kg). at 40 to 100 °C and 1 atm total pressure. This 
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difference suggests at equivalent temperatures and pressures 13X has higher binary C0 2 

capacity than NaLSX. It also suggests that decreasing the Si/Al ratio or similarly 

increasing the surface heterogeneity of NaX is less important at high temperatures and 

pressures for LFG bulk separations. Therefore, the amount of NaLSX required to separate 

C0 2 from biogas may be similar to 13X and significantly less than non-zeolites. 

The increase in total pressure from 1 to 3.3 atm results in less C0 2 selectivity. Since 

this increase in pressure results in 4 to 5 times the amount of CH4 and 1.5 to 3 times the 

amount of C0 2 being adsorbed. The shape of the isotherm is similar at both pressures 

and differs due to the constraints for capacity at the endpoints. This similarity in shape is 

also reflected in Figure III - 4. The increase in capacity for C02/CH4 on activated carbon 

is observed by Buss [15], Dreisbach et al [16], Van der Vaart et al [17], and Goetz [18]. 

The pressure range considered for these studies was greater (1 up to 60 atm) than that in 

this paper and the temperatures were also much closer to 298 K. Similar to the results 

above, Van der Vaart et al [17] observed roughly twice the activated carbon capacity with 

a pressure change from 1 to 3 atm at 303 K, although C0 2 did not dominate the adsorbed 

phase in activated carbon as it does in NaLSX. The increase in pressure has resulted in 

roughly 2x the C0 2 capacity. The C0 2 selectivity is lost due to CH4 potential for 

adsorption although the increase is small relative to C02 . Therefore there is a balance 

between C0 2 capacity and selectivity that can be explored with dynamic experiments and 

a cost analysis focused on PSA operating cycles and conditions. This analysis is not 

included in the present study. 

The NaLSX CO2/CH4 adsorption isotherms are tested for their thermodynamic 

consistency in Appendix B. 

Extended Langmuir 

The LL isotherm model is utilized for comparison of binary isotherm C02/CIl4 

capacity on NaLSX at different total pressures. Figure III - 5 and Figure III - 6 illustrate 

the EL binary isotherm at 1.0 and 3.3 atm modeled from equation (7) and the parameters 

in fable III - 4. The model predicts an adsorbed phase that is dominated by C()2 and is 

highly favourable for bulk mixture separation. The total capacity of the adsorbent is 

overestimated with the IT. model when compared to the adsorption isotherms measured 
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with the CPC method. CH4 potential for adsorption is only significant in mixtures of 

mainly methane (<80%). As the pressure is increased, the capacity of NaLSX increases 

for both CO2 and CH4 (although CO2 continues to dominate the adsorbed phase). At total 

pressures of 1 and 3.3 atm CO2 mimics its pure isotherm rectangular behaviour. 

In Figure III - 5 and Figure III - 6 the extended Langmuir isotherm model over 

predicts the adsorption equilibrium capacity of CO2/CH4 at 150 °C, 1.0 and 3.3 atm. The 

binary isotherm measured with the CPC method exhibits concave up adsorption and 

decreasing capacity across the composition range. The reduction in modelled capacity is 

due to the ideal adsorption assumption and the interaction of adsorbed phase molecules. 

The adsorption of CO2 on zeolites is not ideal and is highly localized around the cation 

sites as shown by [9], The non-ideality of CO2/CH4 is especially difficult to model 

because multicomponent forms of pure isotherm models are limited [42]. Li and Tezel 

[14] show that six different multicomponent adsorption models fail to capture CO2/CH4 

adsorption mixture behaviour on silicalite. Despite these conclusions, the Langmuir 

adsorption model is derived from basic principles and its multisite form is commonly 

used to describe adsorption behaviour successfully [7, 43, 44], The EL isotherm model 

implies much higher CO2 capacity than measured suggesting it should not be used for 

PSA scaling. 

Phase diagram 

The phase diagram indicates the favourability of the separation of CO2 from CH4 on 

NaLSX at 150 °C. The adsorbed phase C0 2 fraction vs the gas phase CO2 fraction is 

shown in Figure III - 7. 
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Figure 111 - 7 - C02/CH4 phase diagram 150 °C, 1 atm (black), 3.3 atm (dashed) and EL (grey). 

The phase diagram is calculated from the adsorption isotherms curves and reflects the 

domination of C0 2 in the adsorbed phase. There is a slight decrease in C0 2 selectivity at 

total pressure of 3.3 atm. Similarity, Van der Vaart et al [17J observed little change in the 

phase diagram for CO2/CH4 at 303 K from 0.5 to 5 atm. The Extended Langmuir 

isotherm model shows a less favourable separation of C()2 than measured in this study. 

All three lines in Figure III - 7 suggest NaLSX is a selective adsorbent for C02 . 
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Equilibrium Separation factor 

The equilibrium separation factor {aeqwi,hr,um) is determined from a ratio of the 

adsorbed (.v,) and fluid (v,) phase fractions. 

«,„„/,„n un, = — 

The equilibrium separation factor is calculated for the binary equilibrium for both 

pressures and for the F.L model. 

co, Mole Fraction (V( ,,2) 

Figure 111 - 8 - NaLSX C02/CH4 selectivity at 150 C, 1 and 3.3 atm. 

Figure 111 - 8 illustrates the favourable equilibrium selectivity for CO: adsorption 

across the range of binary compositions. The separation factor is highest (103) at 

atmospheric pressure and 0.37 CO: mole fraction. At the total pressure of 3.3 atm. the 

selectivity is significantly lower, although above 20. and has a maximum of 57 at a mole 

fraction of 0.29. The increase is due to the significant change in CO: adsorbed phase at 

low C02 concentrations. The peak is a result of the adsorbed phase CO: ratio not 

increasing as quickly as the gaseous phase CO: ratio. Similar maximums in separation 
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factor have been documented for C02/CH4 by Li and Tezel [14] on silicalite and 

Mulgundmath et al [13] for CECA 13X. At elevated pressures, the decrease in separation 

factor is due to the higher potential for adsorption of methane. The constant selectivity 

provided by the Extended Langmuir CO2/CH4 isotherm model does not change with 

composition or mole fraction. This is a result of the ideal adsorbed phase assumptions of 

the model. The separation factor for this system, which is based on the effective slope 

measurement fits, exhibits an increase and decrease with increasing C0 2 composition. 

At LFG composition NaLSX exhibits a separation factor above 40 at both pressures. 

This is high relative to other studies shown in Table III - 5. 

Table III - 5 - Equilibrium separation factors for C02/CH4 on various adsorbents. 

Adsorbent aeaumbrium Pressure Temperature (°C) 
NaLSX 20 to 103 1 to 3.3 atm Present Study (150 °C) 
CECA13X 40 to 100 1 atm [13] 40 to 100 °C 
H-ZSM-5 3 to 3.5 1 atm [ 1 1 ] 4 0 ° C 
Silicalite 5 to 17 1 atm [14] 25 to 100 °C 
Activated Carbon 2 to 9 1 to 60 atm [16] 25 °C 

In comparison NaLSX has the highest separation factor for C02 . The other 

separation factors were all measured at lower temperatures and the C02/CH4 separation 

factor on silicalite is shown to be maximum at 70 °C [14]. The capacity of NaLSX for 

CO2 is comparable to the other adsorbents although they are measured at lower 

temperatures. The measurements of capacity of NaLSX at lower temperatures requires 

sensitive equipment due to the high potential for adsorption. The high temperature 

results presented in this study are limited in their application. Despite this fact the 

behaviour of the binary system is described on the zeolite with a low Si/Al ratio. 

Therefore at high temperatures NaLSX has considerable selectivity and the C0 2 capacity 

can be increased somewhat by increasing the PSA adsorption pressure. 

Economic Analysis 

The breakeven costs of the landfill upgrading project were evaluated for v arious sized 

landfills and LFG feed llowrates based on the LandGem model. The PSA operating 

parameters were fixed at a feed pressure of 8 atm a regeneration pressure of 0.1 atm and a 

cycle time of 15 minutes to maximize the NaLSX working capacity. The number of 
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adsorption vessels was increased to accommodate the increase in LFG volume which is 

also reflected in the capital and operational costs. It was found that industrial scenario of 

a 40% tax rate and 0% discount rate resulted in the lowest breakeven costs. The 

breakeven costs for upgrading LFG are presented in Table III - 6. 

Table 111 - 6 - Breakeven costs of LFG upgrading for 15 year project timeline. 

Landfill Size 
(Mt) 

Average 
LFG flow 

(nr /hr ) 

Number 
of 

Adsorbers 
capital SCAD 

(2008) 
operation SCAD 

(2008)/year 
Breakeven 
($/ tC0 2e) 

$/nr 
LFG 

0.2 50 1 $ 457.846 $ 280,022 $ 20,187 0.92 

1.2 250 3 $ 1,389.354 $ 481,853 $ 5,303 0.56 

2.3 500 4 $ 2,136,341 $ 713,271 $ 3,072 0.41 

4.7 1000 8 $ 3,906,188 $ 1,189,902 $ 2,079 0.35 

9.4 2000 16 $ 7,187,191 $ 2,130,228 $ 1,525 0.32 

The breakeven cost for LFG upgrading is the highest for small landfills and well 

above $1,500 CAD (2008) for landfills above 9 Mt. This is significantly higher than the 

current resale price of carbon credits in Canada [3]. The maximum costs/tCC^e occurs 

for landfills below 1 million tonnes and decreases exponentially for landfills up to 10 

million tonnes. The amount of LFG increases proportionally with landfill size although 

the current scenario assumes a 50% recovery rate. 

The capital costs ($7 M) are spread out over the 15 year project timeline and are 

composed mainly of the adsorber vessels, equipment, and adsorbent. The operational 

costs are roughly 30% of the total capital costs. The operational costs are considered 

constant and are comprised mainly of utilities and depreciation. 

This cost analysis is limited in scope. It only takes into account one type of 

adsorbent, a fixed cycle and assumes instantaneous adsorption. In addition there is no 

pre-purification or post-purification of the LFG product and the adsorbent working 

capacity was limited due to the high operational temperature. 

Based on the current study, the economics of LFG upgrading are not competitive with 

other utilization technologies for the largest of landfills at current carbon prices. They do 

however stand a chance at feasibility if the price of NG continues to increase with energy 

demand. The breakeven costs for various sized landfills with respect to NG prices is 

illustrated in Figure III - 9: 
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Figure III - 9 - Breakeven LFG upgrading costs with respect to landfill size and NG price. 

The breakeven costs of LFG upgrading increase exponentially for landfills below 4 

Mt. Currently a 10 Mt landfill would require over $ 1.500/tC02e to break even at NG 

prices of $12/mmBTU. If prices increase above $20/mmBTU upgrading LFG can be 

profitable for landfills over 4 Mt. Historically NG prices can rise up to $15/mmBTU and 

even higher considering the fossil fuel has a finite supply. However this study suggests 

that LFG upgrading would only be feasible for landfills over 4 Mt. 

A small change in NG price can result in large returns for biogas recovery operations 

like LFG upgrading. They do however run the financial risk of returns that are volatile 

based upon consumer demand for NG. These operations require a more steady income 

from governmental bodies to remain sustainable for longer periods of time. 

In addition to the revenues from NG there are several government incentives to utilize 

renewable sources of energy like biogas. An example of an Ontario incentive is the 

Standing Offer program where renewable sources of energy are guaranteed rates of 
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energy production. LFG upgrading is not competitive with other landfill gas 

technologies based on the case study which is applicable to North America. 

Conclusions 

The CO2/CH4 equilibrium adsorption behaviour on NaLSX is highly selective for 

CO2 with high capacities. A LFG separation factor of 40 is observed at the LFG 

composition and the experimental conditions of this study. The binary isotherms exhibit 

capacity that is comparable to other binary adsorbents at temperatures below 150 °C. 

Increasing the total pressure increased the C0 2 capacity and selectivity was 

maintained above 20. The CPC technique for binary measurement was adapted relatively 

simply to measure binary equilibrium at pressures above atmospheric. These conditions 

reflect the actual PSA operating which are significantly different from results based on 

pure isotherms and extended Langmuir model. 

Based on the present study conditions LFG upgrading by adsorption is not as cost 

effective as are other LFG utilization technologies. Future increases in NG prices up to 

$20/mmBTU would make LFG upgrading profitable for landfills greater than 4 Mt for 

the conditions studied. The energy put into separating LFG is greater than that recovered. 

Therefore government incentives are required to encourage the utilization of this 

renewable biogas as an alternative fuel source. 
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Nomenclature 

A, Coefficients in equation (4) (mol/kg atm) 
h o r h , Equilibrium Constant (atm1) 
b „ b 0 Equilibrium Constant Parameter for TD Toth Isotherm (atm"1) 
B, and C, Coefficients in equations (5) to (mol/kg atm) 
c Concentration Signal from GC (-) 
Cps Heat Capacity (J/g K) 
k Biogas Generation Decreasing Rate Constant (yr"1) 
K Dimensionless Henry's Constant (-) 
Kp Dimensional Henry's Constant (mol/kg atm) 
L Column Length (m) 
L0 Waste Methane Potential Production (m3/ton) 
P or PT Total Pressure (atm) 
P, Partial Gas Pressure of Species /' (atm) 
Q, Volume of Biogas Produced from the Landfill (m3/yr) 
Q Volumetric Flowrate to the Adsorber Column (ft3/min) 
qi Amount Adsorbed or Binary Capacity of Species / (mol/kg) 
q,° Amount Adsorbed of Species i in Pure Gas Isotherm (mol/kg) 
q,r,i Saturation Capacity of Species i (mol/kg) 
R Ideal Gas Law Constant (J/mol K) 
Rc Ratio of Adsorber System Cost to Adsorbent Cost (-) 
SSR Sum of Squared Residuals (mol/kg atm) 
t, dt Time or Time Step (s) 
t and ti Time in equation (19) (yr) 
T Temperature or projects lifetime in equation (20) (K) or (yr) 
W Landfill Waste Receipts (tonnes) 
x, or Xi Mole Fraction in adsorbed Phase of Component / (-) 
v, or Y, Mole Fraction in Gas Phase of Component / (-) 

Greek Letters 

«eqmhbnum Equilibrium separation factor (-) 
(1 Tax Break ($CAD/year) 

Discount Rate (20%) (%) 
f)" Emission Reductions of CO2 (or equivalent C02) to (tC02e) 

the atmosphere 
i: Porosity or Void Fraction of Packed Bed (-) 
0 Break Even Price when costs equal revenues ($ CAD/t C02e) 
k Capital Cost (SCAD) 
k Logarithmic Coefficient in equations (4) to (8) (-) 
ft First Moment (s) 
ui> System Retention time (s) 
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V Interstitial Velocity (m/s) 

Pads Absolute Density of Adsorbent ( excluding pore (g/cm3) 
volume) 

Pbulk Bulk Density of Adsorbent (g/cm3) 
a Reoccurring Operational and Maintenance Costs ($CAD/year) 

X Tax Rate (40%) (%) 
V> Revenues Generated From Sale of NG (SCAD/mmBtu) 

Abbreviations 

atm Atmospheres (measurement of pressure) 
AWC Adiabatic Working Capacity 
A104 Alumina Tetrahedral 
Si/Al Atomic Ratio of Silica to Alumina 
BOC British Oxygen Company (part of Linde Group) 
$ CAD 2008 Canadian Dollars 
co 2 Carbon Dioxide 
CECA 13X CECA France NaX (Si/Al = 1 . 1 7 ) 

CPC Concentration Pulse Chromatography 
EL Extended Langmuir Binary Isotherm Model 
GC Gas Chromatogaph 
GHG Greenhouse Gas 
GWP Global Warming Potential 
He Helium Gas 
HT-CPM Harlick Tezel Concentration Pulse Method 
IPCC Intergovernmental Panel on Climate Change 
LFG Landfill Gas 
MFC Mass Flow Controller 
mmBtu Million British Thermal Units 
Mt Million tonnes 
NaLSX NaX (Si/Al ratio = 1.0) 
CH4 Methane 
N G Natural Gas 
N 2 Nitrogen 
NYME New York Mercantile Exchange (NG prices) 
OGEA Ontario Green Energy Act 
CPA Ontario Power Authority 
0 2 Oxygen 
PSA Pressure Swing Adsorber 
Si()4 Silicalite Tetrahedral 
N A ' Sodium Cation 
S IP Standard T emperature and Pressure 
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SSR Sum of Squared Residuals 
t C0 2 e Equivalent tonnes of CO2 (based on GWP) 
TCD Thermal Conductivity Detector 
US EPA United States Environmental Protection Agency 
ZSM-5 Pentasil Zeolite Adsorbent 
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Chapter IV: Conclusions & Recommendations 

General Conclusions 

Chapter II 

The equilibrium adsorption properties of three zeolites (NaLSX, NaY and CaX) were 

measured as screening parameters for the bulk separation of CO2 and CH4. All of the 

adsorbents showed high selectivity for CO2 at low partial pressures due to the high 

potential of CO2 relative to CH4. The equilibrium isotherms exhibited high capacity for 

CO2 and low capacity for CH4. 

NaLSX was studied in more detail because it has the highest cation density of all the 

zeolites studied and limited data is available for this adsorbent behaviour at pressures 

above atmospheric. Therefore measurements of its isothermal capacity from 40-150 °C 

up to 4 atm and the limiting heat of adsorption and Henry's Law constant were 

determined. NaLSX exhibited the highest capacity for CO2 even at elevated temperatures 

due to its low Si/AI ratio and high density of cations. However the high potential for CO2 

adsorption also showed it to have a higher limiting heat of adsorption. 

The ideal selectivity for NaLSX-C02 was shown to range from very favourable (up to 

400 with ratio of Henry's Law Constants) to slightly favourable (5-20 with AWC 

selectivity). The large difference in these selectivities indicates the significant effect bed 

heating has on a bulk separation. VPSA bed temperature changes were in the magnitude 

of 70 to 140 °C based on adiabatic process for a pressure ratio of 80. 

The zeolite equilibrium isotherms were used to evaluate expected working capacity 

and adiabatic working capacity for various VPSA operating conditions. NaLSX was 

shown to have the highest CO2 working capacity for a bulk separation of LFG. The 

adiabatic working capacity was much smaller in comparison due to the heating effects 

that occur in a VPSA. As such NaX and NaY showed the highest AWC for the 

conditions selected although their selectivity increases with bed temperature. This 

suggests that the VPSA could be operated at higher temperatures effectively for the bulk 

separation of CO2/CH4 if the operation remains thermally stable. 
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In conclusion NaLSX, NaX and NaY show applicability for the bulk separation of 

CO2/CH4. All the zeolites studied have selectivity for C0 2 adsorption at low partial 

pressures due to the quadrupole moment. This bulk separation is sensitive to heating and 

it should be an important consideration in designing the separation process. Additionally 

all of the zeolites used are sensitive to water and NMOC adsorption therefore the pre-

treatment of the landfill gas is an important step before the bulk separation. The result of 

a VPSA application to upgrade LFG will reduce GHG emissions, as well as produce high 

purity carbon dioxide and methane products. 

Chapter III 

The CO2/CH4 equilibrium adsorption behaviour on NaLSX is highly selective for 

CO2 with high capacities. A LFG separation factor of 40 is observed at the LFG 

composition and the experimental conditions of this study. The binary isotherms exhibit 

capacity that is comparable to CECA 13X zeolite adsorbents at temperatures below 150 

°C. 

Increasing the total pressure increased the CO2 capacity and selectivity was 

maintained above 20. The CPC technique for binary measurement was adapted relatively 

simply to measure binary equilibrium at pressures above atmospheric. These conditions 

reflect the actual PSA operating which are significantly different from results based on 

pure isotherms and extended Langmuir model. 

Based on the present study conditions LFG upgrading by adsorption is not as cost 

effective as are other LFG utilization technologies. Future increases in NG prices up to 

$20/mmBTU would make LFG upgrading profitable for landfills greater than 4 Mt for 

the conditions studied. The energy put into separating LFG is greater than that recovered. 

Therefore government incentives are required to encourage the utilization of this 

renewable biogas as an alternative fuel source. 
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Recommendations 

1. Zeolites are known to have macropore and micropore resistance to mass transfer 

which can control the VPSA process. The equilibrium adsorption behaviour 

indicates process selectivity but it does not take into account the kinetics. 

Therefore measurements of CH4 and CO2 diffusion into the adsorbents presented 

in this studied should be quantified with a gravimetric or zero length column 

system (Brandani. 2002). After which a detailed process model would provide a 

method for optimising the VPSA temperature and pressure conditions. 

2. The CPC limiting heat of adsorption (AH0) requires validation with a more 

sensitive piece of equipment like an adsorption calorimeter to measure the 

limiting heat of adsorption. The high adsorption potential at low partial pressures 

is an advantage of NaLSX although it is challenging to quantify precisely. 
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3. The economic analysis of upgrading landfill gas can be expanded to include more 

scenarios. Currently the bulk separation via PSA is used to determine the 

breakeven costs of such a process. The pre-treatment of the landfill gas and final 

pre-purification or compression of the product is not considered. Nor is the by-

product CO2. sequestered or compressed. The full scenario will always be very 

limited in its application because the economics are highly dependant upon the 

location of the LFG utilization site. Also the costs of LFG upgrading in 

developing countries may be more accessible if local technologies and materials 

are utilized. The standard of living benefits of renewable energy projects in 

isolated communities in developing countries can also have an impact on global 

GHG emissions. 

4. The LFG pre-treatment system removes the trace gases and water from the gas 

stream prior to the CO2/CH4 bulk separation. This system is not trivial because it 

is essential to remove all the gas components that are more polar than CO2 and 

CH4. Otherwise they will be irreversibly adsorbed to the zeolite bed in the VPSA. 

In addition the removal of particulates and siloxanes is essential if the gas is to be 

combusted in a turbine engine or directed into a NG pipeline. Further research is 

required to characterize these trace components and ensure a robust pre-treatment 

is capable of protecting the upgrading processes downstream of the raw landfill 

gas. 
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Appendices 

The following Appendieies are included in the thesis to compliment the work, in the two 

papers. 

Appendix A includes all the data from the isotherm measurements. In addition there is an 

uncertainty analysis on volumetric isotherms. The TD Toth fits to all of the isotherms not 

shown in Chapter II are provided as well as the isosteric Heat of adsorption calculations 

for C0 2 and CH4 on NaLSX. 

Appendix B includes the thermodynamic consistency test for the binary results presented. 

The method of calculating the binary isotherm from the effective slope measurements is 

clarified. In addition the capital costs and operational costs for the economic analysis are 

also described in detail. 

Appendix C provides a brief description on the structure of zeolite adsorbents. 

Appendix D describes the operation of the constant volume system used to measure pure 

gas isotherms. 

Appendix E describes the operation of the Gas Chromatograph (GC) for the measurement 

of the Henry's Law constants for pure gases. The manual also describes the method for 

measurement of the mixture gas effective adsorption slope in the GC. 
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Appendix A - Supplementary Information for Chapter II: 

Upgrading Landfill Gas by Adsorption: 

Adsorbent Selection and Equilibrium Data 

For the Bulk Separation of 

Carbon Dioxide and Methane 
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A.l Constant Volume System Isotherm Method 

The adsorption isotherms were determined with a volumetric gas adsorption 

apparatus. This system is equipped with Swagelock" valves and two mks Bar citron* 

pressure transducers that were employed for their respective low and high pressure 

ranges. The first pressure transducer, a 1000 Torr mks BaratronK Capacitance 

Manometer, is applied to the lower pressure range of up to 120 kPa with an uncertainty of 

± 0.001 kPa. The second pressure transducer, a 250 psia mks BaratronR Pressure 

Transducer, is applied in the range of pressures above 120 kPa with an uncertainty of ± 

0.08 kPa. The volume of the interconnecting tubing (1',) and manifold (Vd) are displayed 

in Table A.l for the volumetric system used in the following experiments. 

The free space (Fs) or "dead volume" is the volume of the sample cell that is not 

occupied by the adsorbent. The dead volume is estimated after initial adsorbent 

regeneration and before the isotherm measurements are taken. The dead space is 

measured by the expansion of Helium (He) gas into the sample cell (with adsorbent) at 

the same temperature as the isotherm. It is assumed that the volume available to the He 

atoms is the same as that for the CH4 and C0 2 gas molecules. Also, He adsorption and 

swelling of the adsorbent is considered negligible. The dead volume is calculated for 

each isotherm and is estimated with an uncertainty of ± 0.3 ml. 

Table A.l - Volume of manifold with both pressure transducers open (Vdl), with only 250 psia 
pressure transducer open (V,n), and interconnecting tubing (Vj). 

Vdi (ml) V „ ( m l ) V)(ml) 

5 3 . 9 7 3 9 . 4 2 6 7 0 
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Gas Inlet 

(He, C02, N20) • j H 

§ Pressure 
Transducer 

Vd 

Manifold 

Ti V, 

m r 

Interconnecting 
Tubing 

Sample Cell 

V acuum Pump 

Figure A.l - Schematic of volumetric system with manifold, interconnecting tubing, and free space in 
sample cell. 

The operation of the volumetric apparatus is based upon the gas laws. In the 

pressure range for the experiments presented in this report, the ideal gas law is considered 

applicable (below critical pressures of CO2 and CH4). In this system a known quantity of 

pure gas is admitted into a sample cell volume that contains the adsorbent at a constant 

temperature. As adsorption takes place the sample cell pressure decreases (over a period 

of 1 to 15 hrs). Once the system has reached equilibrium, the volume adsorbed can be 

calculated from the difference between the pressure and the amount of gas required to fill 

the free space in the sample cell. 

The operation of the volumetric sy stem follows an isotherm construction based 

upon a point-by-point measurement of the pressure change in the gas. The pressure of 

the gas is increased incrementally for each measurement of the equilibrium. 

The following equations illustrate the determination of the number of moles of 

adsorbed gas ( n(l) per adsorbent weight by estimation of the volume of gas adsorbed (lr„). 

W W.TU W 
1jKl_M± 

In r, 
v v 

— + 

+ P. 
: / 

V V 
— — + — 

7;. 7" 

\1 
( 1 ) 

Where na is the number of moles of gas adsorbed (m-inol) 

I « is the volume of gas adsorbed (ml) 
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Ws is the weight of the outgassed sample (g) 

Pr is the pressure of the adsorbed gas at standard conditions (760 mmHg) 

PI is the pressure in the manifold before introduction into the sample cell (mmHg) 

P2 is the pressure of the expanded gas into the sample cell and manifold ( mmHg) 

PE is the equilibrium pressure in the sample cell (previous equilibrium pressure in 

mmHg) 

Vd is the v olume of the manifold (ml) 

Vs is the volume of the free space in the sample cell (ml) 

V, is the volume of the interconnecting tubing (ml) 

Tr is the temperature of the adsorbed gas at standard conditions (273.15 K) 

Td is the temperature of the manifold (K) 

TS is the temperature of the adsorbent sample (K) 

§ C b ) § 

H E m r a n ft m r 

Valve Closed n T ) Valve Open 

Figure A.2 - (a) System with high pressure pure gas in manifold (PI) and sample cell at previous 
equilibrium pressure (Pe). (b) System at final equilibrium pressure (P2) after expansion. 
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C 0 2 Isotherm Raw Data measured with Volumetric System 
N A L S X I s o t h e r m s 

1 0 - J u l 2 0 - J u l 
N a L S X C 0 2 4 0 - C 4 0 6 
P ( a t m ) n ( m m o l ' g ) T ( K ) 

0 0 0 6 7 0 0 0 0 3 1 4 0 5 
0 0 0 7 7 0 6 0 4 3 1 3 7 5 
0 0 1 2 4 1 5 0 9 3 1 3 8 5 
0 0 5 2 8 2 5 7 8 3 1 4 4 5 
0 3 2 5 8 4 0 6 6 3 1 1 8 5 
1 3 7 2 9 5 0 4 2 3 1 4 0 5 
2 7 1 4 7 5 4 9 3 3 1 4 8 5 
3 6 4 4 4 5 7 3 7 3 1 3 4 5 

N A Y C 0 2 I s o t h e r m * 

0 6 - f e b 2 0 - F e b 
N a L S X C 0 2 7 0 * C 7 0 > 
P ( a t m ) n ( m m o l / g ) T ( K ) 

0 0 0 7 0 0 0 0 3 4 3 6 5 
0 0 3 7 0 9 9 6 3 4 5 9 5 
0 1 2 2 1 8 7 3 3 4 1 9 5 
0 2 4 1 2 6 6 7 3 4 4 7 5 
0 3 7 1 3 3 3 8 34 3 6 5 
0 5 8 4 3 8 2 3 3 4 3 6 5 
0 9 7 9 3 9 2 2 34 5 9 5 
1 7 8 1 4 4 0 7 3 4 1 9 5 
2 2 7 0 4 8 0 5 3 4 4 7 5 
2 8 7 0 4 6 3 2 3 4 3 6 5 
3 4 7 8 4 8 0 5 3 4 3 6 5 

1 6 - A u g 2 3 - A u g 
N a L S X C O ! 1 0 0 * C 1 0 0 0 
P ( a t m ) n ( m m o l ' g ) T ( K ) 

0 0 0 6 7 0 OOO 3 7 3 2 5 
0 0 4 3 1 0 8 2 3 3 7 3 6 5 
0 1 2 3 4 1 6 0 3 3 7 3 5 5 
0 2 6 1 9 2 197 3 7 2 8 5 
0 4 4 9 7 2 6 5 6 3 7 2 0 5 
0 6 5 0 2 2 9 8 3 3 7 3 0 5 
1 1 4 9 5 3 3 0 9 3 7 5 . 4 5 
1 6 8 3 8 3 6 6 9 3 7 2 8 5 
2 8 4 8 3 4 0 9 3 3 7 3 9 5 
3 4 9 4 3 4 3 1 5 3 7 1 15 

2 9 - A p r 2 0 - M a y C B 
N a L S X C 0 2 1 5 0 * C 1 4 9 0 
P ( a i m ) n ( m m o l / g ) T ( K ) 

0 0 0 7 o o o o 4 2 1 4 5 
0 1 0 1 0 5 6 5 4 2 1 0 5 
0 2 4 0 1 0 5 5 4 2 2 4 5 
0 4 2 6 1 4 6 3 4 2 3 3 5 
0 6 8 5 1 9 1 7 4 2 1 9 5 
1 4 1 0 2 3 5 7 4 2 1 3 5 
2 3 4 1 2 7 2 8 4 2 2 4 5 
3 0 0 1 2 9 9 3 4 2 2 3 5 
3 4 9 7 3 184 4 2 2 3 5 
3 9 6 2 3 3 3 5 4 2 2 8 5 
4 2 1 0 3 4 8 0 4 2 1 8 5 

1 7 - J u n 3 0 - J u n 
MYcoâ rc 404 
P ( a t m ) n ( m m o l / g ) T ( K ) 

0 0 0 5 0 0 0 0 3 1 4 4 5 
0 0 3 4 0 6 3 3 3 1 4 1 5 
0 1 2 5 1 5 1 6 3 1 4 0 5 
0 2 5 5 2 3 7 9 3 1 3 6 5 
0 5 4 9 3 2 0 9 3 1 3 5 5 
1 0 3 6 3 9 5 8 3 1 3 4 5 
1 2 7 6 4 1 7 6 3 1 4 15 
1 4 2 2 4 4 3 5 3 1 3 9 5 
1 9 6 1 4 7 3 6 3 1 3 9 5 
2 5 8 8 4 9 1 3 3 1 3 . 6 5 

C a x C 0 2 I s o t h e r m s 

1 8 - A p r 2 8 - A p r 
C a X C 0 2 4 0 * C 3 9 . 8 
P ( a t m ) n ( m m o l / g ) T ( K ) 

0 0 1 0 0 0 3 1 2 3 5 
0 0 1 0 1 8 3 1 3 15 
0 0 1 0 7 1 3 1 2 5 5 
0 0 4 1 6 1 3 1 2 5 
0 14 2 7 4 3 1 2 8 5 
0 5 3 3 5 4 3 1 3 . 3 
1 3 6 4 2 7 3 1 2 . 7 
2 . 5 9 4 6 2 3 1 4 2 
3 . 6 1 4 . 8 1 3 1 3 5 

1 6 - J u n 0 2 - J u l 
N a Y C O ! 1 M * C 1 0 1 . 0 
P ( a t m ) n ( m m o l / g ) T ( K ) 

0 0 0 7 0 0 0 0 3 7 4 3 5 
0 2 0 3 0 5 6 4 3 7 3 9 5 
0 3 9 7 1 0 1 1 3 7 2 8 5 
0 5 4 1 1 4 1 5 3 7 4 6 5 
0 7 2 2 1 6 6 5 3 7 3 . 7 5 
1 2 4 2 2 1 2 3 3 7 3 4 5 
1 6 7 6 2 5 0 5 3 7 2 5 5 
2 1 4 8 3 0 0 7 3 7 5 6 5 
2 9 1 6 3 4 5 2 3 7 6 3 5 

2 0 - M a y oe-Jtm 
C a X C C t t l W C 9 8 . 4 
P ( a i m ) n ( m m o l / g ) T ( K ) 

0 . 0 1 0 0 0 3 7 2 4 5 
0 . 2 6 1 3 6 3 7 2 . 4 5 
0 . 6 9 2 11 3 7 2 6 5 
1 1 9 2 6 9 3 7 2 . 6 
1 5 7 3 0 5 3 7 3 . 2 5 
2 . 0 0 3 2 6 3 7 2 9 
2 4 1 3 5 1 3 7 0 8 
3 1 0 3 . 7 1 3 7 3 . 4 
3 4 0 3 8 2 3 7 2 7 

D e s o r p t i o n I s o t h e r m D i t a 

O M p r 2 9 - A p r Ms LSX C0217-C 2 7 . 5 
P ( a t m ) n ( m m o l / g ) T ( K ) 

0 0 0 5 3 0 3 0 0 7 5 
0 0 1 8 0 0 4 9 8 2 8 4 1 3 3 0 1 15 
0 0 4 8 6 0 9 9 7 1 7 6 8 2 6 3 0 0 8 5 
0 1 1 1 9 1 5 2 8 0 9 3 6 0 7 3 0 2 2 5 
0 1 6 8 3 2 0 6 7 5 4 9 8 0 4 3 0 2 7 5 
0 2 6 4 3 2 9 5 9 3 8 2 8 2 3 0 1 4 5 
0 4 9 4 3 3 7 0 0 9 4 0 6 9 3 0 1 3 5 
0 8 1 7 6 4 2 7 0 2 6 7 8 2 3 0 0 8 5 
1 0 8 3 2 4 4 5 9 0 6 0 4 4 8 3 0 1 9 5 
1 4 1 4 6 4 6 4 3 3 7 4 5 7 1 3 0 1 15 
1 6 6 9 6 4 8 4 1 6 2 4 1 4 4 2 9 9 9 5 
2 1 9 0 2 4 9 8 5 4 3 2 1 3 2 2 9 9 5 5 
2 5 8 7 8 5 0 9 5 5 5 9 4 4 7 2 9 8 5 5 
3 0 2 3 2 5 1 5 8 2 7 5 6 7 5 2 9 9 3 5 
3 3 6 1 2 5 1 9 7 2 7 6 / 4 2 2 9 9 8 5 
3 4 9 4 4 5 2 4 9 4 9 3 9 6 2 2 9 9 2 5 

I s o t h e r m R e p e a t s f o r N a L S X J C R 

2 J - S e p OS-DC! 
N a L S X C 0 2 7 0 * C ( 1 ) 7 1 . 6 
P ia!m; n (mmol'g) T tK) 

7 B 6 8 8 E - 0 5 0 0 0 0 3 4 4 2 5 
0 0 0 7 4 5 4 5 8 0 4 2 4 3 4 8 8 5 
0 0 1 3 2 5 6 0 7 0 9 0 3 3 4 4 3 5 
0 0 2 4 8 5 9 0 4 1 3 7 1 3 4 3 8 5 
0 0 4 8 0 6 4 9 9 1 7 7 5 3 4 3 8 5 
0 1 0 7 6 6 2 0 8 2 2 8 6 3 4 5 0 5 
IJ 2 1 7 6 5 6 2 8 2 8 6 9 3 4 4 3 5 
0 4 . ' 3 3 0 0 0 3 3 4 9 8 3 4 5 0 5 
C 9 0 3 3 4 4 6 3 4 0 3 2 3 4 4 2 5 
1 1 6 2 2 3 8 2 9 4 1 8 4 3 4 4 9 5 

• 4 6 4 4 6 1 2 4 3 3 1 3 4 4 5 5 
1 8 8 3 6 ; y 5 3 4 4 4 8 3 4 5 1 5 
2 3 2 0 2 1 ' 8 4 4 5 0 1 3 4 4 2 5 
, ; ( j ; e 9 2 6 6 4 521 3 4 4 25 
3 1 9 5 4 / 2 / 3 4 4 5 1 3 4 4 2 5 

2 4 - A p r 1 7 - J u n 
N a L S X C 0 2 4 0 * C 4 0 9 
P ( a t m ) n ( m m o l / g ) T <K) 

0 0 0 7 0 0 0 0 3 1 5 8 5 
0 0 2 9 2 1 0 7 3 1 3 8 5 
0 2 1 9 3 7 5 5 3 1 4 3 5 
0 7 0 4 4 5 4 8 3 1 4 5 5 
1 9 1 0 5 0 1 5 3 1 4 7 5 
3 4 5 0 5 3 8 6 3 1 2 9 5 
4 3 9 9 5 5 3 6 3 1 3 4 5 
0 0 0 7 0 OOO 3 1 3 4 5 
0 0 3 5 1 9 5 5 3 1 3 6 5 
0 2 6 1 3 5 1 4 3 1 3 4 5 
0 7 6 2 4 1 5 7 3 1 4 0 5 
1 9 2 3 4 5 7 5 3 1 4 0 5 
3 4 3 3 4 9 4 3 3 1 4 0 5 
4 4 2 1 5 1 0 0 3 1 4 0 5 

1 3 - M a r 0 1 - A p r 
N a L S X C O 2 7 0 * C {2} 7 1 1 
P t a t m ! n >mmoi g j T ( K ) 

0 0 0 7 2 0 0 0 0 34 4 6 5 
0 0 7 8 2 0 7 9 0 34 3 0 5 
C 0 9 5 9 1 6 6 2 3 4 4 8 5 
0 1 ' 8 7 2 4 2 1 3 4 3 5 5 
0 3 2 9 1 3 1 1 4 3 4 3 5 5 
0 5 6 7 9 3 5 3 8 34". 5 5 
1 3 5 9 6 4 0 2 0 3 4 3 3 5 
2 3 8 9 8 4 3 2 3 3 4 6 6 5 
2 9 3 7 2 4 6 6 1 3 4 2 0 5 
3 6 4 8 3 4 7 30 3 4 5 0 5 

3 0 - N o v 3 W a n C B d e s o r p t i o n i s o t h e r m 
N a L S X C 0 2 4 0 " C 4 0 . 6 
P ( « t m ) n ( m m o l / g ) T ( K ) 

0 0 0 7 0 0 0 0 3 1 3 9 5 
0 0 4 6 2 6 2 4 3 1 3 3 5 
0 0 5 2 2 7 1 4 3 1 3 6 5 
0 0 5 9 2 8 1 9 3 1 3 2 5 
0 0 6 9 2 9 3 8 3 1 3 6 5 
0 0 7 9 3 0 8 1 3 1 2 9 5 
0 0 9 6 3 2 4 3 3 1 3 4 5 
0 1 2 5 3 4 4 6 3 1 3 5 5 
0 1 6 9 3 7 0 1 3 1 3 5 5 
0 2 8 0 4 0 2 0 3 1 3 8 5 
0 3 5 4 4 1 8 8 3 1 4 15 
0 4 8 3 4 3 8 9 3 1 4 0 5 
0 6 9 0 4 5 9 7 3 1 4 2 5 
1 144 4 8 7 0 3 1 4 15 
1 6 7 2 5 0 8 1 3 1 2 9 5 
2 4 6 2 5 2 2 0 3 1 4 9 5 
2 8 3 6 5 3 3 1 3 ' 3 6 5 
3 5 2 2 5 4 0 3 3 1 3 6 5 

0 3 - A ( * 2 3 - A p r 
N t L S X C 0 2 7 0 * C ( 3 ) 7 0 6 
P (atm) n immol g) T iK) 

0 0 0 7 0 0 0 0 0 3 4 3 4 5 
0 0 2 4 8 0 6 0 3 3 4 3 3 5 
0 0 7 2 4 1 2 4 5 3 4 3 4 5 
0 1 6 7 3 1 8 3 2 3 4 4 5 5 
0 2 8 6 2 2 3 4 2 3 4 4 6 5 
0 4 2 1 7 2 7 3 9 3 4 4 75 
0 7 6 6 6 3 2 3 2 3 4 3 3 5 
1 2 6 9 7 3 7 6 / 3 4 3 9 5 
2 1 0 2 3 4 1 3 8 3 4 4 4 5 
2 7 7 0 1 4 4 1 9 3 4 2 9 5 
3 1 6 7 9 4 6 4 3 3 4 2 8 5 
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C H 4 I s o t h e r m R a w D a t a m e a s u r e d w i th V o l u m e t r i c S y s t e m 
CH4 Isotherms on NALSX 

24-Jul 10-Aug CB 13-Nov 26-Nov CB 29-Aug 14-Sep CB 
N a L S X C H , 40*C 40.5 N a L S X C H « 70*C 70.1 N a L S X C H « 100"C 100.7 
P (a tm) n (mmol /g ) T (K) P (a tm) n (mmol /g ) T (K) P (a tm) n (mmol /g ) T (K) 

0 . 0 0 7 0 . 0 0 0 3 1 4 . 1 5 0 . 0 0 7 0 0 0 0 3 4 4 . 7 5 0 . 0 0 7 0 . 0 0 0 3 7 3 4 5 
0 . 3 4 6 0 . 1 6 5 3 1 4 . 0 5 0 . 3 2 0 0 1 0 0 3 4 3 . 2 5 0 . 2 9 4 0 0 5 8 3 7 2 2 5 
0 6 6 1 0 3 3 0 3 1 0 0 5 0 6 9 9 0 2 2 3 3 4 2 . 1 5 0 6 4 5 0 . 1 2 8 3 7 2 . 9 5 
0 . 9 2 3 0 4 9 0 3 1 3 . 1 5 1 . 0 1 5 0 4 2 1 3 4 4 , 3 5 0 . 9 5 8 0 . 2 4 5 3 7 3 8 5 
1 2 7 5 0 5 4 5 3 1 3 4 5 1 . 4 3 7 0 4 7 7 3 4 3 . 7 5 1 3 0 5 0 2 8 4 3 7 6 15 
1 . 6 9 3 0 . 6 8 5 3 1 3 . 7 5 2 2 6 5 0 . 5 7 5 3 4 3 . 1 5 1 6 8 3 0 3 6 1 3 7 3 7 5 
2 1 4 8 0 8 1 6 3 1 4 . 8 5 2 8 5 4 0 7 0 6 3 4 2 2 5 2 2 8 1 0 4 6 5 3 7 5 . 9 5 
2 . 9 8 0 1 .061 3 1 4 . 5 5 3 . 2 0 9 0 . 7 7 2 3 4 2 . 5 5 2 . 9 9 0 0 . 5 8 9 3 7 2 3 5 
3 . 6 0 5 1 . 1 9 8 3 1 5 . 0 5 3 4 0 5 0 6 9 5 3 7 3 . 3 5 

3 . 7 1 2 0 7 4 6 3 7 3 . 9 5 

CAX Isotherm on CH4 

13-Mar 31-Mar CB 
Ca X C H , 40*C 40.6 
P ( a t m ) n (mmol /g ) T (K) 

9 2 2 E - 0 5 0 3 1 4 . 3 5 
0 3 3 0 2 2 8 0 . 3 1 0 6 2 2 3 1 3 . 9 5 
0 . 5 4 3 3 0 1 0 5 2 0 1 7 3 1 2 . 8 5 
0 9 0 3 5 2 1 0 . 6 9 5 5 8 1 3 1 2 35 

1 . 2 8 0 0 9 0 8 3 5 6 4 5 3 1 3 . 8 5 
1 4 9 8 0 4 2 0 9 0 8 8 5 2 3 1 3 . 6 5 
1 7 0 0 6 0 7 1 0 3 3 9 8 2 3 1 3 8 5 

2 . 1 8 0 4 8 1 1 6 2 9 6 9 3 1 4 6 5 
2 5 1 9 5 3 3 1 2 7 4 8 7 9 3 1 3 . 5 5 
2 . 8 8 2 4 1 7 1 3 3 3 8 2 8 3 1 5 . 4 5 
2 9 8 4 2 4 2 1 . 4 0 7 4 4 2 3 1 2 9 5 

NALSX Isotherm on CH4 (repeats, higher temperature) 

30-Jan 13-Feb CB 29-Apr 15-May CB 
Na LSX CH 4 40"C (2) 40 .6 N a L S X C H « 1 5 0 * C 148.8 
P ( a t m ) n (mmol /g ) T (K) P ( a t m ) n ( m m o l / g ) T (K) 

0 . 0 0 0 1 0 3 0 3 1 3 2 5 0 0 0 5 0 0 0 0 4 2 0 9 5 
0 3 9 5 0 9 9 0 . 1 7 8 2 0 6 3 1 3 . 3 5 1 . 2 6 3 0 136 4 2 1 8 5 
0 9 4 5 1 8 6 0 4 4 8 7 2 6 3 1 3 6 5 1 . 8 3 7 0 2 5 5 4 2 2 . 5 5 

1 6 2 1 5 3 0 7 3 2 9 2 1 3 1 2 85 2 3 1 7 0 2 9 7 4 2 2 . 1 5 
1 8 9 3 4 2 3 0 . 8 1 7 9 3 2 3 1 4 . 5 5 2 8 2 1 0 3 5 9 4 2 2 4 5 
2 2 1 6 2 2 7 0 9 2 5 2 9 6 3 1 4 . 7 5 3 175 0 3 9 9 4 2 1 8 5 
2 6 2 1 3 5 8 1 . 0 8 5 9 6 5 3 1 3 85 3 3 8 9 0 4 3 0 4 2 2 15 
2 9 9 5 0 7 4 1 1 8 6 9 2 4 3 1 3 . 7 5 
3 2 9 4 0 4 7 1 2 6 4 6 3 7 3 1 3 6 5 

NALSX N2 Isotherm 

05-Jan 21-Jan CB 
Na LSX N , 40*C 40.6 
P (atm) n (mmol/g) T (K) 

8 41E-05 0 313 65 
0 273268 0 123316 314 75 

0.74899 0 271127 313 95 
1 074401 0 353452 313 45 
1 441713 0 443949 313 15 
1 530539 0 504627 314 05 
1 954084 0 606369 314 25 

2 36788 0 693801 314 35 
2 943079 0 801585 313 55 
3 407787 0 913377 313 45 

4 04798 1 024612 314 65 
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C 0 2 & CH 4 Isotherm Data obta ined f rom Literature 
NaX CO, ami<il4 « 40. 70 & I0<1°< 
M u l g u n d n i a t h . Y . P . . l e / e l . 1 1 ) . S a a t a o g l u . 1 . . G o l d e n . T C 11,f < anaJian Journal,,/ (lu-nmal1 hK„WirmK . A r t i c l e .11 p r e s s Jan - 0 0 9 

Na X C02 40*C NaXCH,«0*C 
P (atm) n (mmol/g) T (K) 

0 0 0 7 2 1 1 
Q 0 0 7 6 9 7 
0 0 1 0 4 4 3 

0 0 3 3 2 9 7 
0 1 3 9 1 0 2 
1 0 7 7 8 2 3 
2 4 9 9 4 4 8 
3 8 1 7 5 8 9 

0 000000 
0 1 6 9 2 0 4 
0 5 8 9 7 4 0 
1 4 3 0 6 0 9 
2 4 3 7 1 2 1 
3 6 2 0 3 1 2 
3 9 7 4 8 8 7 
4 2 2 2 3 5 0 

3 1 4 6 5 
3 1 3 15 
3 1 3 0 5 
3 1 2 8 5 
3 1 3 5 5 
3 1 3 15 
3 1 3 5 5 
3 1 2 9 5 

0 0 0 8 0 0 0 0 3 1 4 6 5 

0 1 0 8 0 0 4 5 3 1 3 15 

0 6 5 9 0 2 7 9 3 1 3 0 5 

1 8 7 5 0 4 7 3 3 1 2 8 5 

3 4 8 0 1 0 0 3 3 1 3 5 5 

Na X CQ2 70°C 
P (atm) n (mmol/g) T (K) 

0 0 0 0 0 0 0 0 0 0 7 3 6 9 3 4 4 6 5 
0 0 1 8 5 5 6 0 6 5 2 3 7 8 3 4 3 1 5 
0 0 8 8 6 4 2 1 7 4 0 2 1 6 3 4 3 0 5 
0 2 6 5 5 7 3 2 3 3 8 1 7 8 3 4 2 8 5 

0 4 9 7 9 0 9 2 9 9 7 2 8 4 3 4 3 5 5 
1 2 0 0 8 2 3 3 2 0 5 6 4 4 3 4 3 15 
1 8 9 5 7 8 7 3 4 6 8 5 4 7 3 4 3 5 5 
2 3 5 0 5 3 9 3 6 2 5 6 5 5 3 4 2 . 9 5 
3 0 0 5 7 2 2 3 8 2 2 4 6 8 3 4 2 9 5 

Na X C02 100*C 
P ( a t m ) n ( m m o l / f l ) T ( K ) 

0 0 0 7 5 9 2 0 . 0 0 0 0 0 0 3 7 3 4 5 
0 0 1 7 0 2 7 0 1 5 2 6 8 5 3 7 2 . 6 5 
0 0 4 9 0 2 8 0 5 0 2 9 0 6 3 7 2 1 5 
0 1 4 3 5 4 4 1 1 2 5 5 0 8 3 7 0 . 5 5 

0 4 2 2 7 9 5 1 9 2 5 6 0 3 3 7 1 5 5 
1 2 0 3 7 2 2 2 7 1 5 1 0 2 3 7 0 3 5 
2 . 4 6 0 3 4 7 3 . 4 0 4 4 6 2 3 7 0 . 9 5 

Na X CH4 100"C 
P ( a t m ) n ( m m o l / f l ) T ( K ) 

0 . 0 0 8 0 0 0 0 3 7 3 4 5 

0 1 5 3 0 0 3 2 3 7 2 6 5 

0 . 8 6 3 0 1 0 8 3 7 2 . 1 5 

1 5 6 8 0 . 1 2 9 3 7 0 5 5 

2 5 7 6 0 2 3 6 3 7 1 5 5 

3 4 3 9 0 . 3 5 1 3 7 0 . 3 5 
4 . 3 3 4 0 4 4 3 3 7 0 9 5 

Silicalite ( O, and <ll4 <<t 40, 70 & 100 
l .i. P.; Tezel. F.H Journal of Colhhl anil Interface .Silence 2007. 313 . 12-17 

Silicalite CO, 4Q'C 
P ( a t m ) q ( m - m o l e ) 

0 0 0 3 7 0 6 0 
0 0 1 3 3 5 6 0 0 9 0 4 6 9 
0 0 5 8 7 2 9 0 2 2 2 0 2 6 
0 1 4 9 2 2 7 0 3 8 2 9 5 7 
0 2 8 5 9 6 1 0 5 6 6 2 1 3 
0 4 7 6 2 9 2 0 . 7 7 8 6 9 7 

0 7 5 5 0 4 5 0 9 9 9 8 9 6 

1 1 1 1 5 6 1 2 1 5 9 8 2 

1 6 1 2 6 7 2 1 4 4 1 2 2 3 
2 3 3 8 1 9 8 1 6 3 3 0 3 3 
3 3 0 6 5 2 2 1 7 9 5 0 8 6 
4 5 7 4 0 7 8 1 9 3 6 0 3 4 

Silicalite CO, 70"C 
P \ a t m ) q t m m o l e ) 

0 0 0 7 5 1 2 0 
0 0 2 6 3 1 9 0 0 7 2 7 6 
0 1 0 0 9 6 4 0 1 8 9 0 4 
C 1 9 4 4 3 1 0 2 9 9 9 6 5 
0 3 3 0 0 5 9 0 4 4 3 0 2 7 

0 5 3 5 3 3 0 5 9 6 6 6 5 
0 8 1 2 7 8 4 0 7 6 7 2 5 4 
1 1 9 3 2 0 8 0 9 5 5 1 5 6 

1 6 9 7 4 2 7 1 1 6 3 7 5 7 

2 4 1 0 8 8 1 1 3 6 3 3 5 
3 3 7 2 5 2 8 1 5 4 7 8 3 7 

_ _ 4 6 4 5 3 7 1 7 4 2 9 9 1 

Silicalite CO; tofl'C 
£ a ! f T ' 1 q ( m - m o l e j 

6 " 0 0 3 5 4 4 0 
0 0 3 4 8 7 1 0 0 5 9 2 3 5 
0 1 0 9 7 1 4 0 1 3 0 2 4 8 

0 2 2 1 2 6 0 2 1 0 6 4 
0 3 7 6 9 9 9 0 2 9 9 7 7 6 
0 5 8 8 2 7 9 0 4 Q 0 0 8 
0 9 6 6 0 1 5 0 5 2 2 2 6 9 
1 2 5 4 2 3 3 0 6 5 6 4 77 
1 7 5 1 6 8 4 0 8 2 7 9 6 

? 4 3 8 6 3 1 0 2 4 9 1 6 

3 3 9 0 799 1 2 2 3 5 0 6 
4 6 5 0 3 5 1 1 4 4 4 7 6 9 

Silicalite CH, WC 
P ( a t m ) q ( m - m o l e ) 

0 0 0 6 9 7 1 0 
0 0 8 9 9 7 9 0 0 5 2 3 2 9 
0 2 4 1 3 9 5 0 1 3 3 4 3 
0 4 4 8 4 0 1 0 2 3 2 0 9 6 
0 7 1 1 5 4 1 0 3 4 1 7 6 7 
1 0 3 5 4 2 5 0 4 5 9 2 3 1 
1 3 8 9 3 2 4 0 5 7 3 8 3 8 

1 8 3 5 8 6 9 0 6 9 5 6 7 3 

2 3 8 8 6 1 1 0 8 1 4 6 7 4 
3 0 4 6 6 3 6 0 9 3 7 9 5 
3 8 3 9 0 7 5 1 0 5 8 3 2 
4 7 9 1 5 3 8 1 1 8 3 4 2 7 

Silicalite CH„ 70*C 
P t a t m ) q ( m - m o l e ) 

0 0 0 6 9 4 6 0 
0 1 0 3 8 9 6 0 0 3 4 8 1 6 
0 2 6 8 3 0 2 0 0 8 9 4 3 2 
0 4 8 2 5 2 6 0 1 5 7 5 9 4 
0 7 5 1 8 7 6 0 2 3 3 8 8 7 
1 0 7 5 4 3 4 0 3 2 1 1 2 5 
1 4 4 5 0 6 5 0 4 0 9 7 5 
1 8 7 4 1 3 1 0 5 2 0 2 9 7 

2 4 5 4 1 2 5 0 6 3 5 8 1 2 

3 0 7 3 2 6 8 0 7 3 6 5 7 8 
3 9 2 6 7 1 6 0 8 7 8 0 0 8 
4 8 4 7 5 8 3 1 0 0 2 4 4 7 

Silicalite CH. 100'C 
P ; a t m j 

0 0 0 6 8 5 5 0 

0 1 1 2 9 2 5 0 0 2 6 5 2 6 

0 2 8 2 6 5 5 0 0 6 8 3 8 1 

C 5 0 1 1 7 9 0 1 2 0 9 7 1 

0 7 7 2 8 1 9 C 1 8 2 3 6 1 
1 0 9 8 7 5 3 0 2 5 2 8 5 7 

1 4 7 7 3 0 6 0 3 2 9 9 3 9 

1 9 3 4 4 2 1 0 4 1 1 4 
2 4 7 5 5 5 8 0 5 1 4 1 9 3 
3 1 2 3 0 9 1 0 6 3 0 7 6 2 

3 9 2 7 6 9 6 0 " 5 3 5 4 3 
4 8 9 0 2 1 1 0 8 9 2 4 5 6 

NaY CHj a 40 & 70 °C 
Talu. O ; /hang. S ; Havhirsi. I).T Journal of I'hysu-al < ivnmin IW. <r, 12894-
Na Y CH. «0*C 
P ( a t m ) n ( m m o l / g ) 

1 0 9 0 2 8 

2 3 7 0 5 5 6 

4 3 9 0 9 5 1 
7 2 0 1 4 2 9 
9 9 9 1 7 7 8 

14 12 2 2 
18 2 0 2 5 1 4 
21 4 0 2 7 3 4 
2 5 1 4 2 9 2 6 
2 8 4 6 3 0 6 6 

N« Y CH. 70"C 
P i a i r r » 

1 8 3 4 0 2 2 6 

3 9 3 1 0 4 2 0 

7 0 2 6 0 6 9 6 

10 6 9 9 1 0 0 6 

12 2 4 2 1 2 8 5 
14 3 4 7 1 5 4 6 

21 9 5 0 1 780 
2 5 8 3 5 6 8 1 9 9 3 

2 9 1 1 4 2 4 2 184 
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A.2 Henry Constant Determined from Isotherm 

The Henry's law constant (K) is determined from the slope of the isotherm at zero 

coverage. This slope can be estimated from the Langmuir isotherm model parameters. 

q,bP (2) 
1 + bP 

Where q is the amount adsorbed (mol/lg) 

qr is the saturation capacity (mol/kg) 

b is the affinity constant (atm1) 

P is the pressure (atm) 

The Langmuir isotherm model parameters are fit with a least squares 

minimization technique. The two parameter estimates of q r, and b are used to determine 

the slope of the isotherm at zero coverage. 

K = \\m^- = qJ 
i-^dP 

(3) 

Where K is the dimensional Henry's Law constant (mol/kg atm). The following figure 

illustrates the fit of the Langmuir to the NaLSX isotherm on CH4 and CO2 at 150 °C. 

o 
E 

I 4 a 
CP 
£ 3 

y = 0 . 4 1 2 8 X + 6 . 6 2 0 9 

R 2 = 0 . 7 0 9 9 Na LSX CH4 
150°C 

NaLSX 
y = 0 . 2 5 4 9 X + 0 . 1 9 9 7 CO2 150°C 

R 2 = 0 . 9 8 9 2 

Pressure (atm) 

Figure A.3 - Langmuir fit NaLSX I50°C 
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The dimensionless Henry's Law constant (Kp) is determined from the isotherm 

temperature (7). and the adsorbent particle density. ptl(js (excluding macropore and 

micropore volume). 

K = Kt,RTpiuh (4) 

The adsorbent particle density was measured with non-adsorbing He gas at room 

temperature in the CVS system. This density excluded the void space in the particle 

assuming that the adsorbate gas has access to the same pores in the zeolite structure as 

He. 

A.3 CVS Isotherm Uncertainty 

The constant volume method has a degree of uncertainty associated with its 

measurements. For example, sources of error include: pressure measurement, volume 

estimation, temperature variation, weight measurement, and gas purity. These 

measurement errors in the amount adsorbed have been quantified by error propagation for 

CO2 and CH4 isotherms. The uncertainty based on instrument precision is 0.4 to 1% 

error in amount adsorbed for the experimental range in this study. This is well below 

acceptable levels but the error accumulates due to the cumulative method of CVS 

isotherm construction. To minimize the cumulative errors as few isotherm data points as 

possible (8 to 10) were taken (Keller and Staudt, 2005). 

The uncertainty in the CVS Langmuir isotherm model was determined by repeating 

the following experiments: NaLSX-C02 70 °C (3 isotherms) and NaLSX-CIL, 40 °C (2 

isotherms). The isotherms were fit to the Langmuir isotherm model (1) and the 95% 

Joint Confidence Region of the parameters qs and b were evaluated. Figure A.4 shows 

the extreme upper and lower confidence regions for the CO2 and CH4 Langmuir isotherm 

model. 
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Pressure (aim) 

Figure A.4 - NaLSX isotherm Uncertainty (95% CI for two repeats of CH4 isotherm at 40°C with 
different CVS C0 2 95% CI for 3 isotherms 70 ° C with different CVS for one isotherm). 

The shape of the CO2 isotherm results in a confidence interval that does not capture 

variability at pressures below 0.1 atm and then remains relatively constant at ± 8% 

capacity. CH4 adsorption capacity has uncertainty in the range ± 20% that increases with 

partial pressure. Similar studies with acetonitrile adsorption on FAS adsorbent have 

found uncertainties between gravimetric and volumetric isotherms as large as 13.4 % 

(Kuznetsov, Movera. and Rakhmanova. 1999). The CH4 isotherm has greater uncertainty 

than CO2 that increases with pressure. This behaviour is due to the lower number of data 

points (increases confidence interval) and the greater number of parameter combinations 

that can describe the linear isotherm shape. 

There is random error around the Langmuir model for both C02 and CH4 due to 

measurement errors although the data appear to follow the trend. The confidence interval 

of the Langmuir model is greater than the error introduced with measurement uncertainty. 

Therefore the uncertainty in the CVS is relatively small and isotherm replication is 

accurate within reason. 

A.4 Joint Confidence Region 

The Langmuir Isotherm model is a nonlinear model. 
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Therefore, the estimation of the parameter uncertainty is determined from the joint 

confidence interval. The maximum likely hood estimate is determined by minimizing the 

sum of squared residuals (SSR) that is: 

Assuming that the errors are normally distributed the joint confidence contours are 

found by trial and error with the following equation: 

Where SSR is the value obtained from the maximum likely hood estimate in (6) above. 

resolve (7) above. 

p is the number of parameters in the model (2 for Langmuir) 

n is the number of data (isotherm data points) 

fp.n-p.a is the f-statistic associated with the number of parameters and degrees of 

freedom. 

For the NaLSX C 0 2 70°C Isotherms, there are 36 data points (n). The joint 

confidence region (JCR) and maximum likelihood estimate are shown in the figure 

below. 

(6) 

SSR' < SSR 1+—^— f 
n — p 

(7) 

SSR* is the sum square residual determined by manipulating the parameters to 
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5.1 

95% JCR 

4.9 

3 Minimized least 
o 4.8 squared objective 
£ function 
* 

4.7 

4.6 

4.5 
4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 

b (atm"1) 

Figure A.5 - C0 2 NaLSX 70 °C Isotherm Joint Confidence region for Langmuir Isotherm model. 

The following table summarizes the Langmuir isotherm parameter estimated and the 

95% confidence interval (a = 0.025). 

MAX Minimum SSR MIN 
qs (mol/kg) 5.048 4.800 4.560 
b (atm"1) 7.865 6.109 4.753 
SSR 3.198 2.681 3.198 
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For the NaLSX CH4 40°C Isotherms, there are 18 data points (n). The joint 

confidence region (JCR) and maximum likelihood estimate are shown in the figure 

below. 

7 . 0 0 0 

6.000 

5 . 0 0 0 

3 4 . 0 0 0 
£ o E 

3 . 0 0 0 

2.000 

1.000 

0.000 
0 . 0 0 0 0 . 0 5 0 0 . 1 0 0 0 . 1 5 0 0 . 2 0 0 0 . 2 5 0 0 . 3 0 0 b (atm"1) 

Figure A.6 - CH4 NaLSX 40 °C Isotherm Joint Confidence region for Langmuir Isotherm model. 

The following table summarizes the Langmuir isotherm parameter estimated and the 

95% confidence interval (a = 0.025). 

• * 
9 5 % J C R 

Min imized least 
squared objective 

function 

MAX Minimum SSR MIN 
qs (mol/kg) 6.312 3.658 2.599 
b (atm"1) 0.245 0.148 0.073 
SSR 0.050 0.034 0.050 

The JCR for the CH4 isotherm is larger than that of C0 2 because it is linear in shape 

(more parameter combinations that can describe this behaviour) and it has less data 

points. 
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A.5 TD Toth Isotherm Fits 

The following isotherms for CO2 and CH4 data were measured in the same laboratory 

by other researchers. The isotherms on NaX at 40. 70. and 100 °C were measured by 

Mulgundmath and Tezel. (2009). The isotherms on silicalite at 40. 70. and 100 °C were 

measured by Li and Tezel, (2008). The CH4 isotherms on NaY of Talu, Zhang, and 

Hayhirst. (1993) were not measured in the same UO laboratory. All of these isotherms 

were included in the analysis to complete a thorough adsorbent screening. They were fit 

to the TD Toth isotherm model with the intention of determining their AWC for the bulk 

separation of LFG in a VPSA cycle. 

Pressure (atm) 

Figure A.7 - C0 2 & CH4 NaX (Munglumath and Tezel, 2008) and silicalite (Li and Tezel, 2007) 
isotherms fit with TD Toth isotherm equation. 
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Pressure (atm) 

Figure A.8 - CH4 isotherms on NaY of Talu, Zhang, and Hayhirst, (1993) fit to the TD Toth 
Isotherm model 
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A.6 CPC Raw Data 

The Concentration Pulse Chromatographic (CPC) technique was use to measure the 

Henry's Law constant for CO? and CH4 on NaLSX at various temperatures and 1 atm. 

The first moment (ju) of a pulse passed through the adsorbent column was measured 

several times at each temperature. 

M 
r«" 

(8) 

M 1 + K 
\ £ J 

(9) 

The raw data for every injection is not presented here because it would be too 

lengthy. Instead the average Henry's Law constant is presented with the 95% confidence 

interval (based on the students-t distribution). 

Table A.7 - Chromotographic method for NaLSX 

Dimensional 95% 

Adsorbent Adsorbate Temperature 
(°C) 

Henry 
Constant 

(mol/kg atm) 

Confidence 
Interval 

(mol/kg atm) 

Reference 

NaLSX C02 200 1.81 0.68 UO laboratory 
NaLSX C02 150 4.13 0.14 UO laboratory 
NaLSX C02 100 15.02 0.42 UO laboratory 
NaLSX C02 70 50.5 - Langmuir Fit 
NaLSX C02 40 94.8 - Langmuir Fit 
NaLSX CH4 150 0.038 0.017 UO laboratory 
NaLSX CH4 100 0.072 0.004 UO laboratory 
NaLSX CH4 70 0.115 0.009 UO laboratory 
NaLSX CH4 40 0.233 0.016 UO laboratory 

The 95% Confidence interval is determined for a series of values as follows: 

95%(7 = X + ( 1 0 ) 
yln 

Where ( / is the 95% Confidence interval 
X is the average value 
<o.(i:y,ii is the students-t distribution for two sided test 
df is the number of degrees of freedom 
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n is the number of values in the series 

The limiting Heat of Adsorption (JH0) was also determined from these values from a 

line of best fit. 

din Kr AH0 

dT RT2 

The Limiting Heat of adsorption is provided below with the 95% confidence interval 

for the measurements. 

Table A.8 - Limiting Heat of Adsorption 
A d s o r b a t e - A H ( k J / m o l ) 

Adsorbent C02 CH4 

NaLSX 2 7 . 9 1 8 . 3 7 
+ / - 9 5 % CI 5.21 0.03 

All of the above results are discussed in Chapter II of this thesis. The confidence interval 

is determined from a line of best fit on the van't Hoff plot. 

A.7 Isosteric Heat of Adsorption (AH) 

The isosteric heat of adsorption (JH) is the change in heat of adsorption due to 

interactions of the surface and adsorbed molecules. It is a function of the amount 

adsorbed (q) and can be evaluated from the differences in isotherm equilibrium pressure 

(Ruthven, 1984). 

A// (12) 
In p - const 

RT 
A plot of In p vs 1/T with lines of constant coverage from the isotherm equilibrium 

data can be regressed and the slope provides an estimate of the isosteric heat of 

adsorption. Similarly to the limiting Heat of adsorption, the uncertainty of the isosteric 

heat of adsorption is determined from the slope of a best fit line of constant coverage for 

the CVS isotherm data. 
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The isosteric Heat of adsorption is determined by using equation (7) using the C02 

and CH4 isotherms. The data is presented in Figure A.9 for CO2 is from coverage greater 

than 1 mol/kg. 

60 

50 BUlow et al, 2004 
• • • . • 
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Figure A.9 - NaLSX C0 2 (squares) and CH4 (diamonds) isosteric heat of adsorption with limiting 
heat of adsorption from Table II - 8. CPC data (empty symbols) compared with Biilow et al, 2004 
(solid circles) for C02 . 

The isosteric heat of adsorption for CO2 on NaLSX remains relatively constant 

around 30 kJ/mol for amounts adsorbed above 1 mol/kg. The relatively constant value 

indicates a homogeneous adsorption sites at higher coverage. These values show 

agreement with the limiting heat of adsorption as calculated with the CPC (27.9 kJ/mol). 

The trend of isosteric heat of adsorption does not decrease as observed on NaLSX by 

Biilow et al (2004) and NaY by Ghoufi et al (2009). There is some agreement with the 

data of Biilow et al (2004) for the region of higher coverage (1.5-3.5 mol/kg). The lower 

region of coverage could not be measured with the CVS to a great degree of accuracy at 

low pressures. It is likely that NaLSX exhibits heterogeneous surface interactions with 

CO; at these regions as shown by the decreasing trend observed by Biilow et al (2004). 
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The isosterie heat of adsorption for CH4 decreases as the amount adsorbed increases 

suggesting some heterogeneity in the adsorption sites. It was possible to determine the 

heat of adsorption at low coverage because the relatively constant slope of the CH4 

equilibrium isotherm. The limiting heat of adsorption measured with the CPC is 5 kJ/mol 

higher than the isosterie method. This is expected for CH4 because the CPC is more 

sensitive than the CVS isotherm isostere calculations as shown by the confidence 

intervals. No data was available for comparison of CRj-NaLSX results. 

A.8 Isobar Plots for NaX, NaY, CaX, Silicalite 

The following Isobar plots are provided to support the adiabatic working capacity 

analysis presented in Chapter II. 

8.00 

700 Feed 100 °C 

Feed 70 "C 

T e m p e r a t u r e (°C) 

Figure A.JO - Isobar plot of CC)2 adsorption equilibrium on NaX with operating lines for various 
LFG feed temperatures. 
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Figure A.l 1 - Isobar plot of C0 2 adsorption equilibrium on CaX with operating lines for various 
LFG feed temperatures. 
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Figure A .12 - Isobar plot of CO, adsorption equilibrium on NaY with operating lines for various 
LrG feed temperatures. 
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Figure A.13 - Isobar plot of C0 2 adsorption equilibrium on Silicalite with operating lines for various 
LFG feed temperatures. 
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Appendix B - Supplementary Information for Chapter III: 

Upgrading Landfill Gas by Adsorption: 

Economic Analysis and 

Binary Adsorption Behaviour of 

Carbon Dioxide and Methane on NaLSX 
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B.l Thermodynamic Consistency Test (TCT) 

The quality of the binary equilibrium isotherm is verified with the thermody namic 

consistency test (TCT). The Thermodynamic Consistency Test described by Rao and 

Sircar (1999) is used to evaluate the reliability between pure component data and binary 

systems at fixed temperatures and pressures. The basis of the comparison is the non-

isothermal Gibbsian surface excess model (Sircar. 1985). Chromatographic 

measurements of CO2/CH4 on silicalite by Li and Tezel (2007) exhibit thermodynamic 

consistency. 

Method 

The CO2/CH4 - NaLSX system presented is compared to the pure component 

equilibrium with the thermodynamic consistency integral and differential test. 

The goal of the consistency test is to validate multicomponent equilibrium data for 

extrapolation. 

The Integral TCT compares the pure and binary equilibrium surface potentials with 

the following equation (Rao and Sircar, 1999): 

cp:{P)-<p;{P) A<y2-n?y, 
RT i> y,y2 

Where >', + _y2 = 1 are the mole fractions 

Tis the system temperature (constant and measured in K) 

P is the system Pressure (constant and measured in atm) 

n'," is the amount adsorbed of species / in the binary isotherm (mol/kg constant P 

and T) 

(f>< is the surface excess and is determined from the pure isotherm data as follows: 

r 
t!(P) rn 

RT 
= IP (14) 

Where n"' is the amount of adsorbed of species i for the pure isotherm (mol/kg 

constant 7"). For calculation simplicity, the integral of the isotherm is estimated from the 

Langmuir Isotherm liquation. 
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Where n,, is the saturation capacity and B, is the equilibrium constant for species i at 

a constant temperature. The integral of the Langmuir equation is given by: 
I' m• 

- J ^ / ^ - ^ l n O + /?,/>) (16) 

The integral on the right hand side of equation (4) is evaluated from the binary 

equilibrium data. The binary data are presented as a function of the mole fraction 

because they were measured with the HT-CPM. 

The Differential TCT compares the pure and binary surface potentials with 

differentials and is considered more rigorous than the TCT integral test (Rao and Sircar, 

1999). The differential surface potential is evaluated individually for methane and 

carbon dioxide with the following equations. 

nf(P,T) = n'"{PJ,yl)-P 

n™'(P,T) = nm(PJ,y])+P 

(17) 

(18) 

Where 

5 > : (19) 

The LHS of equation (5) and (6) is taken from the pure component isotherms. The 

RHS of both equations is the difference between the total amount adsorbed (at a tixed 

pressure, temperature and composition) and the pressure multiplied by the differential in 

area with respect to pressure (at the same conditions). Equation (5) differs from (6) only 

in that the integral direction is reversed. 

Integral Results 

The integral TCT requires the pure isotherms be compared with that under the binary 

isotherms. A plot of n/P was utilized to determine the area under the pure isotherm n P 
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curve (according to equation (4)). Figure B.l illustrates the area under the n/P curve and 

the Langmuir model that is used to calculate the area between experimental data. 
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Figure B.I - Area under the curve C0 2 and CH4 on NaLSX at 150 °C 

The integral test results are presented in the Table B.l with the LHS and the RHS of 

equation (4) presented as well as the difference between the two: 

Table B.l - Integral Thermodynamic Consistency of C02/CH4 on NaLSX at 150 °C and total 

pressure of 1 and 3.3 atm. 

Pressure 
(atm) 

area CO? 
(mol/kg) 

area CH4 

(mol/kg) 
LHS 

(pure) 
(mol/kg) 

RHS 
(binary) 
(mol/kg) 

% Difference 
(mol/kg) 

1 
3.27 

-3.23 
-6.45 

-0.15 
-0.45 

3.08 
6.00 

0.74 
1.36 

76% 
77% 

There is a large discrepancy between the binary isotherm integral TCT for CO2/CH4 

on NaLSX at 150 °C. The difference arises from the pure isotherm potentials (LHS) 

which are relatively large in comparison to the binary isotherm integral (RHS). There is 

a significant difference because the CO2 affinity for adsorption is much greater than that 

of CH4. When one species is adsorbed more appreciably then the other the LHS of 

equation (4) becomes much larger than the RHS. The pure isotherm data are much 

greater than that of the binary equilibrium and the discrepancy increases with increasing 

pressure. It is suggested by Rao and Sircar (1999) that inconsistencies of up to 10% are 
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acceptable in the integral test. The large discrepancy exhibited in this study may likely 

be caused by the non-ideality of the CO2/CH4 system where CO2 is adsorbed much more 

preferentially over CH4. 

Differential Results 

The CO2/CH4 equilibrium data at 150 °C is presented for a total pressure of 1 atm and 

3.27 atm (± 0.11). These two pressures allow for the differential thermodynamic 

consistency test to be evaluated for the NaLSX system at a constant temperature and at 

regular mole fraction intervals. The differential test results are presented for methane and 

carbon dioxide in Table B.2 andB.3, respectively. 

Table B.2 - Differential Thermodynamic Consistency Test for CH4 on NaLSX at 150 °C, I and 3.3 

atm. 

Mole Total amount Area under Change in Area 
Pressure Fraction adsorbed nm Integral with Pressure LHS RHS % 

(atm) (Vc02) (mol/kg) (mol/kg) (mol/kg atm) (mol/kg) (mol/kg) Difference 
1.0 0.2 0.19 0.02 0.03 0.14 0.17 15% 
1.0 0.4 0.42 0.08 0.07 0.14 0.35 59% 
1.0 0.6 0.81 0.20 0.13 0.14 0.68 79% 
1.0 0.8 1.37 0.41 0.19 0.14 1.18 88% 

3.3 0.2 0.69 0.08 0.03 0.41 0.60 32% 
3.3 0.4 1.04 0.24 0.07 0.41 0.80 49% 
3.3 0.6 1.56 0.49 0.13 0.41 1.14 64% 
3.3 0.8 2.28 0.85 0.19 0.41 1.64 75% 
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Table B.3 - Differential Thermodynamic Consistency Test for C()2 on NaLSX at 150 °C, 1 and 3.3 

atm. 

Mole Total amount Area under Change in Area 
Pressure Fraction adsorbed nm Integral with Pressure LHS RHS % 

(atm) (Ycu:) (mol/kg) (mol/kg) (mol/kg atm) (mol/kg) (mol/kg) Difference 
1.0 0.2 0.19 0.72 0.24 2.20 0.44 80% 
1.0 0.4 0.42 0.66 0.20 2.20 0.62 72% 

1.0 0.6 0.81 0.55 0.14 2.20 0.95 57% 

1.0 0.8 1.37 0.34 0.08 2.20 1.45 34% 

3.3 0.2 0.69 1.27 0.24 3.16 1.49 53% 
3.3 0.4 1.04 1.11 0.20 3.16 1.69 47% 
3.3 0.6 1.56 0.87 0.14 3.16 2.03 36% 
3.3 0.8 2.28 0.51 0.08 3.16 2.53 20% 

The Differential TCT highlights significant discrepancies in the binary and pure 

equilibrium surface potentials of methane and carbon dioxide. Similarly to the Integral 

TCT the inconsistency is due to the selectivity of NaLSX for C0 2 in the binary mixture. 

The binary isotherm does not have comparable C0 2 uptake to the pure component C0 2 

isotherms. The RHS only becomes comparable when the mole fraction is almost entirely 

CO2 due to the linear binary isotherm shape. The methane binary isotherm capacity is 

magnitudes lower than the pure isotherm. Therefore consistency only occurs at high 

methane and carbon dioxide fractions. The linear isotherm of NaLSX for C02/CH4 

results in thermodynamic consistency for mixtures of mainly CO2 and mainly CH4. 

CO2/CH4 equilibria on NaLSX at 150 °C. 1 and 3.3 atm do not exhibit thermodynamic 

consistency . The methane isotherm capacity is minor compared to CO2 and therefore its 

contribution to the TCT (for pure components) is significantly less. This imbalance 

results in the large discrepancy between the pure and binary surface excess comparison. 

It is shown that the binary Langmuir system is thermodynamieally consistent when the 

saturation adsorption capacities of all components in the mixture are equivalent (Rao and 

Sircar. 1999). If the Extended Langmuir isotherm model is used for this binary 

equilibrium, it al so tails the Integral TCI (differences above 75%). The binary svstems 

studied here have large differences in saturation capacity which suggests difficulty in 

determining thermodynamic consistency for non-ideal mixtures. 
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B.2 Propagation of Measurement Errors in the CPC measurements 

The propagation of measurement errors is determined for the Henry 's Law constant (A» 

in. The uncertainty of each measurement in the CPC technique contributes to the 

effective slope calculation. For example, the length of the column (10.5 ± 0.05). the 

estimation of the void fraction (0.421 ± 0.005). the flow rate of the carrier gas (15.00 ± 

0.07 cnvVmin), the change in temperature (150.0 ± 0.1 °C). and the density of the 

adsorbent particles (2.23 ± 0.05 g/cm1). 

K = 

AK = 

. L 

K 
ff(l-ff) 

As + 
\-e L 

Aju + Av + g \Mv 
l-e L2 

(20 A and B) 
AL 

\-eJ L 

The sum of all these errors, propagated to the effective slope (Kp) is less than 4%. 

The most significant contributors were the void fraction and adsorbent density estimation. 

The largest contributor to uncertainty in the Henry's Law constant was the first moment 

variability. 

The pressure drop over the column was negligible for the column flowrate, thermal 

conditions, and adsorbent particle size used in these experiments. The Ergun equation 

was utilized to estimate the pressure drop across the column at the conditions of 30 

cmVmin, 150 °C for a CH4 and CO2 mixture. The maximum value of 0.001 to 0.0005 

atm was calculated and no change in pressure was observed when the sample was 

injected into the system. Pressure drop contributions were negligible and are not 

considered in the variability of the first moment. 

The variability associated with the first moment calculation resulted in 6 to 1% of the 

uncertainty in the effective slope. This is greater than the measurement uncertainty (less 

than 4%). The total uncertainty o K p varied with composition and remained below 10% 

such that the significant difference in effective slope measurements was observable 

between compositions. 
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B.3 "Fitting" Binary Isotherm 

The data measured with the CPC technique is presented below for the C02/CH4 on 

NaLSX at 150 °C. 1.0 and 3.3 atm total pressure. 

Table B.4 - Effective Slope CPC measurements for NaLSX at 150 °C, 3.3 atm 

Adsorbate Date YC02 
Tc 

<°C) 

column 
flow 

(cc/min) 

bubble 
flow 

(cc/min) 
Ptotal 
(atm) 

first 
moment 

(s) K 

K' 
(mol/kg 

atm) 
CH4 18-Jun 0.05 150 14.77 33.0 3.17 278.3 99.4 1.37 
CH4 26-Jun 0.07 150 19.86 44.0 3.15 103.0 49.1 0.69 
CH4 8-Jul 0.11 150 12.74 30.3 3.40 140.3 42.8 0.56 
CH4 5-Jun 0.15 150 14.80 31.1 3.01 135.0 47.9 0.59 
CH4 10-Jul 0.25 150 13.51 30.0 3.19 79.6 25.5 0.35 
CH4 2-Jul 0.36 150 12.82 30.9 3.40 52.5 15.7 0.20 
CH4 11-Jun 0.50 150 14.50 34.5 3.38 43.3 14.6 0.19 
CH4 13-Jun 0.70 150 13,75 33.8 3.48 26.2 8.0 0.10 
CH4 4-Jul 0.87 150 11.40 26.4 3.33 23.0 5.7 0.07 
CH4 22-May 1.00 150 13.76 31.5 3.21 21.1 6.3 0.08 

Adsorbate Date YC02 
Tc 

(°C) 

column 
flow 

(cc/min) 

bubble 
flow 

(cc/min) 
Ptotal 
(atm) 

first 
moment 

(s) K 

K' 
(mmol/g 

atm) 
C02 22-May 0.00 150 13.69 31.3 3.22 938.0 311.9 4.10 
C02 18-Jun 0.05 150 14.95 33.4 3.17 253.0 90.7 1.17 
C02 26-Jun 0.07 150 20.03 44.4 3.15 99.2 47.0 0.61 
C02 8-Jul 0.11 150 12.49 29.7 3.40 132.5 37.5 0.48 
C02 5-Jun 0.15 150 14.80 31.1 3.01 102.8 36.3 0.46 
C02 10-Jul 0.25 150 13.69 30.3 3.19 67.9 22.1 0.29 
C02 2-Jul 0.36 150 12.76 30.8 3.40 44.8 13.0 0.17 
C02 11-Jun 0.50 150 14.07 33.5 3.38 34.0 11.0 0.14 
C02 13-Jun 0.70 150 13.75 33.8 3.48 21.5 6.3 0.08 
C02 4-Jul 0.87 150 11.17 25 8 3.33 16.8 3.8 0.05 

The injections are performed for CO, and CH4 and the average is shown below. At 

the endpoints (Y = 1 and Y = 0). only one species is injected because the carrier gas is 

not a mixture. The average effective slope, its 95% confidence interval and the pressure 

is provided in the table below. 
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Table B.5 - Average Effective slope for NaLSX C02/CH4 at 3.27 atm (+/- 0.11), 150 °C 

YC02 
K1 

(mol /kg a t m ) 95% CI P (atm) 
0 .00 4 .099 0 .429 3 .20 
0.05 1.273 0.153 3.17 
0.07 0.646 0.067 3.15 
0.11 0.522 0.056 3.40 
0.15 0.524 0.103 3.01 
0.25 0.317 0.045 3.19 
0.36 0.186 0.025 3.40 
0.50 0.163 0.028 3.38 
0.70 0.093 0.028 3.48 
0.87 0.061 0.017 3.33 
1.00 0 .079 0 .018 3 .23 

The binary isotherm is determined from the data in the table above. The steps to the 

solution are provided below: 

1. The effective slope is "fit" using MS Excel non-linear solver to the equation (4) in 

Chapter III. 

Kr =At+ A2y, + A,yf + Aa ln(jyt + A\) (21) 

The solver is allowed to change the Ai parameters to minimize the SSR and the value for 

X is fixed. 
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Table B.6 - Effect of changing lambda on SSR. 
A 1 A 2 A 3 A 4 A S S R 

-3.9655 8.052255 -4.11436 -1.73165 0 0 1 0.242615 

-2 86314 5.748004 -2.88853 -1.30614 0.005 0 148674 

-2.87443 5.76397 -2.88853 -1 30614 0.004827 0.147176 

-1 92307 3 7 2 2 9 5 5 -1.77384 -0 96737 0 0 0 2 0.10635 

-1.50456 2.804384 -1.25815 -0.82254 0.0011 0.101431 

-1.44782 2.679103 -1.18739 -0.80315 0.001 0.101486 

-1 29019 2 33016 -0.98981 -0.74955 0.00075 0.102573 
-0.5674 0.715387 -0.06718 -0.50802 0 0 0 0 1 0.125518 

-0 14817 -0.22993 0.477707 -0.37007 0.00001 0.152396 

0.251083 -1.13445 1.001342 -0.23943 1E-07 0.187035 

0.361296 -1.38478 1 146598 -0.20346 1E-08 0.19813 
-0.57 0.722658 -0.07217 -0.5083 -0.0001 0.125122 

-1.11691 1.954596 -0.78183 -0.68711 -0.0005 0.104277 

-1.32214 2.416542 -1.04783 -0.75383 -0.00075 0.100868 
-1.44514 2.69339 -1.20725 -0.79369 -0.00093 0.10005 

-1.49099 2.7964 -1.26643 -0.80851 -0.00099 0.099987 

-1.49435 2.804125 -1.27101 -0.8096 -0.001 0.099988 
-1.50077 2.818584 -1.27935 -0.81168 -0.00101 0.099992 

-1.52618 2.87577 -1.31228 -0.81989 -0.00105 0.100031 

-1.55732 2.945852 -1.35264 -0.82994 -0.0011 0.100136 
-1.78687 3.462477 -1.6502 -0.90383 -0.0015 0.102899 

-3.2884 6.836575 -3.59238 -1.37746 -0.005 0.228426 
-5.01671 10.64652 -5.74973 -1.90833 -0.01 0.798296 

5.114092 -12.901 8.260296 0.865432 -0.1 2.891574 

The following figure shows the results. 
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Figure B.2 - SSR vs X. using equation (4) 

It is evident from the table and figure above that there is a local minimum for very 

small values of lambda and there is a reflection in the y axis. The reflection is due to the 

absolute value in the logarithmic term of equation (4). The X value is then constrained to 

the minimum range of 0.0001 to 0.01 for future minimization techniques. This is done 

because the polynomial is highly dependant upon the value of lambda and if it is allowed 

to vary a solution is next to impossible to achieve. 

2. The second step is to fit the experimental data to equation (8) in Chapter 111 with the 

range of X fixed. The solution is reached when the SSR is minimized by changing the 

values for the parameters B, and and applying the constraints of equations (9) to 

(11) are satisfied. 

Table B.7 - Constraints for NaLSX 3.3 atm 150°C 
Pure Isotherm Capacity 
Q(C02) 3 164 mol/kg 
Q(CH4) 0.397 mol/kg 
Henry's Constant 
Kp(C02) 4.099 mol/kg atm 
Kp(CH4) 0.079 mol/kg atm 
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The application of the constraints and limiting the range of X significantly reduces the 

number of solutions to the objective function. This method also reduces the time to find 

the solution for non-ideal mixtures such as CO2/CH4. 

B.4 Economic Analysis 

LANDGEM 

LandGem is an LP A model that is commonly used to predict the amount of LFG 

produced from a municipal solid waste landfill. It is based on a first order decomposition 

rate equation with parameters that have been determined empirically from numerous 

landfills in the US. The model is based on the following equation (USEPA, 2005): 

Q, =WLllke~t{'~',) (22) 

Where Q, is the volume of biogas at time t (m3/yr) 

L0 is the potential production of methane capacity (nrVtonnes of waste) 

W are the waste receipts (tonnes) 

k is the biogas generation decay parameter (yr"1) 

t is the time since the beginning of landfilling (yr) 

ti is the period during which there is no biogas generation (yr) 

The waste receipts (based on landfill shortfall accumulation) and parameters above 

are the only inputs used in the model to predict the landfill gas emissions. The active 

lifetime of the landfill is estimated at 25 years having a variable design capacity 

depending on the desired LFG flow rate. Default conventional landfill parameters were 

selected to model the LFG production. That is a biogas generation deca\ parameter of 

0.05 (yr"1), CH4 production capacity of 170 nr /tonne of waste and LFG with a 50% CH.( 

content. 
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Figure B.3 - LFG VPSA bulk separation process 

Capital costs 

The schematic of the VPSA separation process is illustrated in Figure B.3. The 

capital costs for this system were determined based on the input flow rate and scaled 

according according to equipment heuristics. The inlet gas passes through two 

compression stages and one interstage cooler with water at 20 °C available for cooling. 

The adsorbent capacity was calculated from the adiabatic working capacity (2.5 mol 

CCVkg NaLSX) at an average feed temperature of 120 °C. The adsorbent price of 

NaLSX ($6.60 CAD/kg) was used to determine the total adsorber and adsorbent cost. 

The ratio of the total adsorption system cost (includes valves, piping, instrumentation, 

etc.) to the adsorbent cost (Rc) was related as a function of the volumetric flowrate into 

the column for carbon bed adsorbers (Cooper and Alley. 2002). 

R( = (23) 

Where the flowrate Q (ftVmin) is corrected with conversion factor for the mass 

fraction C0 2 adsorbed/biogas feed to that of a typical carbon bed adsorber. The cost 

heuristic equation above is for carbon bed trace pentane removal from air. This type of 

system has a much lower loading with respect to throughput than a bulk separation. 

Therefore the flowrate was corrected by multiplying a ratio of the mass loading/feed 

volume throughput. This changed the size of the adsorber vessel required for a bulk 

separation to approximate a representative total cost to adsorber vessel and adsorbent 
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cost. A two stage compressor was selected to elevate the feed pressure from 1 to 8 atm in 

combination with a stainless steel (304) shell and tube water heat exchanger for interstage 

cooling. The vacuum pump was sized for adsorbent regeneration from 1 to 0.1 atm for 

an adsorption cycle time of 30 minutes. 

The purchased equipment cost was then multiplied by three factors from Keller 

(2007) to account for the delivery costs (18%), direct installation costs (44%) and indirect 

installation costs (31%). 

Operational Costs 

The operational costs are based on 24 hr operation for 350 days/year for labour 

($22.60 CAD/hr), supervision (15% of the labour) and maintenance (5% of the total 

installed cost). The utilities include electricity ($0.06/kWh) and cooling water 

($0.02/1000 L). The power demand is determined from the compressor and vacuum 

pump horsepower with an adiabatic efficiency of 80% with the following equation for 

isentropic gas compression: 

H,,= 
n- 1 

R 
'' MW ' 

— - 1 (24) 

And the temperature change in the gas is determined for an adiabatic compression 

with the following equation: 

t7 = 7; i + 
£ , 

( p N ("-')/» 
- 1 (25) 

Finally, the power demand of the compressor is determined from the mass flow rate 

(M) of the gas and the electric motor efficiency: 

Power demand = ^' ^ 26) 
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Where n is the equal to the specific heat of the gas (50/50 mixture of CO, and CH4 1.307) 

T/ is the temperature of the gas before compression (K) 

Pi is the pressure of the gas before compression (atm) 

P: is the temperature of the gas after compression (atm) 

R is the ideal gas constant (8.314 J/mol K) 

MW is the volume average molecular weight of LFG (50/50 C0 2 and CH4 30.03 

g/mol) 

z/ is the correction for non-ideal gas behaviour (assumed 1.0 for this pressure and 

temperature range) 

T2 is the temperature of the gas after compression (K) 

ca is the adiabatic compression efficiency (80% is selected for centrifugal pumps) 

Hp is the polytropic head indicating the energy required for compression (J/g) 

W is the mass flowrate of the gas (kg/s) 

em is the motor efficiency (91% assumed for an electric motor). 

The cooling water rate is controlled such that the compressed gas enters the second 

stage of compression (4 to 8 atm) at 50 °C. The flow rate of cooling water was 

determined for a simple adiabatic tube and shell heat exchanger which was sized as 

follows: 

Q„ = Qc 
lVC/,(7]-ri)=nc/,(t:-tl) 
Q„ = IM (27) 
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Where Qn is the thermal energy transferred from the hot gas (kJ) 

Qr is the thermal energy transferred to the cooling water (kJ) 

W and ()> are the gas mass flow rate (kg/s) and heat capacity (1.25 kJ/kg K). 

respectively 

w and cp are the water mass flow rate (kg/s) and heat capacity (4.17 kJ/kg K). 

respectively 

Ti and 7'; are the gas inlet and outlet temperature (K). respectively 

ti and t; are the water inlet and outlet temperature (K), respectively 

U is the heat exchanger coefficient for a shell and tube with compressed gas on 

the inside and water on the outside (199 W/m2 K) 

A is the tube area (m2) for a 1 inch outer diameter steel tube with a variable 

length such that the liquid velocity was maintained between 1 and 3 (m/s). 

A7u/ is the log-mean temperature difference for the heat liquid and gas (K). 

The exhaust gas enters the adsorbent column at a temperature of approximately 120 

°C. The number of adsorbers and flow rate of cooling water is provided in the table 

below for various landfill sizes: 
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Table B.8. - Scaling of adsorbers and cooling water for Landfill size 

# of adsorber vessels Cooling water flow rate 
LFG input (m3/hr) (160 m3 each) (L/min) 

50 
100 
250 
500 
750 
1000 
1500 
2000 

1.8 

3 
4 
6 
8 
12 
16 

2 3.6 
9.0 
18 
27 
36 
54 
72 

The LFG input in the table above assumes only 50% of the LFG generated actually 

enters the upgrading process. Adsorbent bed replacement is also considered every 8 

years and the cost is distributed over the 15 year project lifetime at an interest rate of 7%. 

The capital and operational costs for the 9.4 Mt landfill case in the are distributed as 

illustrated in Figure B.4. 

Figure B.4 - Economic Operational (A) and Capital (B) Costs for a 9.4 Mt landfill processing 2000 
m3/hr LFG with 16 adsorbers filled with NaLSX. 

It can be seen that the operational costs ($2.1 million/year) are largely made up of 

electricity and cooling water. By selecting an adsorbent that has high adsorbent capacity 

at elevated temperatures, the operational costs can be decreased significantly. The capital 

costs ($7.2 million) are can be distributed over the 15 year project lifetime and are made 

up main of the adsorber and adsorber equipment cost (63%). 

A) B) 

Couliig Wala 
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Appendix C: 

Zeolite Structure and Cations 
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Zeolites are cry stalline aluminosilicates and are composed of Si04 and AIO4. tetrahedra 

that build larger Beta-cages and repeating sodalite cages. They contain cations that can 

be exchanged to modify the selectivity for components in gas mixtures. The cations 

distribute themselves within this framework to balance the overall charge and minimize 

the system free energy (Yang, 2003). 

o <1 

o \ " / 
O <"> 

o 

' I N 
K V - ) 
\ v / i / 

\ A'-
"Truncated Octahedron" 
or "Beta cage" 

Faujasite unit cell 

Figure C.l - Zeolite Si0 4 and AI04 sodalite cages & Faujasite unit cell (1ZA, 2008) 

The 12 ring oxygen apertures allow the movement of gas molecules through (like CO2 

and CH4) the structure to interact with the cations within the framework. There exist 

several adsorption sites within a zeolite supercage located around the cations. The 

adsorbent SiC>4 to A104 (Si/Al) ratio determines the number of ions within the zeolite 

framework to balance the overall charge. X and Y type zeolites have the same crystalline 

structure (Figure C.l above) and a Si/Al ratio in the range of 1.0-1.5 and 1.5-3.0 

respectively (Yang, 2003). For example NaX (Si/Al = 1.28) contains up to 84 Na' 

cations (Ruthven, 1984). X type zeolites can contain cations at all possible sites within 

the faujasite cell whereas Y zeolites cannot and all sites are not necessarily accessible to 

the adsorbate gases (Walton. Abney and LeVan, 2006). NaX is currently used to 

commercially remove CO; from air before cryogenic separation of O; and N; (Yang. 

2003). Cation type and Si/Al ratio are customized to optimize a PSA separation like 

LFG. 
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Bulk separations are most widely explored in the air separation industry. LiLSX has 

been shown to be the best commercial O2/N2 adsorbent available although NaX is also 

used for the equilibrium separation (Yang. 2003). The adsorptive properties of zeolites 

are modified by changing the Si/AI ratio and exchanging cations. The type of cation 

changes the electric field and the available pore volume in the crystalline aluminosilicates 

structure (Walton et al, 2006). For example, the Na+ cations within the LSX zeolite for 

smaller, Li+ cations. 

Table C.l - Cation properties (Yang, 2003) 
Ionic Radius (A) Polarizability (10"' cm ) 

Li+ 0.68 0.029 
Na+ 0.97 0.180 
Ca2+ 0.99 0.471 

The abundance of Na+ cations in X zeolites leads to a high affinity for CO2 adsorption 

and a significant physical interaction. A strong interaction suggests a high heat of 

adsorption or even chemical adsorption. 
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Appendix D: 

Constant Volume System Manual and Checklist 

Various Authors in 

University of Ottawa Adsorption Lab 



Step by step: How to do an isotherm 

1. Weight the adsorbent 

a. Choose the appropriate container for the sample, based on the pressure that 
will be used. The figure below show the shape of the appropriate 
container for isotherm performed at pressure above 3 atm. 

in the container. Use the provided funnel to make sure that all the 
adsorbent weighed is in the container. One method is as follows: weight 
the empty container, fill it with the adsorbent (approximately half of it) 
and weight the container again with the adsorbent. When powder is used 
as adsorbent, it is very difficult to put all what is weight in the container; 
therefore the proposed procedure should be followed. When the container 
is weighted with the powder in it. make sure that there is no powder stick 
on the outside of the container. 

e. Put a blue cap on the container until you installed it in the unit. This will 
avoid moisture adsorption and prevent particulates from entering the 
container as well as any loss of the adsorbent. 
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2. Regenerate the adsorbent 

a. Installed the sample cell with the adsorbent in the volumetric brown unit 
(see the following diagram). 

Figure D.2 - Sample cell installation 
b. Scotch tape the probe of the thermometer on the sample container. Put 

glass wool around the top of the sample cell to isolate it. 

c. Make sure all valves are in the appropriate position. Open the sample 
valve, the vacuum valve, the low pressure isolating valve and the high 
pressure transducer isolating valve. 

d. Under vacuum, increase the temperature to the desired regeneration 
temperature (above 300°C). T he simplest way is to increase the voltage at 
a mark below the desired temperature and when steady state is reached 
(approximately lh to go from 25°C to 300°C). increase it by little step to 
the final temperature. Hven if some temperatures are indicated 
corresponding to certain voltages, they are not necessarily accurate. It is 
easier to start low and increase the temperature. The scotch tape will 
likely burn and smell, it has to be replaced after the regeneration. 



e. When the desired temperature is reached, wait for regeneration to 
complete (usually 8h to 1 Oh). Leave the vacuum valve open during the 
entire process. 

f. At the end of the regeneration, decrease the thermal jacket voltage to zero 
and let the sample cool to desired isotherm temperature. Remove the 
mineral wool will help the temperature to decrease, but be careful to not 
touch the sample container (which is at 350°C). When the sample is at 
room temperature, scotch tape the probe of the thermometer on the 
container. 

3. Measure the dead volume of the sample 
The dead volume is the volume in the interconnecting tubing, and the sample cell 
(minus the volume of the adsorbent). 

a. Under vacuum, increase the temperature to the desired isotherm 
temperature. For each point keep a record of: the temperature of the 
sample (yellow digital thermometer read-out), the temperature of the 
manifold (mercury thermometer in the unit), and the pressure from the 
three pressure transducers (from the computer, with LabView) must be 
noted. 

b. Note pressure and temperature data when sample and vacuum valves are 
open, and the desired temperature is reached and is at steady-state. 

c. Close the vacuum and sample valves and allow Helium to enter the 
manifold. Wait for the system to reach equilibrium. lake pressure and 
temperature data. 

d. Open the sample valve. Wait for the system to reach equilibrium. Take 
pressure and temperature data. 

e. This measurement (b. c. d) should be done at two different pressures: low 
(with lower pressure transducers in operation) and high (with hlovv 
pressure transducers isolated from the sample and manifold: above 1 atm) 
for an accurate dead volume measurement. 

4. Realise an isotherm 

• Before taking the first point of the isotherm, take pressure and temperature 
data when sample and vacuum valves are open. 

133 



• For points of the isotherm: Close the vacuum and sample valves and put 
the desired gas in the manifold (at the desired pressure). Wait for the 
system to reach equilibrium. Take pressure and temperature data. 

• Open the sample valve. Wait for the system to reach equilibrium 
(equilibrium times vary). Take pressure and temperature data. 

• Repeat the steps b and c, until the isotherm is at the higher desired 
pressure. If the pressure is higher than 1000 torr. close the low pressure 
isolating valve. This section can be vacuumed using the low pressure 
vacuum valve. 

• The number of isotherm points that need to be taken vary for the given 
adsorbent-adsorbate system, temperature, and pressure range. Ideally 
there should be no more than 8 isotherm points because errors in volume 
and pressure measurements can propagate significantly. 

5. Regenerate the sample 

a. When the last point is taken, open the vacuum valve, with the sample 
valve open. 

b. Follow the same procedure explained in section 2 to regenerate the sample. 

c. When the regeneration is finished, and the sample is at room temperature, 
remove it from the unit, put a blue cap on and weight the sample. 

6. Reweigh the sample 

a. The last step is to weight the sample again. All adsorbent weights should 
be of outgased adsorbent (i.e. with nothing adsorbed to it). The initial 
weight is called the "wet weight", after regeneration the "dry weight" is 
determined. 

b. Weight the regenerated adsorbent sample in a metal tray. 

c. The empty container weight should be used to determine the dry weight if 
the adsorbent is in powder form (i.e. it is too hard to get all the adsorbent 
powder out so weigh the regenerated sample by differences). Therefore 
weigh the adsorbent cell with the regenerated adsorbent in it. 
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Volumetric system checklist 

1. Gas cylinders 
• Check the lines for leaks with soap and water or by vacuuming lines. 

2. Sample Precautions 
• If the adsorbent is a powder, use a dust mask when handling and ensure 

seal frit (SS filter) is inserted in between sample tube and manifold. This 
filter protects the sy stem from adsorbent particles. 

Seal frit 

/ 

1/4" 

3/8" 

Sample tube 

Figure D.3 - Particulate Filter Installation 
3. Connecting Sample Cell 

• Ensure ferrules are in the correct position 
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Sample tube 

Ferr ies 

\ k 

Figure D.4 - Connecting Sample Cell 
• Do not over-tighten hand screw (esp. do not use pliers only to be tightened 

by hand) 

• Ensure sample cell does not leak (in dead volume estimate) 

4. General System Operation 

• Try to take an equilibrium point at a similar time to minimize variations in 
data due to voltage and room temperature affects (Each equilibrium time 
may exceed 48 hours for some samples especially CO2). 

5. Pressure Safety 

Blue system: 
• Ensure automated valve voltage is set to 0.75 (for 250 psi pressure 

transducer 0.75 is equivalent to 1000 torr) 

Brown system: 
• Once the pressure in the manifold exceeds 1000 torr (XX Voltage reading 

on 160 psi pressure transducer) isolate 40 and 1000 torr pressure 
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transducers from sample cell and 160 psi pressure transducer. The valve 
isolating the high pressure transducer (160 psi) should be open in order to 
take pressure measurement. 

• Make sure that valves for input gas are closed when opening the vacuum 
valve. 

• Always close the vacuum valve before installing or removing the sample 
container. 

• The reference side evacuation valve should be always open (to 
compensate for system leaks). 

Both Systems: 

• The schematic diagrams for both the Blue and the Brown units can be 
found on the respective units along with a recent copy of the calibration 
done for all the pressure transducers. 

• To calibrate all the pressure transducers within a unit, use the calibrated 
pressure transducer which is always kept in Dr. Tezel's office. 

• Glass sample tubes are guaranteed only to 5 atm (absolute) therefore any 
pressure above this limit requires a metal container to catch shards (if 
sample tube breaks). 

6. System Shutdown 
• Hnsure all valves are in closed position, vacuum pump and thermal jacket 

turned off. 

7. Cleaning Glass Sample tube 
• Sample tubes are cleaned with small amount of soap in water followed by 

dry ing in the oven (overnight at around 150 °C). 

Metal container around 
sample tube 

Figure D.5 - Pressure Safety 
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• If tube is very dirty a small amount of nitric acid can be used to clean 
followed by above instructions. ***when using nitric acid done gloves, 
lab coat, and safety glasses*** 

8. Safety Equipment 
• When using dry ice use work gloves, lab coat, and safety goggles. 

9. Manual 
• There is also a manual w ith theory of operation and calculation details 

kept on the unit. 

Data point for dead volume 

• Take pressure and temperature data when sample and vacuum valves are 
open. 

• Close the vacuum and sample valves and put Helium in the manifold. 
Wait for the sy stem to reach equilibrium. Take pressure and temperature 
data. 

• Open the sample valve. Wait for the system to reach equilibrium. Take 
pressure and temperature data. 

This measurement should be done at least two different pressures; low and high for 
accurate measurement. 

Data point for isotherm 

• Before taking the first point of the isotherm, take pressure and temperature 
data when sample and vacuum valves are open. For points of the 
isotherm: Close the vacuum and sample valves and put the desired gas in 
the manifold (at the desired pressure). 

• Wait for the system to reach equilibrium, l ake pressure and temperature 
data. 

• Open the sample valve. Wait for the system to reach equilibrium 
(equilibrium times vary). lake pressure and temperature data. 

IMPORTANT NOTE: You should be instructed on how to use the Volumetric 
system by someone who is well versed in its operation. This checklist and User 
guide is only a reference and should not be used without direction or supervision. 
If you are not comfortable w ith the operation of the volumetric unit PLEASE ask 
questions. This is a very expensive piece of equipment and can be damaged 
easily. 
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Appendix E - Operational Manual for the Gas Chromatograph 
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"HOW TO USE THE GC 3300" 

By 

Various students in the Adsorption Lab at 

University of Ottawa 

Submitted 

To 

Dr. Handan Tezel 



INTRODUCTION 

The purpose of this report is to provide a user friendly guide for 
those who wish to use the GC 3300. It is also important to note that this 
document is written based on the assumption that the user is familiar 
with the concept of gas chromatography and adsorbent packing for the 
GC Column. Hence, this manual will only provide the user with the 
basic procedures for operating the equipment including calibrating, 
regenerating and running the system. An illustration is shown below of 
the GC 3300 in figure 1. 

Figure 1. 
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CALIBRATION 

HOW DO WE CALIBRATE THE SYSTEM? 

Before commencing any GC experiment, it is essential to calibrate the 
system for each individual carrier gas. In a binary system we have two 
carrier gases, Carrier A and Carrier B. These are labelled on the mass 
flow controllers (MCF's) accordingly. The Channel Controller (the 
black box on top of the GC) has 4 channels which are connected to four 
different MFCS. The one's we are interested in are channels number 
TWO and number FOUR. By using the switch on the right of the 
Channel Controller we can adjust which MFC we would like to control. 

*In our case, Channel 2 is lor Carr ier Gas B (CC2) and 
Channel 4 is for Carrier Gas A (CH A 

When calibrating it is important to remember that we calibrate each 
Carrier Gas individually. Thus, if we are calibrating Carrier A then we 
must make sure that Carrier B is set to ZERO on channel 2 or the valve 
is closed on our Carrier B gas cylinder. 

Once the user has made sure that Carrier B is set to a flow rate of 
ZERO, then they are ready to calibrate Carrier Gas A. 

For our calibration processes, we will be using a Bubble Meter 
illustrated below. 
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When calibrating we would like to have our highest indicator value set 
to a value that will give a 16 cc/min flow rate on the bubble meter. What 
this means, is that the time required for a bubble to travel from point A 
to point B (16 mL or 16 cubic centimetres) should take approximately 
16 seconds on our stop watch. It is also important to note that when the 
user is doing this process, the choice of bubbles should be ones that are 
NOT foamy and ones that are clear. Bubbles can be obtained by 
squeezing the rubber band at the bottom of the 16 mL cylinder shown 
in the illustration. 

HOW DO WE KNOW WHAT VALUE TO SET THE INDICATOR? 

The only way is through trial and error. First set the indicator to an 
arbitrary value, say 50.0, then proceed to take some time measurements 
using the bubble meter with the stop watch. 

* If the time taken for a bubble to travel 16 mL is HIGHER 
than 16 seconds, SET A HIGHER FLOW RATE until you 
get your time to be approximately 16 seconds. 

* If the time taken for a bubble to travel is LESS than 16 
seconds, SET A LOWER FLOW RATE until you get your 
time to be approximately 16 seconds. 

Once you have an indicator value which gives you a 16 cc/min flow rate 
on the bubble meter, divide the indicator value by 10 so as to obtain 10 
additional indicator values. 
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Then take time trials with the indicator value that was set to obtain 16 
cc/min as your highest value. In other words if an indicator value of 50.0 
was needed to record a 16 cc/min flow rate, then you should have 10 
additional points decreasing by 5, so your next value would be 45.0 and 
then 40.0 and etc. until you reach 5.0 as your last value. 

*It is recommended that the user takes several time trials for each 
indicator value (e.g. 4). 

I M P O R T A N T W H E N S E T T I N G AN I N D I C A T O R \ \ 1 I I. T H E 
I SI R M I S T W A I T F O R T H E P R O C E S S T O S T E A D Y ! ! ! 

HOW DO WE KNOW WHEN THE PROCESS IS STEADY? 

In order to know when the process is steady, we use the computer 
software LabView. This can be done by running the program (press the 
white arrow on the top left corner), Scaling the X-axis (time) to about 
600-1000 times greater than the start of the line and the y-axis ( voltage) 
to about 3.0 higher and lower then the line and wait until the line 
straightens out. This is shown in figure 3. 
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Once the calibration is done for Carrier Gas A, set the channel reading 
to 0.0 and then proceed to repeat all of the steps for calibrating Carrier 
Gas B. 

REGENERATION 

HOW DO WE REGENERATE THE SYSTEM? 

IMPORTANT: WE REGENRATE USING HELIUM AND WITH 
THE COLUMN TEMPERATURE SET TO 300 DEGREES. 

*DUR1NG REGENRATION, HELIUM SHOULD BE THE ONLY 
CARRIER GAS RUNNING THROUGH THE SYSTEM. 

HOW CAN WE SWITCH THE CARRIER GAS TO HELIUM 
WITHOUT FEAR OF DAMAGING THE DETECTOR? 

In order to do this, the user can have one carrier gas running, let's say 
Carbon dioxide as our Carrier B Gas set to any arbitrary flow rate and 
switch the Carrier Gas A with the Helium. Then the user can open the 
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valve for the helium gas cylinder and set a fairly high flow rate (ex. 65.0) 
then turn off the Carrier Gas B and using the build/modify key on the 
machine raise the column temperature to 300 degrees. 

VfIMPORTANT: MAKE SURE THAT HELIUM IS THE ONLY 
CARRIER GAS RUNNING BEFORE RAISING THE 
TEMPERATURE AND ALSO MAKE SURE THAT IF ANY OTHER 
CARRIERS ARE CONNECTED THAT THEY ARE SET TO 0.0 OR 
HAVE THEIR VALVE CLOSED!!! 

CHECK TO MAKE SURE THE HELIUM IS RUNNING THROUGH 
THE SYSTEM BY USING THE BUBBLE METER!! 

The system should be allowed to regenerate for 24 hours. 

After 24 hours, the user can bring down the column temperature to the 
desired value and then switch the helium to the desired Carrier Gas 
using the same method that was used to connect the helium before 
regenerating. 

*ALSO: DO NOT BE ALARMED IF THE INJECTOR AND 
DETECTOR TEMPERATURE INCREASE A FAIR AMOUNT, THIS 
IS NORMAL. 

RUNNING EXPERIMENTS 

Once the regeneration has been completed and the temperature has 
been set to the desired value, the user is now ready to commence the 
experiments. 

The first experiment that is usually run is the pure carrier gas (ex. Pure 
CARRIER GAS A) with an injection of the Sample Gas (ex. Sample Gas 
B). The sample gases are the same as the carriers but only used for a 
short sample injection. For instance if the binary experiment one is 
doing is nitrogen and carbon dioxide, they will have four gas cylinders 
to work with, one nitrogen cylinder as the carrier gas and one as the 
sample gas, as well as one carbon dioxide cylinder as the other carrier 
gas and one as other the sample gas. 
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For each different gas compositions/indicator values one must do TWO 
sample injections, one with sample gas A and another with sample gas 
B. 

•HERE IS A STEP BY STEP PROCEDURE TO FOLLOW: 

1. Use the bubble meter to make sure there is gas running through 
the GC machine. This can be done by squeezing the rubber band 
and if there are liquid lines flowing up the cylinder then 
everything is ok. 

2. Check the CARRIER GAS CYLINDERS, make sure the valves 
are completely open, the regulators are set to 40 PSI and use soap 
water to spray on the connection tubing at the valve to make sure 
there are NO LEAKS. 

3. Make sure the INDICATOR VALUES are set accordingly to the 
desired compositions. REMEMBER: Channel 2 is for CARRIER 
B and Channel 4 is for Carrier A. 

4. Open Labview and run the program at the desired SCAN RATE 
(ex. 1 point per second or 10 points per second). Use the stopwatch 
to make sure that the scan rate is correct (computers are not 
always reliable!!). 

5. Make sure the set indicator values/flow rates are in steady-state 
using the method discussed in the calibration section. In other 
words, make sure that the VOLTAGE READINGS are not 
FLUCTUATING SIGNII IC ANTLV. 

6. If the Voltage Readings are fluctuating significantly, PUSH metal 
lining on the CONNNECTION holding the injector a few times 
until it improves. 

7. Connect the desired SAMPLE GAS and just like the Carrier 
Gases, check for leaks and so on. 

8. Turn on the sample gas and use the side tubing from the GC and 
submerge it in a beaker of water to see that there is gas flowing 
from the sample. 
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9. Adjust the flow rate using only the valve of the sample gas 
cylinder (open the valve very little) so that there is a LOW flow 
rate coming from the sample gas. 

10. Before injecting check that the column, injector and detector 
temperatures are correct. 

11. Using your left hand grip the injector so that your hand is in a 
"thumbs down" postion (not too tightly) and using the stop watch 
in your right hand. Turn the injector switch up 
(counterclockwise) in one swift motion and time your injection, 
usually about 6 seconds. Once this is done turn the injector switch 
back down (clockwise) again in one swift motion. 

12.Wait for your CURVE and make sure the base line on the 
Labview program comes back to the initial range. 

*SEE FIGURE 4. 

Figure 4. 
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w 1 ! ™ ? * C O M M O N C 0 2 " N 2 OR C02-CH4 BINARY SYSTEM 
WITH ( (>2 SAMPLE INJECTION. 

C OMMON ERRORS AND PROBLEMS F. \roi lMTFP«rn 
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This section is strictly intended to aid the user with general information 
on problems that arise quite frequently. 

1. The first and foremost hardship the user will encounter is when 
switching the GC system on using the switch on the left hand side on 
the back of the machine. When turning the system on, immediately 
there will a FAULT MESSAGE saying either POWER 
FAILURE/WARM START or LOST CARRIER GAS or TCD 
FILAMENT TEMP LIMITED 

Solution: 

*PRESS THE RESET BUTTON ON THE MACHINE 

2. Often the connection to the detector will not be excellent. Hence 
sometimes the voltage values on the computer screen seem to 
fluctuate even though you know for a fact that the system is at 
steady-state. 

Solution: 

*PUSH ON THE METAL PIECE ON THE SMALL BLACK 
COMPARTMENT HOLDING THE INJECTOR ABOUT 20 TIMES. 

3. Often when changing a carrier gas for example when we would like 
to regenerate and switch one carrier to helium, the machine 
sometimes displays a fault message indicating a LOST CARRIER 
GAS even though by checking with the bubble meter we know that 
there is a carrier running through the system. 

Solution: 

* AGAIN PUSH THE RESET BUTTON ON THE MACHINE. 
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4. Often when doing the first injection using a pure carrier gas with the 
other set to 0, so for example 100% Nitrogen carrier and Carbon 
Dioxide sample the curve takes about 2 days to be completed and 
over 70 000 second readings on the computer. However excel only 
allows a maximum of 65000 points. 

Solution: 

*SET THE SCAN RATE ON THE COMPUTER SOFTWARE TO 1 
POINT PER 10 SECONDS. 

5. Almost always when we start approaching the high C 0 2 
concentrations, so towards the final few curves the data readings or 
data processing values may not be completely on par with the data 
one would expect to see. These injections are more difficult and must 
be done very carefully if the user would like accurate results. 

Solution: 

THESE CURVES DO NOT TAKE VERY LONG AND SEVERAL 
INJECTIONS CAN BE MADE AND THE BEST RESULTS CAN 
BE USED. ALSO, THE USER SHOULD DECREASE THE 
INJECTION TIME OF THEIR SAMPLE GAS TO 
APPROXIMATELY 2-3 SECONDS OR MAYBE EVEN LESS 
DEPENDING ON THEIR CURVES. 

6. When dealing with C02-N2 binary experiments the user will find 
that towards the higher C 0 2 concentrations mentioned in problem 5 
that the N2 sample injections from approximately 85%-100% C02 
concentrations reach a maximum voltage value and instead of 
observing a curve the user observes what appears to be a rectangular 
curve with the peak turning into a straight line and then decreasing 
to the baseline value. This is illustrated on the next page in figure 5. 
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Figure 5. 

Solution: 

*WHEN DOING THE N2 INJECTION KEEP THE INJECTOR UP 
(OPENED) AND PUSH ON THE METAL CONNECTION PIECE 
ABOUT 20 TIMES THEN TURN IT BACK DOWN. DO THIS UNTIL 
THE BASELINE VALUES AFTER THE CURVE ARE VERY CLOSE 
TO THE BASELINE VALUES BEFORE THE CURVE. 

7. FINAL PROBLEM 

The user may find a lack of information or perhaps an overwhelming 
amount of information at first. This may result in slower progress and 
many mistakes to be made. 

Soltuion: 



*ASK FOR HELP AND PROPER TRAINING, 
YOU ARE DEALING WITH AN EXPENSIVE 
PIECE OF EQUIPEMENT AND IT IS YOUR 
RIGHT TO BE SUPERVISED AND TRAINED. 
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