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ABSTRACT

Adsorption equilibrium and kinetic parameters for CO/clinoptilolite

adsorbate/adsorbent pair were determined by perturbation gas chromatography.

Chromatographic experiments were performed at temperatures in the 60-120°C range and

at carrier gas flow rates in the range of 10.31-24.36 em/sec. The chromatographic response

peaks were obtained by concentration pulse method. A packed column of 10 em length

and 0.46 em inlet diameter which was packed with clinoptilolite particles with narrow size

distribution (500-850 ~m) around mean diameter of301.9 ~m was used. The clinopti10lite

particles were excavated from Gordes, Western Anatolia. The moments of the response

peaks were calculated by integration of experimental chromatographic data and matched to

the .model parameters in order to determine the equilibrium constants and diffusion

coefficients. The dynamic model (Haynes and Sarma, 1973) was applied to describe the

adsorption and diffusion processes in the packed column. This model includes axial

dispersion, external mass transfer resistance, micropore and mesopore diffusion

resistances.

The equilibrium constants (Henry's law constants, K) were calculated in the range

of 40 - 952 and were found to be in good agreement with the results in the literature. These

constants were found to decrease with increasing temperature. The heats of adsorption

were obtained in the range of 54.15 - 57.14 kl/mol from the slope of van't Hoff plots and

compared with those in the literature. The heats of adsorption were found to be lower than

those reported in the literature obtained for the same adsorbate/adsorbent pair. The higher

heats of adsorption were explained by the smaller pore size, higher cation content of the

clinoptilolite and more accessibility of the cations in the clinoptilolite framework by CO

molecules. Heats of adsorption remained almost constant over the carrier gas velocity

range studied.
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The contributions of axial dispersion and other mass transfer resistances In

diffusion of CO in clinoptilolite were also determined. The total dispersion exhibited slight

change (average 0.035 see) with temperature implying that the micropore diffusional

resistance was not dominant for diffusion of CO in clinoptilolite under the experimental

conditions studied. The axial dispersion coefficient was determined in the range of 1.14

9.88 cm2/sec and the total mass transfer resistances were found between 0,02-0.06 sec. The

results showed that the mesopore diffusion resistance was the controlling mechanism in

CO diffusion in clinoptilolite. Mesopore diffusion coefficient was estimated as 2.98xlO-3

cm2/sec. This value was in good agreement with the theoretically determined value.
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oz

Karbon monoksit/klinoptilolit adsorbatladsorbent sistemi i~in adsorbsiyon denge ve

kinetic parametreleri perturbasyon gaz kromatografi yontemi ile belirlenmi$tir.

Kromatografik deneyler 60-120°C slcakhk ve 10.31-24.36 cm/sn ta~lYlclgaz htz araltgmda

ger~ekle~tirilmi~tir.Kromatografik yamt pikleri konsantrasyon atIm (pulse) yontemi ile

elde edilmi~ir. C;ah~mada 10 em uzunlugunda, 0.46 em i~ ~aph, 500-850 /lm par~aelk

btiyiikliigti dagdlml (ortalama ~aplarl 301.9 /lm) gosteren klinoptilolit par~aelklarl ile

doldurulmu~ kolon kullamlml~t1f. Klinoptilolit par~aelklan Batl Anadolu bolgesi,

Gordes'teki zeolit yataklanndan saglanrnt~tIr.Kromatografik yamt piklerinin momentleri

deneysel kromatografik verilerin entegrasyonu ile hesaplanml~t1fve adsorpsiyon denge ve

kinetik parametrelerinin belirlenmesi i~in uygun dinamik modelle e$le$tirilmi~tir.Haynes

ve Sarma'mn (1973) geli~tirmi~oldugu dinamik model dolgulu kolondaki adsorbsiyon ve

difuzyon olaylarmm a~lklamak i~in uygulanml~t1f.Bu model eksensel yaYlhm, par~aclk

ytizeyi kiitle ta~lmm direnei, mikrogozenek ve mezogozenek diren~lerini i~ermektedir.

Adsorpsiyon denge sabitleri (Henry YasaSl sabitleri, K) 40-952 arahgmda

hesaplanml~ ve literamrdeki degerlerle uygunluk gosterdigi goti.ilmu~ttir.Bu sabitlerin

artan sleakhkla azalml~tlr. Adsorpsiyon lSI degerleri van't Hoff egrilerinin egimlerinden

54.15-57.14 kJ/mol arahg.nda bulunmu~ ve bu degerler literattirdeki degerlerle

kar~lla~tlfllml~tlr. Bu kar~l1~ttrrna sonueu bu ~ah~mada belirlenen adsorpsiyon ISI

degerlerinin literattirdeki degerlerden daba ytiksek oldugu gortilmu~ ve bu kullamlan

klinoptilolitin daha kii~k gozenek boyutuna sahip olmasma, daha fazla katyon i~ermesine

ve katyonlann karbon monoksit molekiillerinee daha ula~llabilir konumda bulunmalanyla

a~lklanml~t1r.Adsorpsiyon ISIdegerleri ~ah~l1anta~IYlelgaz hlZlarahgmda sabit kalml~tlr.

Aynca karbon monoksitin klinoptilolit i~indeki difuzyonunda etkili olan eksensel yaYlhm

katsaYlslve diger kiide ta~mlm diren~leri de belirlenmi~tir. TopIam yaYlhmm sleakhk ile

fazla degi~memesi (ortalama 0.035 sn) ~ah~l1an deneysel ko~ullarda mikrogozenek
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direncinin karbon monoksitin klinoptilolit iyinde difuzyonunda baskm mekanizma

olmamasl ile aytklannu~ttr.

Toplam kiitle transfer direncinin 0.02-0.06 sn, eksensel yaythm katsaYlsmm 1,14

9,88 cm2/sn araltgmda degi~tigi belirlenmi~tir. Bu sonuylar, yalt~tlan deneysel ko~llarda

mezogozenek direncinin karbon monoksitin klinoptilolit iyindeki difuzyonunda etkin

mekanizma oldugunu gostermi~tir. Mezogozenek difuzyon katsaytst 2.98xlO-3 cm2/sn

olarak bulunmu~tur. Bu deger teorik olarak hesaplanan degerlerle uygunluk

gostermektedir .
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CHAPTER!

INTRODUCTION

There are critical environmental problems associated with air pollution,

including photochemical smog, acidic deposition, stratospheric ozone depletion

and the most significant one the world has ever faced is the global climate change.

Global climate has warmed during the past 150 years and it was predicted that the

earth's temperature will increase by about 0.9-3.5°C by the year 2100 [2]. There is

evidence that the atmospheric concentration of the greenhouse gases are increasing due to

gases emitted from man's activities causing the earth's average temperature to increase. The

main greenhouse gases are carbon dioxide (C02), methane (C~) and nitrous oxide (N20).

Much of the anthropogenic impact on the atmosphere is associated with the use of fossil

fuels as an energy source, for heating, transportation and electric power production.

Research on climate change foc.us on improvement of detection and prediction of

climate change, the effects of climate change on the physical and biological environment,

development of technologies and on reduction of greenhouse gas emissions. There is

increasing international environmental concern regarding the control of gaseous pollutant

emissions. Indu~try is being forced to develop economically feasible and effective methods

to reduce the pollutant emissions to acceptable levels by environmental regulations.

Conventional air pollution control methods involve adsorption, absorption,

condensation and combustion. Adsorption has advantages over other techniques such as

low energy consumption and usefulness for low sorbate concentrations. It is based on

preferential partitioning of adsorbate from the gaseous phase and accumulation on the

adsorbent surface. Microporous solids ar~ chosen as adsorbent to achieve high adsorptive

capacities for economic viability. The most commonly used commercial adsorbents in gas

separation and purification applications are carbon molecular sieves, activated carbons,

silica, alumina, synthetic and natural zeolites.
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Zeolites differ from the other traditional adsorbents. They have uniform pore size

distributions in the range of3-10 ~ depending on the type. These pores selectively adsorb

or reject the molecule based on the relative size of the molecule and the pore. However,

natural zeolites have not been examined in detail as molecular sieves due to their

inconsistency of composition and purification cost. Special interest has been devoted to

natural zeolites, especially on clinoptilolite in this study due to the large amount of

reserves (2 billion tonnes) in the Western Anatolia region. The objective of this study is to

determine the potential capacity of clinoptilolite for CO adsorption process.

The design of an effective adsorption separation process requires the determination

of kinetic and equilibrium parameters for the adsorbate-adsorbent pair of interest.

Adsorption equilibrium data characterizes adsorption capacity of the adsorbent which is

dependent on the pressure, temperature, surface area and porosity of the adsorbent, and the

nature of the adsorbate-adsorbent interactions. It gives information on how strongly the gas

is adsorbed. Equilibrium data is also important for gas separation applications, since the

separation factor is expressed as the ratio of Henry's Law constants for the components.

Therefore, using pre-determined Henry Law constants, it is easy to select the suitable

adsorbent for the specific separation process.

Most experimental studies on adsorption kinetics and equilibrium of zeolites are

performed by volumetric or gravimetric method. Gas chromatography method is applicable

for in a wider range of diffusivity. The concentration pulse chromatography method was

used. This method involves the perturbation of the sorbate-free column that was initially

brought to equilibrium with a flowing pure carrier gas by either a pulse of the pure

adsorbate. Then, the detector output was monitored as a function of time. The analysis and

interpretation of the experimental chromatographic data requires a mathematical model.

The dynamic model developed by Haynes and Sarma (1973) offers the most suitable

model to describe the diffusion and adsorption processes in a column packed with biporous

adsorbent. The adsorption equilibrium and diffusion parameters can then be derived by

matching the experimental parameters to the model parameters.
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CHAPTER 2

AIR POLLUTION

Air pollution is an important problem for human health and the natural

environment. It can be defined based on the concentration of pollutant gas in the

environment. The composition of clean air used as a benchmark is given in Table 2.1.

Table 2.1. Concentration of atmospheric gases in clean air [1]

Component

Nitrogen (Nz)
Oxygen (Oz)

Argon(Ar)
Carbon dioxide (COz)

Neon (Ne)
Helium (He)
Methane (CRt)
Krypton (Kr)
Hydrogen (Hz)

Dinitrogen oxide (NzO)
Carbon monoxide (CO)
Xenon (Xe)
Ozone (03)

Ammonia (NH3)
Nitrogen dioxide (NOz)
Nitric oxide (NO)
Sulphur dioxide (SOz)
H dro en suI hide zS

Concentration

(% by volume)

78.09
20.95

0.93
0.032
0.0018
0.00052
0.00015
0.0001
0.00005
0.00002
0.00001
0.000008
0.000002
0.0000006
0.0000001
0.00000006
0.00000002
0.00000002

If the concentration of a constituent is higher than the concentration present in the

atmosphere, it is then termed as an air pollutant. The major pollutants include sulfur

dioxide, carbon monoxide, nitrogen oxides, ozone, suspended particulate matter, lead,

carbon dioxide, and toxic pollutants. Although some pollutants are released by natural
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sources, the effect is very small when compared to emissions from industrial sources,

power and heat generation, waste disposal, and the operation of internal combustion

engines. Table 2.2 gives brief information about typical sources of these pollutants.

Table 2.2. Typical sources for air pollutants

Source Typical air pollutants emitted

Transportation

CO, Pb, NOx,03

Stationary
CO, Pb, NOx, particulate matter, S02(power plants, industrial processes)

Solid Waste Disposal

S02, CO

Miscellaneous (Forest fires, asphalt road paving,
CO, NOx, particulate matter, S02

coal mining etc.)

Air pollution has some potential negative impacts on natural systems, national

economies, and life quality which could be destructive for human health, ecosystems, food

security and water resources in some regions of the world.

Global warming is one of the most important effects of air pollution which is

attributed to the increase in concentration of naturally occurring or man-made greenhouse

gases in the upper atmosphere. It causes heat and radiation balance of the Earth to change

significantly. Figure 2.1 shows the variation in global temperature. Global temperature has

increased about O.soC over the last 100 years. The 20th century's 10 warmest years

occurred within the last 15 years. Moreover if the gases continue to accumulate, according

to the projections based on atmospheric computer models, the average global surface

temperature coul~ rise 0.9-3.5°C by 2100 [2].

The snow cover in the Northern Hemisphere and floating ice in the Arctic Ocean

have decreased. Globally, sea level has risen 10-25 cm over the past century. Worldwide

precipitation over land has increased by about 1 %. The frequency of extreme rainfall

events has increased. Increasing concentrations of greenhouse gases are likely to accelerate

the rate of climate change, thus evaporation will continue to increase as the climate warms

leading average global precipitation to increase. Moreover, soil moisture is likely to

decline in many regions, intense rainstorms are likely to become more frequent, and sea

level is likely to increase [3].
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Figure 2.1. Global temperature changes (1861 - 1996)

(Intergovermental Climate Change Panel, 1995)

2.1. Carbon Monoxide

Since carbon monoxide is that of particular interest in this study, the next part is

dedicated to discuss the sources, health effects, present air pollution situation based on

carbon monoxide emission, standards and control methods of carbon monoxide emissions

in details.

Carbon monoxide is colourless, tasteless, odourless, pOlsonous, flammable and

chemically inert under normal conditions. It survives in the atmosphere for a period of

approximately one month and eventually is oxidized to carbon dioxide (C02) [4]. CO is

defined as an "indirect green house gas" together with NOx, VOC and S02 in

Intergovermental Climate Change Panel.

2.1.1. Carbon Monoxide Sources

Carbon monoxide is emitted from both natural and anthropogenic sources.

According to Argonne National Laboratory reports, the major natural source is the

oxidation of methane gas from decaying vegetation producing 3.5 billion tonnes of CO

yearly [5].
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The major anthropogenic carbon monoxide sources are mobile sources including

transportation, and stationary sources like power plants, industrial processes and solid

waste disposal areas. These sources and their approximate CO emissions are summarized

in Table 2.3.

Table 2.3. Sources and quantities of carbon monoxide emissions [5]

Source

Emissions, 106 toones/year

1968

1970197519771980

Transportation

102.5100.677.285.769.1

Fuel combustion in stationary sources
1.8

0.71.51.22.1
(power and heating)

Industrial processes

7.710.37.78.35.8

Solid-waste disposal and
24.8

23.39.87.58.4
miscellaneous

Total

136.8134.896.2102.785.4

The combustion of coal, oil, and gasoline are the major sources for CO. 80 % of the

carbon monoxide comes from burning gasoline and diesel fuels in vehicles. The amount of

carbon dioxide produced depends on the carbon content of the fuel. The average CO

emissions from transportation estimated in 1968, 1970, 1975, 1977, and 1980 were about

78.8 % of the total. In European urban areas, the produced CO is almost 90 % from traffic

emissions. Elevated carbon monoxide levels are most likely to occur during the colder

months in urban areas. The emissions from mobile sources are based on vehicle miles

travelled (VMT) data as given in Table 2.4 [6].

Table 2.4. Unleaded gasoline exhaust products per Vehicle Mile Travelled [6]

Exhaust Products
Emissions

grams

percent of totalmolespercent of total

Carbon Dioxide (CO2)

272.3869.386.1949.01

Water Vapor (H2O)
109.4227.886.0848.14

Methane (CltJ)
0.080.02<0.010.07

Nitrogen Oxides (NOx)
0.87

0.220.020.16
Nitrous Oxide (NzO)

Carbon Monoxide (CO)

9.002.290.322.53

Nonmethane Hydrocarbons (CnHm)

0.860.210.010.09
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As a result of long-term improvements in CO emission control, CO emissions

decreased by 38 % between 1981 and 1991, while vehicle miles travelled increased by 35

%, as shown in Figure 2.2.

Percent Of
1981 level

150
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• carbon monoltide D vehicle mile9emission travtllled

Figure 2.2. CO emission trend from vehicles

In 1997, the world fossil fuel industry produced 5.2 billion tons of coal, 26.4 billion

barrels of petroleum and 81.7 trillion cubic feet of natural gas. 6.2 billion metric tons of

carbon was emitted as a result of the combustion of these carbon-based fuels into the

atmosphere contributing to global warming [8]. One solution to lower the CO gas

emissions from the power plants is the adoption of renewable energies. These energy

sources range from solar, wind, and hydro to fuel cells powered by hydrogen.

Other major anthropogenic sources of carbon monoxide emissions are chemical and

metallurgical industry including iron and steel mills, zinc, lead, and copper smelters,

municipal incinerators, petroleum refineries, cement plants, and nitric and sulphuric acid

plants where carbon monoxide is used as an industrial chemical or as a fuel. Carbon

monoxide is commonly emitted by industry as a result of incomplete combustion of

carbon-containing material; for example the exhaust gases of gasoline, diesel, and propane

engines. If the temperature of combustion is not sufficiently high, oxygen is not enough, or

the time is not sufficient for complete burning, then the fuel will not be completely

oxidized to carbon dioxide. The following reaction expresses incomplete combustion of

methane:

C~ + O2 ~ mostly (C02 + H20) + traces of [CO + Hydrocarbons]
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Solid-waste disposal and miscellaneous causes including forest fires, structural

fires, coal refuse, and agricultural burning were reported as the second largest source of

anthropogenic carbon monoxide.

2.1.2. Effects of Carbon Monoxide on Health

It was reported that CO levels in ambient air may reduce the oxygen-carrying

capacity of the blood, since it has 200 times greater affinity for hemoglobin than oxygen.

Table 2.5 gives the effects of different levels of CO in the air.

Table 2.5. Health effects of CO concentration in the air [5]

CO Level m
1-3

20-60
60-150
150-300
300-650
700-1000
1000-2000
over 2000

Effect
None

Reduced capacity for work exposure limits for 8-hour day
Frontal headache, shortness of breath on exertion
Throbbing headache, dizziness, nausea, lower dexterity
Severe headache, nausea, vomiting, confusion, collapse
Coma, convulsions
Heart and lungs depressed, fatal if not treated
Ra idl fatal

2.1.3. Carbon Monoxide Emission Standards

In USA, national primary and secondary ambient-air-quality standards were set and

incorporated into the Clean Air Act amendments in 1970. The 1970 national ambient-air

quality standards established the threshold levels below which no adverse effects are

known to occur as given in Table 2.6. Primary standards is based on air quality criteria for

protection of public health, while secondary standards were established to protect public

welfare, i. e., plants, animals, property and materials. Maximum 8-hour and I-hour carbon

monoxide concentration standards should not be exceeded more than once a year (7].

Table 2.6. USA national ambient air quality standards for CO

Pollutant Primary and Secondary Standards

Maximum 8-hour concentration

10 ppm (12.5 mg/m3)

Maximum I-hour concentration

40 ppm (50 mg/m3)
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2.1.4. Air Quality in Turkey based on CO Emissions

CO is released to the atmosphere from fuel consumption, industrial processes and

combustion of agricultural wastes. While CO emission was reported as 3,773,000 tonnes in

1990, this value was increased to 4,198,000 tonnes in 1997, in Turkey. In 1997, 87.82 % of

those emissions was due to fuel consumption, 1.56 % from industrial processes, and 10.61

% from agricultural combustion facilities. Percent contribution from major sources in the

1990-1997 period is given in Table 2.7 [9).

Table 2.7. Percent CO emission contributions from the major sources in Turkey [10]

Source

Percent Contribution to CO Emission (%)

1990

1991199219931994199519961997

Fuel consumption

86.3586.0187.1887.0688.3587.9187.5387.82

Industrial processes

1.591.481.461.471.481.561.581.56

Combustion of
12.06

12.5111.3611.4710.1710.5310.5910.61
agricultural wastes

Trend for energy-related CO emissions are sketched in Figure 2.3. Since 1980,

Turkey's energy-related carbon emissions have jumped from 18 million metric tons

annually to 47.1 million metric tons in 1998. Although this is low compared to other

Energy Information Administration countries, the upward trend and the rate of increase are

alarming [10).
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Figure 2.3. Turkey's energy related carbon (CO and CO2) emissions

(Energy Information Administration, EIA) [10]
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In Turkey, the government and municipalities have taken several measures to

reduce pollution from energy sources in order to meet EU (European Union)

environmental standards. Flue gas desulfurization (FGD) units are required on all newly

commissioned coal power plants and retrofitting FGD onto older units. In addition, the

planned "Blue Stream" natural gas pipeline from Russia should provide the necessary

supplies for Turkey to rely more heavily on cleaner-burning gas rather than coal [10].

Turkey also needs to maintain and increase investments in public transport

especially in urban areas and improve the implementation of existing regulations on air

quality in order to reduce air pollution. Additionally, it is required to improve the quality of

oil products and promote investments in the environmental control system [10]. Present air

quality standards for CO are given in Table 2.8 and 2.9.

Table 2.8. Air quality limit standard for CO in Turkey [11]

Pollutant

Carbon Monoxide (CO)

Long- Term Limit

10 mg/m3

Short-Term Limit

30 mg/m3

Table 2.9. Long-term air quality standards proposed by WHO for Turkey [11]

Pollutant

Carbon Monoxide

(CO)

Assessment

8-hour averaged daily
maXImum

Long- Term Limit

10mg/m3
40 mg/m3

Turkey is not a signatory to the United Nations Framework Convention on Climate

Change (UNFCC) or to the Kyoto Protocol, meaning the country has no binding

requirements to cut carbon emissions by the 2008-2012 period as most other IEA countries

have. However, Turkey has established a National Climate Coordination Group (NCCG) to

carry out the national studies in line with those conducted by all countries of the UNFCC.
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2.1.5. CO Emission Control Methods

Environmental regulations force industry to develop economically feasible and

efficient methods to reduce the pollutant emissions to acceptable levels. Control of

pollutants at the source is far more desirable than control by dilution in the ambient air.

Adsorption, absorption, condensation and combustion are four basic control methods.

Adsorption is widely used in industrial processes and environmental applications,

because of its low energy consumption and usefulness for low sorbate concentrations. The

first step in the development of an adsorption separation process is the choice of a suitable

adsorbent to maximize the adsorption capacity. Preferential affinity for specific substances

and large surface area per unit volume provided by the internal pores of the solid are two

key characteristics of solid adsorbents [12].

The use of solids for removing substances from gaseous mixtures accompanies by

preferential partitioning of substances from the gaseous phase and accumulation on the

adsorbent surface. To achieve the sufficient adsorptive capacities for economic viability,

microporous solids with pore diameter ranging from a few A to a few hundred A and with

high specific surface area about 200-2000 m2/g are employed. The quantity of gas

adsorbed by a solid depends on pressure, temperature, the nature of the gas, and the nature

of the solid. The most commonly used commercial adsorbents in gas separation and

purification applications are given in Table 2.10.

In the traditional adsorbents, there is a distribution of pore size. On the other hand,

molecular sieve zeolites and carbon molecular sieves have a well defined bimodal pore

size distribution since they are made of small particles of the microporous solids formed

into macroporous particles or pellets. The dehydrated crystalline zeolites show the most

important molecular sieve effects due to the uniform pore sizes (3-10 A) which are

uniquely determined by the unit structure of the crystal. These pores selectively adsorb or

reject the molecule based on the relative size of the molecule and the pore [13].
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Table 2.10. Commercial adsorbents for gas separation and purification applications

Bulk Gas Separations (a)
Adsorbent

Separation

Zeolite

Normal paraffins, isoparafins, aromatics,

N.J02, H2O/ethanolCarbon molecular sieve

021N2

Zeolite,
CO, C~, C02, N2, Ar, NH31H2Activated carbon

Activated carbon

Acetone/vent streams, C2HJvent streams

Gas Purifications (b)Adsorbent

SeParation

Silica, Alumina,

H20/olefin-containing cracked gas, natural gas,
Zeolite

air, synthesis gas

C02/C2~, natural gas
Sulfur compounds/natural gas, H2,Zeolite

liquified petroleum gas
NOx/N2, SO.Jvent streams,Hglchlor-alkali cell gas effluent

Activated carbon

Organics/vent streams, Solvents/air, Odors/air

(a)Adsorbate concentrations of about 10 weight % or higher in the feed

(b)Adsorbate concentrations generally less than about 3 weight % in the feed
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CHAPTER 3

ZEOLITES

3.1. History, Formation and Occurrences of Zeolites

Thousands of years ago ancient people have recognized that zeolites can absorb

moisture and heat, act as a natural air conditioner as well as a building material in

pyramids and other ancient buildings.

It was believed that the Mayan pyramids and buildings at Chichen Itza in the

Yucatan in Mexico had been built by limestone during the last century. Many scientists

thought that these large limestone blocks were moved by manpower alone over 160

kilometres. In point of fact, most of the large building blocks used by the Mayans at this

site were light weight zeolite blocks moved only about 48 kilometres and through the

centuries dust particles and sediment from rains and floods resulted to fill the zeolite

crystalline structure making them heavier [14].

Zeolites were first recognized by Cronstedt in 1756, as a new group of minerals

consisting of hydrated aluminosilicates of the alkali and alkaline earths with his discovery

of stilbite. Cronstedt called the mineral a "zeolite" derived from two Greek words: "zeo' ,

and "Iithos" meaning "to boil" and "a stone" [15].

The study of the adsorption of gases and vapours on solids dates from Gideon's

tests on fleece in 1100 B.C. In 1840, Damour has found that zeolite crystals could be

reversibly dehydrated without apparent change in their transparency or morphology.

Eichhorn has discovered the reversibility of ion exchange on zeolite minerals in 1858. St.

Claire Deville has reported the first hydrothermal synthesis of a zeolite, levynite, in 1862.

In 1896, Friedel has noted that the structure of dehydrated zeolites consists of open spongy

frameworks by observing the adsorption of alcohol, benzene and chloroform on dehydrated
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zeolites. In 1909, Grandjean has observed that dehydrated chabazite adsorbs ammonia, air

and hydrogen. In 1925, Weigel and Steinhoff reported the first molecular sieve effect

noting that dehydrated chabazite crystals rapidly adsorbed water, methyl alcohol, ethyl

alcohol and formic acid while excluding acetone, ether or benzene. Taylor and Pauling

determined the first structures of zeolites in 1930. In 1932 McBain established the term

"molecular sieve" to define porous solid materials that act as sieves on a molecular scale.

By the mid-1930's, the literature described the ion exchange adsorption, molecular

sieve, structural properties and synthesis of zeolite minerals. However, synthesis work has

not been verified due to incomplete characterization and the difficulty of experimental

reproducibility. Barrer studied synthesis of zeolites and their adsorption properties in

1930's and 1940's and the first classification of zeolites based on molecular size has been

presented in 1945. In 1948, he reported the first definitive synthesis of zeolites including

the synthetic analogue of the zeolite mineral mordenite. Work carried out in the late

1940's by Milton and Breck et al. They synthesized the first completely determined new

zeolitic structure, named Zeolite A [15].

Natural zeolites are often formed during low-temperature metamorphism of

volcanic glass-like quenched molten rocks or volcanically-derived sediment that are

immersed in aqueous environment. Composition and pore size depend upon the type of

rock minerals involved [16]. For 200 years, natural zeolites were considered to occur

typically as minor constituents of basaltic and volcanic rocks. However, geologic

discoveries in the 1950s and 1960s showed that some natural zeolites might occur also in

sedimentary deposits [15].

Natural zeolites are occurred in the widespread tuffaceous volcanic rocks of

Arizona; Hoodoo Mountains and the Yucca Mountains in Nevada, Washington, Oregon

and California, USA. Also found in Syria, Austria, Bulgaria, British Columbia, Canada,

Germany; Italy, Japan, New Zealand, India and Turkey. Locations and types of the natural

zeolites in Turkey are given in Table 3.1.

The deposit in Bigadiy, Western Anatolia Region was reported as about 2 billion

tonnes [18, 19, 20]. Giindogdu [21] reported that heulandite---clinoptilolite content of

Bigadiy and Gordes zeolites was about 80 % and clinoptilolite was the major mineral in

Bigadiy. Ozkan and Ulkii [17] reported the available zeolite reserve in Bahkesir-Bigadiy

region as 500.000 tonnes and total reserve as 50 billion tonnes.
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Table 3.1. Natural Zeolite Deposits in Turkey [17]

Location Type of Natural Zeolite

Bahkesir, Bigadiy

Clinoptilolite

Emet, Yukan Yoncaagay

Clinoptilolite

izmir, Urla

Clinoptilolite

Kapadokya Region (Tuzkoy, Karain)

Clinoptilolite

GOrdes

Clinoptilolite

Bahyecik, Gulpazan, GOynuk

Analcime

Polath, MUlk, Oglakyl, Aya~

Analcime

Nahhan, Caytrhan, Sabanozti

Analcime

Kalecik, Candar, Hasayar

Analcime

3.2. Structure of Zeolites

Zeolites are three dimensional, microporous, hydrated crystalline aluminosilicates

of group LA and group IIA elements such as sodium, magnesium, potassium, calcium,

strontium, and barium. They have a regular structure of pores and chambers.

The structural formula based on the crystallographic unit cell is represented by

Mxln[(AlOz)x(SiOz}y]. wHzO, where M is Na, K, Li and/or Ca, Mg, Ba, Sr, n is the cation

valance, w is the number of water molecules. The ratio y/x (Si/ Al ratio) usually lies within

the range of 1 to 6 depending upon the structure. The sum (x+y) is the total number of

tetrahedra in the unit cell. The [(AlOz)x (SiOz)y] portion represents the framework

composition.

The empirical oxide formula for natural zeolites is given by Mz/nO·Alz03·ySiOz·

wHzO where y is 2 to 10 since Al04 tetrahedra are joined only to Si04 tetrahedra, n is the

cation valance, and w represents the water contained in the voids of the zeolite.

There are three relatively independent components in the zeolite structure: the

aluminosilicate framework, exchangeable cations and zeolitic water. The alumino silicate

framework is constituted by primary building units. This unit is a tetrahedron, the centre of

which is occupied by silicon or aluminium atom, with four oxygens atoms at the vertices as

shown in Figure 3.1 [13].
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Figure 3.1. An [AI04]5- or [Si04t tetrahedra (primary building unit)

These Si04 and AI04 tetrahedra are linked to each other by sharing all of the

oxygens and form secondary building units (SBU) as indicated in Figure 3.2 [13].
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Figure 3.2. Secondary building units of zeolite framework

In this figure each vertex represents the location of a Si or AI atom while the lines

represent the diameters of the oxygen atoms or ions which are very much larger than the

tetrahedral Si and AI atoms. These SBU's are further interconnected and form the infinitely

extended framework of the zeolitic crystal structures with interconnecting channels that

range in size from 2 to 4.3 A (Figure 3.3).
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Figure 3.3. The primary building units combine

to form the secondary building units

Si and AI which are not exchanged under ordinary conditions are termed as

tetrahedral (T) or framework cations. The substitution of aluminium ion for silicon ion

results in a net negative charge on the framework, which is balanced by monovalent or

divalent cations. Since these cations are loosely bound to the lattice, they can be

substituted by other cations to varying degrees, thus they are referred as exchangeable or

extra-framework cations. They are located at specific sites within the void spaces and

interconnected channels of the framework together with water molecules.

The water content depends on the character of those cations. Under ordinary

conditions water molecules completely fill the free volume of channels and voids in the

zeolite structure. The intracrystalline volume occupied by water may amount to as much as

50% of the volume of the crystal. This intracrystalline "zeolitic" water can be removed

continuously and reversibly. Then, the free inner volume of the zeolite can be calculated

by measuring the volume of the water released under heating in vacuum. The capacity of

the zeolite for adsorption is usually related to this free space or void volume [22].

This framework structure containing channels or interconnected voids that are

occupied by the cations and water molecules allows some molecules to pass through, and

causesothers to be excluded.
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3.2.1. Internal Cbannel Structures and Apertures in Zeolites

Zeolites have various internal channels and void spaces, which gives zeolites the

ability to separate mixtures of molecules on the basis of their effective sizes. Three types of

channel systems are identified for zeolites as: one-dimensional system in which the

channels do not intersect as that of anaclime, two-dimensional systems, as found in

clinoptilolite and three-dimensional channels. The free diameter of all three-dimensional

channels is equal as in chabazite, faujasite, erionite or channels are not equidimensional as

in gmelinite and offretite. The preferred type has 2 or 3 dimensional channels to provide

rapid intracrystalline diffusion in adsorption and catalytic applications.

The nature of the void spaces and the interconnecting channels in dehydrated and

hydrated zeolite crystals and the interaction of molecular species with cations within the

channel openings are important in determining the physical and chemical properties. These

internal channels and void spaces are accessed through oxygen windows which are formed

by oxygen atoms of connected tetrahedra. In general, these windows involve 6, 8, 10, or 12

oxygen atoms. If these oxygen windows are assumed to be planar and assuming oxygen to

have diameter of 2.7 ~ the free diameter of the windows can be calculated as given in

Table 3.2, where "n" represents the number of oxygen atoms [15].

Table 3 .2. Estimated diameters of planar configuration

n
Diameter (A)

4

1.1
5

1.9
6

2.7
8

4.3
10

6.0
12

7.7

On the other hand, temperature is an important factor in determining the aperture

size, the effective size increases with increasing temperature due to thermal vibration of the

oxygens in the aperture rings.

The free diameter of the windows in the intracrystalline channel structure

determines the intracrystalline diffusivity and the molecular sieve properties. Molecules

with critical kinetic diameters smaller than the free window diameter may penetrate these

18



windows. Furthermore, the interaction between the adsorbing molecules and the oxygen

atoms in the windows is important. For example, the kinetic energy of the diffusing

molecule determines whether it can surmount the potential energy barrier created by the

window into the crystal interstices. The free diameter of these windows is reduced

depending on the number and nature of the blocking cations and causes the diffusivity of

the guest molecules to reduce. Therefore, it is possible to obtain molecular sieve separation

between molecules by substitution of cations.

3.2.2. Adsorption Properties of Zeolites

Zeolites have a high internal surface area available for adsorption due to the

channels or pores distributed throughout the entire volume of the adsorbent. The external

surface area of the adsorbent particles contributes only a small amount of the total

available surface area [13]. Separation of gases by zeolites depends on the structure and

composition of the framework, cationic form and the zeolitic purity. Different cationic

forms may lead to significant differences in the selective adsorption of a given gas, due to

both the location and size of the interchangeable cations which affect the local electrostatic

field, and the polarization of the adsorbates. The energetic characteristics of the adsorption

of different gases in natural and synthetic zeolites have been studied extensively.

The adsorbate molecules with critical size smaller than the critical dimension for

entry of the zeolite can access into the clinoptilolite channel. The adsorption capacity of

zeolties was also determined by the strength of the sorbate-adsorbent interaction [23].

Moreover, the polarizability, electric dipole moments and molecular sizes of adsorbate

molecules, and polarizing power of the cations and their location in the zeolite framework

have also important effects on adsorption properties of zeolites. [24]. These effects were

examined and it was concluded that as the polarizing power of cation increased the

diffusivity decreased [25]. The size and polarizing power values for common cations in

zeolite framework are given in Table 3.3.

Since the CO molecule is of interest in this study, its dimensions and kinetic

properties are given in Table 3.4, based on Pauling's values of bond lengths and van der

Waals radii of molecule [13]. The critical diameter value corresponding to the cross

sectional diameter of CO molecule, dumbbell-shaped molecule, is the critical dimension

for penetrating the zeolite.
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Table 3.3. Physical characteristics of the exchangeable cations

Cation

Ionic Radius
Polarizing Power

(A)
(0)

W
-
-

Na+
0.951.05

K+
1.330.75

Cs+
1.690.59

Mg2+
0.653.08

Ca2+
0.992.02

Ba2+
1.351.48

When the zeolite channels are large enough to allow the free passage of CO

molecule, the retention volume is related to the electrostatic interaction of the CO molecule

with the adsorption sites of the zeolite. The strength of such interaction depends mainly on

the local electrostatic field resulting from the ionic nature of the zeolite framework and on

the polarity (dipole and quadrupole moments) and/or polarizability (induced dipole) of the

CO molecules [26]. Breck [13] and Barrer [27, 28] showed that CO exhibits high retention

volume in most of the cases due to its permanent dipole moment which is the most

important electrical component of the overall interaction energy.

Table 3.4. Physical characteristics of Carbon Monoxide

Dipole
(Debye)

0.12 0.33

Polarizability
(A3)

1.60

Kinetic Diameter

(A)

3.76

Critical Diameter

(A)

4.2 x 3.7

3.3. Classification of Zeolite Structures

There are over 45 known different framework topologies for natural zeolites, and

nearly 150 synthetic types have been reported. Some of the natural zeolites are:
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Analcime (Hydrated Sodium Aluminum Silicate)

Chabazite (Hydrated Calcium Aluminum Silicate)

Clinoptilolite (Hydrated Sodium Potassium Calcium Aluminum Silicate)

Edingtonite (Hydrated Barium Aluminum Silicate)

Epistilbite (Hydrated Calcium Aluminum Silicate)

Erionite (Hydrated Sodium Potassium Calcium Aluminum Silicate)

Goosecreekite (Hydrated Calcium Aluminum Silicate)

Gmelinite (Hydrated Sodium Calcium Aluminum Silicate)

Harmotome (Hydrated Barium Potassium Aluminum Silicate)

Heulandite (Hydrated Sodium Calcium Aluminum Silicate)

Laumontite (Hydrated Calcium Aluminum Silicate)

Levyne (Hydrated Sodium Calcium Aluminum Silicate)

Mesolite (Hydrated Sodium Calcium Aluminum Silicate)

Mordenite (Hydrated Sodium Potassium Calcium Aluminum Silicate)

Natrolite (Hydrated Sodium Aluminum Silicate)

Phillipsite (Hydrated Potassium Sodium Calcium Aluminum Silicate)

Scolecite (Hydrated Calcium Aluminum Silicate)

Stellerite (Hydrated Calcium Aluminum Silicate)

Stilbite (Hydrated Sodium Calcium Aluminum Silicate)

Thomsonite (Hydrated Sodium Calcium Aluminum Silicate)

These natural zeolites can be classified into seven groups based on framework

topology as given in Table 3.5 [13].

Table 3.5. Classification of zeolites based on framework topology

Groups
Secondary Building Units (SBU)

1

Single, 4-ring, S4R
2

Single, 6-ring,S6R
3

Double, 4-ring, D4R
4

Double, 6-ring, D6R
5

Complex 4-1, T5010 unit
6

Complex 5-1, T8016 unit
7

Complex 4-4-1, T 10020 unit
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Another classification of zeolites is based on the structural variations as chain-like

structures whose minerals form needle-like crystals such as natrolite, sheet-like structure

where crystals are flattened with basal cleavages including heulandite, and framework

structures where the crystals are more equal in dimensions such as chabazite.

3.4. Clinoptilolite

The group 7 zeolites include the morphologically lamellar zeolites; heulandite,

stilbite and clinoptilolite. Samples of heulandite structure can be classified according to

optical, thermal and other properties as heulandite, high-silica Heulandite, low-silica

clinoptilolite (Ca-Clinoptilolite) and high-silica clinoptilolite (Clinoptilolite). The minerals

with enhanced Ca, Sr and Ba content with respect to Na and K are termed as Heulandite,

whilethe others are called as Clinoptilolite [22].

Clinoptilolite is silica-rich member of the heulandite group of minerals and it

differs from heulandite only in framework and exchange ion composition, not 10

framework structure. The mineral occurs in extensive deposits throughout the world.

Clinoptilolite can be represented by the typical oxide formula as:

(Na2, K2) 0 . Ah03' 10 Si02' 8 H20

Unit cell contents of clinoptilolitie can be expressed as:

(K2,Na2, Ca)30 . (Al02)6 . (Si02ho' 24H20

The unit cell of clinoptilolite is monoclinic (or obliquely inclined) and usually

characterized on the basis of 72 oxygen atoms and 24 water molecules, with Na+, K+, Ca2+,

and Mg2+ as the most common charge-balancing cations. Representative unit cell

parameters are a=1.762 nm, b=1.791 nm, c=O.730nm, f3=2.029 rad. [29] and the

corresponding unit cell volume is 2.091 nm3. Some of the structural properties of

clinoptilolite are given in Table 3.6 [13].

Because of the higher Si fAt ratio found in clinoptilolite, it exhibits thermal stability

to 700°C in air. The amount of water lost below 800°C varies from 7.8 wt % for cesium

containing clinoptilolite to about 15.5% for Mn, Li, and Sr containing clinoptilolite.
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Table 3.6 Structural Properties ofClinoptilolite

SBU
Void Volume

Framework Density
Dehydrated-Effect of Dehydration
Largest Molecule Adsorbed
Kinetic Diameter, cr, A
Density
Si/Al

Unit 4-4-1
0.34 cc/cm3

1.71 gI cm3

Very stable in air up to 700cc
02
3.5

2.16 glcm3
4.25 - 5.25

Clinoptilolite is assigned to the same framework (BEU) in which 4-4-1 secondary

building units are joined in a layer-like array as shown in Figure 3.4 The layers are joined

to create 8- and 10- membered oxygen windows. The 2-D channel system is apparent in

the clinoptilolite. Channel A contains 10 - member ring, channel B of 8 - member ring is

parallel to channel A and channel C of 8 - member ring lies along the crystallographic a

axisand intersects both A and B channels. These channels are shown in Figure 3.5.

Figure 3.4. Clinoptilolite framework

system

c

La 10810

8
C

8

C

8

C

A

BAB

Figure 3.5. Orientation of c1inoptilolitechannel axes [30]
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Diffusion within a pore structure is composed of inaccessible regIOns

corresponding to the rigid framework, active sites, windows between cages and free

volume within a cage. Gas penetrates the clinoptilolite structure through a series of

intersecting channels along the a and c axes, not along b axis [30]. The approximate

channel dimensions and cation sites where various cations can be positioned are given in

Table3.7 [31, 13] and illustrated in Figure 3.6.

Table3.7. Channel Characteristics and Cation Sites in Clinoptilolite

Channel

Tetrahedral Ring Size!CationMajorApproximate Channel Dimensions
Channel Axis

SiteCations (mnxnm)

A

101 cM(I)Na, Ca 0.72 x 0.44
B

8/cM(2)Ca, Na 0.47 x 0.41
C

8/aM(3)K 0.55 x 0.40
A

10 I cM(4)Mg 0.72 x 0.44

Figure 3.6 Main components in the clinoptilolite structure [22].
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The type, number, location of the cations and relative size of the channels and

cations may cause various degree of channel blockage as shown in Figure 3.7.

~31

Il 0

C
E..a.: •• ,""

••. M(3) &ite

b. M(4) site

•• ca.&O_

c. M (1), M(2) sites

Figure 3.7. Channel blockage diagrams [30]

The channel blockage by cations affects the adsorption capacity, selectivity and

uptake rates especially for a small molecule such as water vapour as shown in Figure 3.8.

In this figure, the case A represents the effects of small cation molecule in the lattice, B

that of large cation molecule in the lattice and case C that of intermediate size cation

moleculein the lattice on molecular sieve properties of the clinoptilolite.

A
mati carion molecule

in rIIe/attice

B
largecQrion mof~cule

c
Intermediate size

cation molecule

• water .Cation molecule
EFFECT OF IONIC RADIUS.

Figure 3.8. Effect of cation and molecule radius on

molecular sieve properties of clinoptilolite [32]
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The windows may also be blocked by adsorbed molecules reducing the probability

of passage through that window. The diffusivity is reduced more strongly by molecules

within the intersections, since blockage of an intersection prohibits passage through four

differentchannel segments.

3.5. Industrial Applications of Zeolites and Clinoptilolite

Zeolites are one of the most suitable materials in environmental pollution control,

separation science and technology. Zeolites were also employed as additive to food

products in order to eliminate radiation from citizens exposed to the Chemobyl disaster in

the former Soviet Union [14]. Other interesting applications of zeolites include their uses

as talcum powder and other health products in Hungary and as feed to animals for weight

gainand health benefits, also in paper and concrete in japan due to lightweight, flexibility,

excellent thermal and acoustic properties. The uses of zeolites can be categorized into four

functional groups as ion exchange, catalytic applications, water adsorption and gas

adsorption.

3.5.1. Ion Exchange Applications of Zeolites

The highly selective cation exchange capacity make zeolite useful in some

applications such as in detergents, controlling of cations in water systems, aquaculture,

agriculture and nuclear waste treatment processes. Ion exchange process occurs when

water molecules pass through the channels and pores allowing cations in the solution to be

exchanged for cations in the zeolite structure. Solution strength, pH, temperature and the

presenceof other competing cations in the solution can affect the ion exchange selectivity

and capacity. Each zeolite mineral has different selectivity and capacity of exchange of

internalcations for other cations depending on the ion and channel diameter.

Natural zeolites such as chabazite, mordenite, clinoptilolite have been found also

suitable for the removal and recovery of cesium and strontium radioisotopes in the nuclear

industry. Zeolites are preferred because of their resistance to high doses of radiation and

high selectivity in contrast to resin ion exchangers that loose capacity and selectivity under

irradiation. Zeolite can remove dangerous isotopes which is present even in very low

concentrations.
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The most important ion-exchange application of zeolites can be found in

detergents. Polyphosphates were previously used as builders but they are harmful to the

environment. Modem detergents use zeolites as builders removing calcium and magnesium

ions from the washing water to prevent their precipitation by surfactants. The synthesized

Zeolite A is mainly used for this purpose that it has no harmful effects on the environment

but it is not successful at removing Mg+2 ions as Ca2+ ions so some polyphosphates are still

used.

The use of natural zeolites in aquaculture includes the removal of ammonium

resulted from biological processes of fish in fish farming, fish aquaria and in fish transport

areas. Ammonium-based fertilizers are employed conventionally to supply nitrogen as an

essential nutrient to crops. Excess amount of ammonium supplied to crops is not only toxic

to the crop by burning its root systems, but also harmful to fish and aquatic life increasing

the level of ammonium in agricultural wastewater. Proper use of natural zeolites may help

in the solution of this problem. Zeolites improve cation exchange capacity of sandy soils

resulting in lower fertilizer requirements. They reduce the need for nitrogenous fertilizers

by reducing bacterial nitrification, reduce nutrient and fertilizer loss through heavy rains,

leaching and irrigation, resulting in less environmental damage through water runoff.

Another most well known use of ion exchange characteristic of zeolites is in water

softeners, in removal of calcium and magnesium ions causing problem of scum to occur in

water treatment processes. Conventionally, quartz sand filters are used for removal of

suspended particles from drinking water. However, quartz sand is expensive and has a low

fine-trapping capacity. Studies have shown that quartz sand can be replaced by natural

zeolites [33, 34, 35, 36]. Due to high porosity of zeolites, especially clinoptilolite,

allowing operation at high flow rates, they are more appropriate for use as filter materials

than quartz [36]. Table 3.8 summarizes percent porosity of some filter materials:

Table 3.8. Porosity of filter materials [33, 34,35]

Filter material
Porosity

Maximum

..
mInImUm

Quartz sand
4338

Crushed rock
6048

Mordenite
5545

Clinoptilolite

6250
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Clinoptilolite is commonly used in wastewater treatment plants due to its selectivity

for one ion over others. The details of some wastewater treatment plants using

clinoptilolite columns are given in Table 3.9 [15]. Research results have shown that

clinoptilolite can remove colour and heavy metal ions such as barium, lead, cadmium, zinc

and copper from dyeing and other industrial wastewater. It is also useful to remove heavy

metals from mining and metallurgical wastewaters by means of zeolites. In wastewater

treatment plants, the use of clinoptilolite increases the nitrogen content i. e., quality of the

resultant sludge making it valuable as fertilizers. Regeneration and reuse of zeolites are

also possible.

Table 3.9. Use of c1inoptilolite in wastewater treatment plants

Location of plant
Zeolite usedPlant capacityRegeneration

Rosemount, USA

Clinoptilolite0.6MGDaYes

Occoquan, USA
Clinoptilolite22.5MGDYes

Virginia.,USA
Clinoptilolite22.5MGDYes

Tahoe-Truckee, California., USA
Clinoptilolite6MGD Yes

W. Bari, Italy

Clinoptilolite
10 m3/hYes

Phillipsite
Vae, Budapest, Hungary

Clinoptilolite tuff50 m3/ dayYes

Toba.,Japan

Clinoptilolite tuff80 m3/ dayNot available

Japan

Clinoptilolite tuff500 m3/ dayYes

Other more general treatments using c1inoptilolite are listed in Table 3.10. It seems

likelythat the use of c1inoptilolite will continue to expand [15].

Table 3.10. Application of c1inoptilolite to treat liquid effiuents
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3.5.2. Catalytic Applications of Zeolites

Clinoptilolite treated with acid and alkali solutions promote many chemical

reactions such as hydrogenation, dehydrogenation and dealkylation. Clinoptilolite can

catalyze cracking, toluene disproportionation and isomerization processes. Extremely high

strength acid sites, thermal stability and molecular sieving properties of zeolites make them

more superior than other catalysts for a number of chemical reactions. At present, zeolite

catalysts are widely used in the old USSR, USA and Canada in oil refineries for cracking,

hydrocracking and isomerization reactions [22].

3.5.3. Water Adsorption Applications of Zeolites

Natural zeolites possess a high affinity for water and they can reversibly adsorb and

desorb water without chemical or physical change in their structures. This property makes

them suitable materials for a low cost, efficient media for heat storage and solar

refrigeration applications.

3.5.4. Gas Adsorption

Zeolites have a high internal surface area available for adsorption due to the

channelsor pores distributed throughout the volume of the adsorbent. The external surface

area of the adsorbent particles contributes only a small amount of the total available

surfacearea [13]. The ability of zeolites to adsorb many gases selectively is determined by

the size of the channels ranging from 2.5 to 4.3 A in diameter depending on the zeolite

type. Specific channel size enables zeolites to act as molecular sieves selectively adsorbing

such gases as ammonia, hydrogen sulfide, carbon monoxide, carbon dioxide, sulfur

dioxide,water vapour, oxygen and nitrogen. The type of zeolites i.e., the framework

structureand composition, cationic form and purity of the zeolite affects the efficiency of

gas removal. The quantity of gas adsorbed also depends on the pressure, temperature and

the nature of the gas.

Applications currently under study and development include air purification,

adsorptionof heavy metals, absorbent linings in landfills, removal of radioactive elements

fromwater. With the expansion of molecular sieve science, more interesting uses of zeolite

areawaiting to be explored. The future of zeolites certainly looks promising.
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3.6. World Zeolite Demand

World synthetic zeolite capacity totaled approximately 2 million metric tons in

early 1995 and the market totaled approximately $1.5 billion in 1994. Since many types of

zeolites have been identified or synthesized, only a few are currently used commercially on

a significant scale. Total demand level for building materials is around 2.4 million tones,

for agriculture is about 800,000 tones, and for ion exchange, adsorption, and catalyst

applications is around 400,000 tones per year in 1997.

The catalyst sector represents the largest sector on a value basis and detergent

zeolites the largest on a volume basis in North America, West Europe and Japan in 1988 as

shownin Figure 3.9.

Adsorbants

Desiccants
8%

Natural

Zeolites

ll%

Figure 3.9. Zeolite consumption as volume distribution

over application areas in North America, West Europe and Japan in 1988

The largest market for zeolites is catalyst, totally more than $ 500M per year in the

USA. However, the market increases only at 3% per year, principally for petroleum

cracking.Catalyst demand has increased over the past five years as a result of the decision

to produce unleaded gasoline and the consequent development of octane-enhancing

catalysts. Consumption in this application reached almost 102 thousand metric tons in

1994.
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Zeolite A was developed as a replacement builder for use in regIons where

excessive freshwater eutrophication rates restricted on the use of phosphate-built

detergents in the late 1970s. Zeolite-built detergent powders are being displaced

phosphate-containing detergents in both the United States and Japan and holding a major

market share in Western Europe. Although detergent zeolites have not been widely

commercialized due to their low bulk densities, it is expected that the trade will increase in

the future in order to utilise existing capacity to supply any new growth in markets in Asia,

Australia and Latin America. Total zeolite use as a detergent builder in the United States,

Canada, Western Europe and Japan was reported as 906 thousand metric tons in 1994.

Synthetic zeolites have been used as detergent builder market over the past 20 years but

only in some regions including Western Europe, North America and Japan where strict

restrictions exist to use of phosphate in detergents. Therefore, the demand for synthetic

zeolites was limited. Worldwide detergents-grade zeolites capacity utilization is less than

60% of the total capacity. Zeolite manufacturers in USA are reported to be operating at

around 80% of capacity, while in Asia this operation capacity is 64%.

Approximately 55 thousand metric tons of zeolite "molecular sieves" was used as

adsorbents and desiccants in 1994. The anticipated significant growth in demand for

adsorbent/desiccant and catalyst zeolites will be primarily in Asia-Pacific and the Middle

East. Demand for natural zeolites has increased rapidly over the past decade and it is

expectedto grow higher than that for synthetic zeolites with forecast rate as 10 % per year

[37].
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CHAPTER 4

DIFFUSION IN ZEOLITES

Most adsorption separation processes depend on differences in adsorption

equilibrium,but separations based on the differences in the adsorption/desorption kinetics

orthe micropore diffusivities are also possible.

In practical operations, maximum capacity of adsorbent cannot be completely used

due to mass transfer effects, involved in fluid-solid containing processes. Therefore, it is

necessary firstly to have information on adsorption equilibrium in order to estimate

dynamicadsorption capacity. Then kinetic analyses are conducted based on rate processes

dependingon types of contacting processes.

In practical application of adsorbents, the adsorbent is usually contacted by fluid

flowingthrouglr a packed bed. The overall dynamics of the packed bed control the design

anddetermine the process efficiency.

4.1. Driving Force for Diffusion

The rates of adsorption and desorption in porous adsorbents such as zeolite crystals

canbe expressed mathematically by Fick's Law:

(4.1)

where J is the molar flux due to diffusive transport, oq/&. is the intracrystalline

concentration gradient along the micropore distance x, and q is the concentration of the

adsorbed diffusing species in the porous zeolite medium. Dc( q) is the intracrystalline
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(Fickian) ditfusivity which is generally dependent on the concentration., but independent

of 8q/ax according to Equation (4.1). From a thermodynamic point of view, a system is at

equilibrium when the chemical potential, ~, is constant throughout the system. Thus, the

true driving force of a transport process is the gradient of the chemical potential of the

adsorbed species, aWOx, rather than the intracrystalline concentration gradient. Then, the

molar flux can be expressed as;

(4.2)

where Be<: q) is the mobility parameter. If equilibrium with an ideal gas phase is assumed,

thenthe chemical potential can be represented by:

(4.3)

where J.lo is the standard state chemical potential, R is the universal gas constant, T is

temperature and p is the gas phase pressure. Differentiating Equation (4.3) with respect to

x yields:

Substitutingthis equation into Equation (4.2);

J=-D ( )dlnp8q
o q dlnq Ox

(4.4)

(4.5)

whereDo( q) is the corrected intracrystalline diffusivity. Comparing the Equations (4.1) and

(4.5);

D =D ()dJnp
C 0 q dlnq

(4.6)
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Equation (4.6) indicates that the Fickian diffusivity approaches a limiting value,

Do(q), only when Henry's law is obeyed, i.e., d1.np/d1.nq = 1. However, the corrected

diffusivity may still be a function of the concentration.

These expressions relate molar fluxes and concentration or chemical potential

gradients, but the rates of adsorption is expressed as concentration change inside the

porous medium as a function of time:

(4.7)

This expression is known as Fick's second Law.

4.2. Resistances to Mass and Heat Transfer

There are several distinct resistances to mass and heat transfer and the

determination of which resistance or resistances control mass transfer requires detailed

examination of the kinetic data recorded under well-controlled conditions.

Zeolites have a well-defined bimodal pore size distribution. Most applications

involve a fixed bed with adsorbent particles as shown in Figure 4.1.

Zeolite Crystal

- .•..._--
..... -..

Zeolite Crystal

Zeolite Particle
containin Ct 'Stals

Sed of
Zeolite Particles

Figure 4.1. Schematic diagram of a bed of composite adsorbent pellets

containing zeolite, showing the principal resistances to mass transfer
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These particles are formed by combining many zeolite crystals. Each crystal

contains intracrystalline pores that are on the order of molecular dimensions. The

intercrystalline space between the particles forms another set of pores (macropores), which

are typically of dimensions of tenths of a micron (Figure 4.2). Primary porosity is defined

by crystal micropores constituting the main transport channels and secondary porosity by

transfer pores and macropores.

Figure 4.2. Schematic diagram for the biporous adsorbent particle [38]

The adsorption of molecules occurs in three steps: first the adsorbate molecules go

from the gas phase to the adsorption sites within the adsorbent through the gas layer

aroundthe adsorbent pellets, then diffuse in macropores between the porous particles, and

at the end diffuse in micropore and mesopores within the adsorbent crystals to adsorption

sites. Therefore, a biporous adsorbent of the type sketched in Figure 4.2 offers distinct

resistances to mass transfer as the diffusional resistance of the micropores of the zeolite

crystals, and diffusional resistance of the meso and macropores. In addition, when

adsorption occurs from binary or multicomponent fluid phase, there maybe an external

resistanceassociated with diffusion through the laminar fluid film.

Since adsorption is in general an exothermic process the temperature of the

adsorbent will remain constant only when the rate of heat dissipation by conduction,

convection, and radiation is high relative to the adsorption rate. There are also three

distinct resistances to heat transfer; conduction through micro and macro particles and

convection/radiation from the external surface. The latter is generally the most important.
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4.2.1. Diffusion in Micropores

Diffusion within a pore structure IS composed of the inaccessible regIons

corresponding to the rigid framework, active sites, windows between cages and free

volume within a cage. Diffusion in micropores is dominated by interactions v~tween the

diffusing molecule and the pore wall. Steric effects are important. Diffusion through

micropores often occurs as an activated jumping process in which the adsorbate molecule

jumps from one adsorption site to the next. This process is characterized by the micropore

(configurational or intarcrystalline) diffusion coefficient [38].

The micropore diffusion coefficient for the diffusing molecule is related to the

zeolite pore geometry and size; zeolite composition (Si/ AI ratio), type, charge and

distribution of exchangeable cations, shape, size and polarity of the sorbate molecules;

concentration of sorbate molecules and temperature. It changes strongly with the molecular

dimensions of the sorbate molecule and the free dimensions of the openings (6-, 8-, w

and 12-rings) through which adsorbate molecules diffuse. If the sorbate molecules can

occupy both window and cage sites, the probability of passage through that window will be

prohibited or greatly reduced by the presence of a molecule within a window site. The

diffusivity is reduced more strongly by molecules within the intersections, since blockage

ofan intersection prohibits passage through four different channel segments [13]'

4.2.2. Diffusion in Mesopores

Within the mesopore range, the role of surface is relatively less important.

Diffusion through these pores usually occurs by molecular diffusion or Knudsen diffusion,

depending on the conditions and the relative size of pore to the mean free path length of

the diffusing molecule. The bulk or molecular diffusion mechanism occurs since collisions

between the diffusing molecules occur more frequently than collisions between a diffusing

molecule and the pore wall. Knudsen diffusion is generally more important but there may

also be significant contributions from surface diffusion and capillary effects. When the

mean free path is comparable with the pore diameter, both of those collisions are

significant and diffusion occurs by the combined effects of both molecular and Knudsen

diffusion mechanisms [38].
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4.2.3. External Film Resistance

Besides the internal diffusional resistances (micropore and mesopore diffusional

resistances), there exists external resistance to mass transfer when there is more than one

component in the fluid phase. This arises due to the fact that the surface of an adsorbent

particle is always surrounded by a laminar boundary layer through which transport can

occur only by molecular diffusion. Significance of the external film resistance depends on

the hydrodynamic conditions. In general, for porous particles, this external resistance to

mass transfer is smaller than the internal pore diffusional resistance but it may still be large

enough to have a significant effect on mass transfer [38].

4.3. Relative Significance of Mass and Heat Transport Parameters

Relative importance of internal and external mass and heat transfer resistances can

be determined by the Biot numbers for mass, (Bi)m, and heat (Bi)h, transfer representing

the ratio of internal-to-external gradients and are defined by:

(4.8)
hRp

(Bi)h = 31s
(4.9)

2mp 2M
or in terms of Sherwood ( Sh = --) and Nusselt numbers (Nu = --p ):

Dm Ag

(4.10) (Bi) = Nu A-g
h 6 A- s

(4.11)

whereAg is thermal conductivity of gas phase and As is thermal conductivity of solid. Since

Sh~2 and Dp~DmI't, the minimum value of(Bi)m is given by 't/3E (~3.0). Thus, even under

these extreme assumptions the internal concentration gradient is greater than the external

gradient. Under most practically realisable conditions the intraparticle resistance is more

important than film resistance in determining the mass transfer rate. Assuming that the

temperature is uniform throughout an adsorbent particle, the major resistance to heat
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transfer lies in the external fluid film rather than within the particle. For a gaseous system,

VAg-102_103 so at any reasonable Reynolds number (Bi~ ~ 1.0, indicating that the

external temperature gradient is much greater than the temperature gradient within the

particle [39].

Internal mass transfer mechanisms depend on the channel geometry and the nature

of diffusing molecules, their interactions with each other and with the surrounding. In any

particular system, the nature of the controlling mechanism may generally be established by

varying experimental conditions, for example, varying the sizes of crystals and the

particles, micropore and mesopore diffusion resistances can be distinguished

experimentally.

A single effective diffusion coefficient is not enough to characterize the mass

transfer within an adsorbent particle with a bimodal pore size distribution, when the

contributions from both pore systems, micropores and macropores, occur [40]. Depending

on the particular system and the conditions, either macropore or micropore diffusion

resistances or more than one resistance may control the transport behaviour or both

resistances may be significant. The relative importance of micropore and macropore

resistances depends on the ratio of the diffusional time constants, (DJr/)/(Dp/R/), where

Dp is macropore diffusivity; rc and Rp are crystal and particle radii, respectively.

Therefore, the diffusion must be described in terms of effective diffusivity. In this

case, the kinetic data is interpreted with a model including both "micropore" and

"macropore" diffusional resistances.

4.4. Methods of Measuring Transport Diffusivities

Measurement of transport diffusivities includes determination of the resultant

molecular fluxes of the system which is subjected to nonuniform concentration of sorbate.

These measurements may be performed under steady-state conditions in which the

concentration gradient is kept constant during the experiment or under transient conditions

in which the concentration gradient and the resulting fluxes vary continuously during the

measurement. The later measurement is called as direct measurement, since the diffusivity

is calculated directly from the experimentally measured quantities. The most commonly

usedexperimental techniques are given in Table 4.1 [38].
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Table 4. 1.Some Experimental Methods for Measuring Transport Diffusivities

I. Steady-State Measurement Techniques
Wicke-Kallenbach Method
Membrane Method

II. Transient Measurement Techniques
NMR Technique
Tracer Exchange Method
Uptake Rate Methods
Batch Methods (eg. Gravimetric, volumetric)
Flow Methods (eg. Chromatography, ZLC)

The range of intracrystalline diffusivities can be determined experimentally and is

bounded by both upper and lower limits due to practical considerations.

4.4.1. Steady-State Measurement Techniques

4.4.1.1. Wicke-Kallenbach Method

This is a steady-state method of measuring transport diffusion in microporous

solids. A stream of carrier gas containing a small concentration of the test gas passes over

one face of the pellet while pure carrier is passed over the other face. The pressures at both

faces of the pellet are equalized by differential pressure cell to provide efficient mixing.

The composition and flow rate of the gas streams leaving both sides of the cell are

monitored, then the effective diffusivity, Deffcan be calculated from:

J=D ~c
eff t

p
(4.12)

where Ac is the concentration difference between the two faces of the pellet and tp is the

pelletthickness. The apparatus is shown in Figure 4.3 [38].
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Figure 4.3. Schematic diagram showing the Wicke-Kallenbach apparatus

It is possible to measure the relative contribution of Knudsen and molecular

diffusion by making measurements over a range of concentration. However, effective

intraparticle diffusivity determined by the Wicke-Kallenbach Method is usually smaller

than the values determined from transient uptake rate measurements, since blind pores

contributing to the flux in a transient measurement make no contribution in this system.

Moreover, the measurement of micropore diffusivity by this technique has some

diffuculties such as mounting and sealing a single zeolite crystal.

4.4.1.2. Membrane Technique

In this method, a membrane made up of a large single zeolite crystal of a few

hundred micron in size and of thickness L is mounted in a metal plate and sealed with

epoxy resin. After activation of the zeolite by heating in vacuum, the inflow side of the

membrane is exposed to diffusing gas at a constant pressure. Experimental set up for this

methodis given in Figure 4.4 [38].

Figure 4.4. Schematic diagram of the membrane technique
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The micropore diffusivity can be determined by monitoring the increase in pressure

with time in the constant volume cell at the outflow side of the membrane. Since the molar

fluxes through the membrane are extremely small, a steady-state approach is generally

valid. The membrane technique is only suitable for zeolite types allowing the synthesis of

very large single crystals. However, the perfectness of these crystals is questionable.

4.4.2. Transient Measurement Techniques

4.4.1.1. Nuclear Magnetic Resonance (NMR) Method

NMR technique provides more convenient method for the measurement of self

diffusivities as compared to the tracer exchange method. A pulsed magnetic gradient field

is applied to a sample in which the nuclear spins are excited by a radio frequency magnetic

pulse of suitable duration and intensity. The nuclear spins preceed with an angular velocity

determined by the position of the molecule at time zero. After a known time interval the

gradient pulse is reversed. If there were no diffusion, the second gradient pulse is exactly

counteracting the effect of the first pulse. However, as a result of molecular migration the

cancellation is incomplete and square the displacement during the known time interval

between gradient pulses. Nuclear magnetic resonance relaxation times are related to the

motion of molecules, i.e., molecular mobility, which is expressed in terms of the self

diffusivity. Therefore, the self-diffusivity value can be estimated from the known average

jump length. Schematic diagram of the system is shown in Figure 4.5 [38].

(]radient

Field

Magnet

Sample

Figure 4.5. Schematic diagram showing the principal features ofNMR method
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The method has the disadvantage of being restricted to the measurements only for

species such as hydrocarbons which contain a sufficiently high concentration of unpaired

nuclearspins. In addition, the method is limited to the measurement of self-diffusivities for

relatively rapidly diffusing systems (D > ~10-8 cm2/ s). In the modified type of the NMR

techniques, the self-diffusivity is measured directly and the jump length is not needed.

4.4.2.2. Tracer Exchange

By this method, using isotopicaly labelled species, it is possible to measure the self

diffusivities. The adsorbent particle is exposed to a change in the concentration of an

isotopically labelled tracer at constant total sorbent concentration. This method is

particularly convenient when one of the isotopes is radioactive. Nonradioactive isotopes

may also be used if the progress of the exchange is followed by mass spectrometer

analyzingthe surrounding vapour [38].

4.4.2.3. Uptake Rate Measurements

The uptake rate measurement methods for determination of intraparticle or

intracrystalline diffusivities involve measurement of the sorption rate when a sample of

adsorbent is subjected to a step change in the surface concentration or pressure of an

adsorbablespecies. Then the diffusivity may be determined by matching the experimental

uptake curve to the appropriate transient solution of the Fick's second law equation

(Equation4.8) for the relevant boundary conditions.

In applying this method to the measurement of intracrystalline diffusivities in

zeolites,the adsorbent sample should be as small as possible in order to minimize external

masstransfer resistances. The contribution of external mass transfer resistance should be

checkedby changing the adsorbent amount. Also, it is required to test the importance of

intracrystalline diffusion by varying the crystal size. The system linearity should be

verified varying the concentration step size and measuring both adsorption/desorption

curves,since for a linear system, the uptake curve should remain the same.

Uptake rate methods provide a straightforward way for the estimation of

intraparticleor macro pore diffusivities, since the intrusion of heat transfer effects may be

eliminated by the use of sufficiently large adsorbent particles and the effect of

nonlinearities may be eliminated by making the experimental measurements over a small
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differential concentration change. On the other hand, the interpretation of the experimental

data is less straightforward.

4.4.2.4. Gravimetric Method

In this method, an adsorbent sample outgassed at high temperature in vacuum prior

to the adsorption run, is subjected to a step change in sorbate pressure at time zero, and the

change in the weight of the adsorbent is recorded as a function of time using a

microbalance system. The pressure of the sorbate is kept constant during the experiment.

Simplified set-up for gravimetric measurements is given in Figure 4.6.

to pressure
ll:Cording delrice

t

tD bigj:l
vacwmline

Thermal
Bath

Dven :zeolite

SDromt

Figure 4.6. Set-up for gravimetric measurements

In order to reduce the effects of bed diffusion and heat transfer, amount of

adsorbent sample size should be kept as low as possible. It is required to vary the adsorbent

weight, particle size and crystal size in order to separate the contributions of the various

diffusion resistances. However, the interpretation of the transient curve obtained by the

gravimetric method may be too complicated.

4.4.2.5. Volumetric (Uptake) Method

As in the gravimetric method, the volumetric method involves subjecting a zeolite

sample to a step change at zero time. The pressure of the sorbate is varied during the

experiment and the reliable measurements of this change in pressure is recorded as a

functionof time . A simplified set-up for volumetric experiments is shown in Figure 4.7.
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Figure 4.7. Set up for volumetric measurements

The variation of sorbate pressure during the uptake experiments makes the

analyticalsolution of the diffusion equation complex. No simple, straightforward analytical

solutionsare available.

4.4.2.6. Zero Length Column (ZLC) Method

The ZLC measurements are carried out under limiting conditions of high flow rate

to maintain a very low sorbate concentration at the external surface of the particles such

that the column behave as a differential bed. The initial sorbate concentration is kept low

withinthe Henry's Law region, so the desorption rate curves can be interpreted simply. Set

up for ZLC method is shown in Figure 4.8 [38].

Figure 4.8. Set up for ZLC measurements
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The ZLC method not only has the advantage of good heat transfer and external

mass transfer of the chromatographic method but also eliminates the problem that arises

from axial dispersion. The absence of significant extracrystalline resistance can be tested

using two different carrier gases with different molecular diffusivities and by varying the

purge flow rate.

The applicability of the ZLC method is limited to zeolite samples having crystals

largerthan a few micrometers in size, since the high purge flow rates is required in order to

maintain isothermal conditions.

4.4.2. 7. Chromatography

In the chromatographic method, the mass transfer resistance IS determined

measuring the dynamic response of a column to a pulse of a sorbate at the column inlet.

During the measurements a flow of an inert carrier is passed through a small column

packed with the adsorbent under study. At time zero a small pulse of sorbate is injected at

the column inlet and the effluent concentration is monitored continuously. Schematic

diagramfor chromatograph is given in Figure 4.9.

oven column

S;;OU~~
injection port I recorder I

Figure 4.9. Schematic diagram of a gas chromatograph

The mean retention time is a measure of the adsorption equilibrium (Henry's Law

constant) while the dispersion of the response peak is determined by the combined effects

of mass transfer resistance and axial mixing in the column. By conducting measurements

over a range of conditions it is possible to separate the contributions to the peak

broadening from mass transfer resistance and axial mixing.
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Performing the experiments at low concentrations within the Henry's Law region

of the isotherm simplifies the interpretation of the data. In this region of the isotherm, the

retention time becomes independent of the size of the sorbate pulse, so changing the pulse

size the validity of linearity assumption can be checked.

Chromatographic method offers simplicity and rapidity in producing data,

suitability for higher temperature and pressure, applicability in a wider range of diffusivity

values and in low sorbate concentration measurements than the more conventional static

(gravimetric, volumetric) methods. Furthermore, external mass and heat transfer effects are

minimized, since the carrier gas continuously passes through the packed bed. The method

can be applied over the entire concentration range. Moreover the equilibrium is not

affected since the pulse size is small. However, the method is limited to the low

concentration region, if the moment method will be used for analysis of the

chromatographic data. Also, as the chromatographic method measures only the total mass

transfer resistance, the measurements should be carried out under different experimental

conditions to separate the contributions from film, macropore and micropore resistances.

In this study, the chromatographic method was found suitable for determination of

microporediffusivity of carbon monoxide in clinoptiolite due to its advantages.

4.5. Mathematical Model for a Chromatographic Column

Transport properties can be obtained using chromatography by comparing the

experimental peaks with mathematical models to obtain equilibrium and transport

parametersby chromatographic method. Gas flow through a packed column is generally

representedby the axially dispersed plug flow model. A carrier gas containing adsorbate

concentrationof c (z,t) flows through this column. The differential mass balance equations

for an element and for an adsorbent particle within this element are derived from a mass

balanceon the element of the column that is shown in Figure 4.10 [38], as ;

82c 8 ft iX[-D &-+&-(vc)+&-+(1-&)-=O
L &2 Oz 8t a-

(4.13)
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Figure 4.10. Mass balance on a differential element of the chromatographic column

If the system is isothermal, the pressure drop is negligible and the concentration of the

adsorbate is small, the gas velocity can be assumed constant through the column and

Equation (4.13) reduces to:

(4.14)

Theaq/8t:term represents the local mass transfer rate averaged over an adsorbent particle.

To obtain the dynamic response of the system, c=c(z,t), Equation (4.14) must be solved

simultaneouslywith the mass transfer rate expression:

8q
= f(c,q)

at
(4.15)

whereq is adsorbed phase concentration averaged over an adsorbent particle. The relevant

boundaryconditions for pulse perturbation to initially sorbate-free column are as follows:

C (z,O) = q (z,O) = 0, c (O,t) = CoD (t) (4.16)

whereCo is the initial sorbate concentration 10 the bulk phase. In chromatographic

measurementsof intraparticle diffusivities, since the sorbate concentration perturbation

(sizeof the pulse) is small, linear systems are concerned so that the equilibrium

relationshipcan be expressed in the form of;
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+

q =Kc (4.17)

where q* is the adsorbed sorbate concentration at equilibrium and K is the dimensionless

Henry's law constant. Transport properties can be obtained by comparing the experimental

response peaks with a mathematical model to obtain equilibrium and transport parameters

by chromatographic method either by moment method or by time domain analysis.

4.6. Perturbation Chromatography

In perturbation chromatography, a sorbate!free column is initially brought to

equilibrium with a flowing pure or multi component carrier gas. Then the system is

perturbated by either a pulse of the pure adsorbate or a pulse of the radioactive isotope of

one or more components. The former is referred to as the concentration pulse method, the

latteras the tracer pulse method.

The concentration pulse chromatography technique involves injection of a small

amount of single or multi-component gas mixture carried by pure or multi component

carriergas to the column and monitoring the detector output as a function of time (Figure

4.12).The perturbation can be performed as either a step change (step input) or as a small

pulse of sorbate at the column inlet (pulse input). The response to a step input is

commonlycalled the breakthrough curve while the pulse response is often referred to as

the chromatographic response. As long as the perturbation is small, the technique can be

used for high concentrations. Exactly the same information may be derived from the

responseto either input and the choice is therefore determined by practical convenience

ratherthan by more fundamental theory.

The chromatographic response peaks obtained (illustrated in Figure 4.13) are

processed and integrated numerically to determine the first and second moments.

Informationon adsorption equilibrium and kinetics can be obtained through mathematical

analysis. The analysis can be accurate only under the conditions of low sorbate

concentration,isothermal operation, axially dispersed plug flow regime in the column,

instantaneousequilibrium between the sorbate containing carrier gas and adsorbent phases

forboth concentration and temperature and negligible pressure drop across the packed

column.
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Figure 4.12. Chromatographic response peak.

However, Hyun and Danner [41] have shown that even under idealized conditions

the mathematical analysis of the data can not be accurately achieved for mixtures

containing three or more components. The results obtained by using this method have

beenshown to be close to those by the dynamic and static methods.

If the time of passage through the column is shorter than the time constant for
2

micropore diffusion (I;~),the adsorbate molecules penetrate only the macropores.c

Therefore,a Gaussian response peak is obtained with a mean retention time equal to the

hold-upin the macropores and the intraparticle void space, t:::: ~[c +(1- c)c l The symbol
EV P

of rc represent the crystal radius, E and Ep represent bed and particle porosity, respectively,

andv is interstitial velocity of the carrier gas.
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If the time of passage through the column is longer than the time constant for
2

macropore diffusion (Rp ), where .Rp is particle radius and Dp is pore diffusivity, the
15&~p

adsorbate molecules will completely penetrate into the micropores. Thus, a nearly

Gaussian response peak is observed which is centered on the mean retention time, as given

by ,u=~[l+C~&)K]. If the time of passage is comparable to the micropore time constant,

then the strongly tailed response peak is obtained with the maximum located between t and

- L [ 1-& Jt = EV I+(-;-)K . These three cases were reported by Sarma and Haynes [42] for diffusion

of Argon in 3A, 4A, and SA zeolites as shown in Figure 4.13.
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Figure4.13. Experimental response curves for AT in a He carrier, measured under similar

conditionsin columns packed with 3A zeolite pellets (no penetration of the micropores),

4A zeolitepellets (slow penetration of the micropores, a tailed response), and SA zeolite

pellets(negligible micropore resistance) [42].
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4.7. The Moment Method

The moment method is the simplest and straightforward way of analyzing the

chromatographic data. The first statistical moment of the chromatographic response peak is

a measure of how strongly the gas is adsorbed and can be calculated from the experimental

concentration versus time curve. At infinite dilution, the mean retention time which is

directly related to the equilibrium constant is called as Henry's Law Constant.

Furthermore, the broadening of the response peak is the result of combined effects of axial

dispersion and mass transfer resistances. As mass transfer resistance increases, broader

peak is obtained. The first and second moments of the response peak can be directly

calculated from numerical peak data by integrating the following expressions:
'"

J tc(t)dt
tR,paclad

=0

(4.18)'"
J c(t)dt0

<Xl

f (t - fJ)2 c(t)dt
2 0

(j paclad= --<Xl----

f c(t)dt
o

(4.19)

wherec(t) is the gas phase concentration measured by the detector, tR,packedand <?packedare

experimentallydetermined first and second moments of the response peak, respectively.

These moments contain also contributions due to non-column effects, i. e., gas flow

between the injector and the column inlet, between the outlet of the column and the

detector. These dead volume terms are represented by temptyand <?empty,and the net

moments(~and <?) are calculated from the following expressions [43]:

f.l = tR,packed - tR,empty

2 2 2
(j = (T packed - (T empty

(4.20)

(4.21)

51



Haynes and Sarma [40] have developed moment expressions for concentration

pulse chromatography at infinite dilution region. These equations are valid for a bidisperse

system of spherical particles:

(4.22)

(4.23)

where L is the column length, v is the interstitial velocity and K is the dimensionless

equilibrium constant expressed in terms of pore volume (moles adsorbed per unit pore

volume/moles per unit volume in gas phase) or Henry's Law constant. Equation (4.22)

reveals that the retention time of a pulse is approximately proportional to both the

equilibrium constant and the residence time of a carrier gas (L/v). Temperature dependence

of the Henry's Law constant obtained at various temperatures is given by the van't Hoff

equation as:

K=Ko ex{ -:~o)

where Ko is pre-exponential factor and .1Uo is the internal energy change of adsorption at

low concentration within the Henry's law region. Ko and .1Uo are derived from the

intercept and the slope of the van't Hoff plot (semi-log K versus liT), respectively. Then

Lillo, limiting heat of adsorption (isosteric heat of adsorption, heat of adsorption at zero

coverage) can be calculated as;

(4.24)

whereT is taken as the mean of the experimental temperature range. From Equation (4.19),

thegeneral form of the second moment for a biporous adsorbent can be expressed as;

(4.25)
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For gaseous systems, since K is often large, E/(l- E) K is small and (K-Ep)/ K2 ~l/K,

thus Equation (4.25) is simplified to;

(4.26)

In order to determine the micropore diffusivity, other mass transfer contributions

must be estimated. Experimental conditions should be chosen such that micropore

diffusion is the dominant mechanism for mass transport.

The first term on the right-hand side of the Equation (4.26) stands for the

contribution from axial dispersion. Axial dispersion of a gas through a packed column can

be represented by;

(4.27)

where v is the interstitial velocity, Dm is molecular diffusivity, 'tL and J3 are constants,

typically 'tL=0.7 and (3=0.5. Since at low Reynolds where axial dispersion occurs primarily

by molecular diffusion, DL is approximately independent of velocity.

Relative importance of molecular or Knudsen diffusivity in macropores is largely

determined by the average diameter of the macropores. The macropore diffusion resistance

arises from collisions between diffusing molecules. Molecular diffusion is the dominant

mechanismif the mean free path of the gas molecule is smaller than the pore diameter. The

mean free path (A.) is defined as the average distance travelled between molecular

collisionsand can be estimated from the expression by Cunningham and Williams [44]:

(4.28)

wherekB is Boltzman constant, (Jjj is the collision diameter of the diffusing molecules. In

small pores and at low pressure, the mean free path becomes greater than the pore

diameter.
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Under these conditions diffusing molecules collide with the pore walls more

frequently than they collide with each other. In this case Knudsen diffusion predominates

in the macropore and Knudsen diffusivity can be calculated as:

(4.29)

where DK is the Knudsen diffusivity, r is the mean macropore radius and M is the

molecular weight of the diffusing molecule [38]:

The macropore diffusivity (Dp) can be estimated as:

D =D 970arJ Tp K M (4.30)

On the other hand, molecular diffusion becomes significant in larger macropores. If

transport within the macropores occurs only by molecular diffusion, the pore diffusivity is

given by:

D =Dm
P T

(4.31 )

where t is the tortuosity factor in which effects of pore orientation, size variation and

connectivity on diffusion are lumped. Experimental macropore tortuosity factors reported

generally lie in the range of 1.7 to 6 [39]. Tortuosity factor is typically 3 for straight

cylindrical pores.

In the transition regIOn, where both mechanisms are significant III macropore

diffusion, the pore diffusivity can be calculated according to the equation;

(4.32)
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Dm can be estimated by the use ofChapman-Enskog theory [45]:

(4.33)

where M1 and M2 are molecular weights of the diffusing gases and P is the total pressure in

atm u ==!(u +(2) is the collision diameter from the Lennard-Jones potential,
12 2 1

n==f(~) where &' =~&1&2 is the Lennard-Jones force constant. These constants are
kBT

given in Table 4.2 [96].

Table 4.2. Lennard-Jones constants for the carrier gas (He) and for adsorbate (CO)

Substance crl (A)F,'j k (K)

He

2.55110.22

CO

3.69091.7

Besides the internal diffusional resistances (micropore and macropore diffusional

resistances), there exists external resistance to mass transfer whenever there is more than

one component in the fluid phase. This arises due to the fact that the surface of an

adsorbent particle is always surrounded by a laminar boundary layer through which

transport can occur only by molecular diffusion.

Significance of the external film resistance depends on the hydrodynamic

conditions. In general, for porous particles, this external resistance to mass transfer is

smallerthan the internal pore diffusional resistance but it may still be large enough to have

a significant effect on mass transfer. The capacity of the fluid film is smaller than that of

theadsorbent particle, thus there is very little accumulation of sorbate within the film. This

impliesa constant flux and a linear concentration gradient through the film. The external

filmresistance is generally correlated in terms of dimensionless numbers of the type [39]:

k(2R )
Sh == P = f(Re,Sc)

Dm
(4.34)
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For an isolated spherical adsorbent particle in a stagnant fluid, Sherwood number is

equal to 2. At low Reynolds numbers, the external film mass transfer coefficient may be

estimated as:

2kR
Sh=--P

Dm

kR
or -p ~l

Dm
(4.35)

where Rp is the particle diameter.

Ranz and Marshall [46] suggested the following expression for the determination of

the Sherwood number for packed columns:

2R k
Sh = -_P- = 2 + 0.6Sc 0.33 Re 0.5

Dm

f.l 2pvcR
where Sc is Schmidt number Sc=-- and Re is Reynolds number Re = I P

tDm f.l

(4.36)

The contributions from mass transfer resistance and axial dispersion can be

separated by measurements over a range of fluid velocities. Consequently, the micropore

diffusion coefficient is calculated by subtracting the contributions of axial dispersion,

external mass transfer and macropore diffusional resistance from the overall dispersion.

Reliable values for the micropore diffusivity can only be obtained when it is the dominant

masstransfer mechanism.
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CHAPTER 5

PREVIOUS STUDIES

This chapter is dedicated to review the previous studies on adsorption kinetics and

equilibrium performed by gas chromatography. The ftrst section deals with the

development and application of chromatographic models for determination of equilibrium

and kinetic parameters in gas-solid systems. Then, the experimental studies carried out to

study the effects of regeneration conditions and structural properties of zeolites will be

reviewed.

5.1. Adsorption Equilibrium and Kinetic Models

A mathematical model is required to analyze and interpret the data from a

chromatographic experiment. The adsorption kinetic and equilibrium parameters can then

be derived by matching the experimentally determined response peaks to the model

parameters. Chromatographic processes can be described theoretically by the plate and rate

theories. The plate theory assumes that equilibration is inftnitely fast. The rate theory is

morerealistic description of the processes inside a column and considers the time taken for

the solute to equilibrate between the adsorbent and carrier gas.

The first scientist to recognize chromatography, as an efficient method of

separationwas the Russian botanist Tswett, who employed a primitive form of liquid solid

chromatography to separate and isolate various plant pigments in the late 1890s. Martin

andSynge [53] were ftrst to use chromatography for physicochemical measurements. They

developed a theory for solute migration through a chromatographic column. The plate

theory,in which the column is represented as a series of hypothetical well-mixed stages,

wasintroduced in their study. In 1952, Lapidus and Amundson [102] first applied rate
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theory to chromatographic systems. They solved the column mass balance equation

analytically including an axial dispersion term.

Van Deemter et al. [47] compared the results of the plate and rate theories and

developed simple model. This model assumed a linear isotherm. It is based on single pore

diffusivity and correlates the sources of band broadening to the theoretical plate height

(H.E.TP.) and carrier gas velocity as:

H.E.TP. = A + B/v + Cv (5.1)

where v is interstitial carrier gas velocity. The constants A, B and C can be related to the

sources of band broadening; eddy diffusion, molecular diffusion and resistance to mass

transfer, respectively. They analyzed their experimental data by plotting H.E. TP. versus

the carrier gas velocity. C was determined from the limiting slope at high carrier gas

velocities and related to the molecular diffusion coefficient, Dm and the effective diffusion

coefficient in the porous adsorbent, Deff.

Ma and Mance! [51] applied the equation developed by van Deemter et al.

(Equation 5.1) to obtain effective diffusion coefficients of CO2, NO, N02 and S02 on SA,

13X and mordenites in the temperature range of 133 to 325°C. The adsorbents were

regenerated at 400°C for 15 hours under helium atmosphere prior to the experimental runs.

They discussed the effective diffusivity resulted from contributions of micropore and

macropore diffusion terms, but in which manner these two diffusion terms combined was

not known, since the theory of van Deemter was applicable only to an adsorbent with

unimodal pore size distribution. The diffusion coefficients and isosteric heats of adsorption

for these systems were measured by gas chromatographic methods. The variation of

diffusion coefficients, heats of adsorption, and activation energies were discussed in terms

of the interaction between the surface and gas molecules, and also in terms of the relative

openings of the pores with respect to the size of the diffusing molecules. The effective

diffusion coefficient of NO in 13X sieves was found larger than in SA due to the large

openingsof the 13X and due to reaction of NO with the SA sieve. They couldn't observe

responsepeak for S02 in the temperature range of 133-261°C due to very strong adsorption

of S02 on 13X. It was concluded that relative size of the pores of zeolites to the size of

diffusing molecules was important in diffusion. Additionally, it was reported that if the
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pore size of molecular sieve zeolite was comparable to that of the diffusing molecules, the

interaction occurred between the cations in the zeolite framework and the gas molecules.

These interactions play an important role in diffusion and adsorption. They have also

reported that the low diffusion coefficient was associated with the high activation energy

and high isosteric heat of adsorption.

The theoretical description of chromatographic processes through the use of rate

theory continued through the 1960's and 1970's. The more exact theory of

chromatography taking various mass transfer resistances in the packed column into

account was introduced by a single pore model of Kucera [48] and Kubin [49]. In this

model, the moments of the chromatographic peak were related to the mass transfer

parameters. They accounted for axial dispersion flow through the column, external film

resistance at the particle surface, intraparticle diffusion and finite rate of adsorption to the

pore surface. Carleton et al. [101] modified the Kubin-Kucera first moment equation by

subtracting a pressure-dependent concentration, velocity, and axial dispersion coefficient

into the original mass balance equation. Cerro and Smith [50] used this model for

nonadsorbable and slightly adsorbable tracers to evaluate mass transfer parameters in

packed beds and reported that this technique could be used to obtain accurate intraparticle

and external mass transfer rate parameters for adsorbable or slightly adsorbable gases.

However, the obtained macropore diffusivity was much greater than the macropore

diffusivity and much less than the micropore diffusivity from the single pore diffusivity

model. Therefore, the correct values of the diffusivities could not be obtained.

Van der VIist and van der Meijden [52] developed a method of predicting binary

gas mixture isotherms from concentration pulse retention volume data. They determined

the adsorption isotherms of the 02-N2 components of binary gas mixtures on Linde

molecular sieve 5A at temperatures from 10 to 50°C by gas chromatography. The

adsorbent was activated at 400°C for 24 hours in a stream of helium. The retention volume

(Vr) of a concentration pulse was measured as function of the partial pressure of

component 1 (PI) at constant total pressure (p) and temperature. They used the

chromatographic equation of Martin and Synge [53], Haydel and Kobayashi [54]:

m dw dw
V =V +-(c _I +c _2)

r g 2de Idec I 2

(5.2)

59



where Vr is retention volume, Vg is the free gas volume, m is the mass of adsorbent in the

column, c= CI+ez is the total gas phase concentration, CI and C2 are the gas phase

concentrations of components 1 and 2, WI and W2 are specific amounts of components 1

and 2 adsorbed, and dwtldcI and dwJdez are the slopes of the individual isotherms at the

composition CI and ez. The Equation (5.2) related the retention volume of a concentration

perturbation in a binary gas mixture at fixed composition to the slopes of the individual

isotherms of the components. It was reported that the model was valid under the conditions

of constant temperature and pressure, homogenously packed column and negligible gas

phase diffusion and axial effects.

Ruthven and Kumar [62] followed the procedure suggested by van der Vlist and

van der Meijden [52]. They determined single-component and binary adsorption isotherms

for Ar, O2, N2, CH4, and CO in 4A molecular sieve and for Ar, O2, N2, CH4, CF4, CJi6,

C2~, and C3Hg in 5A molecular sieve by step input chromatographic method.

Regeneration of the adsorbents was carried out overnight at 375°C under a purge of

helium. Carrier gas (He) was supplied at different adsorbate concentrations through the

column and small step change in composition (typically 1-2%) was introduced. Since the

changes in concentration were small that the equilibrium relationship were considered

linear. The mean retention time determined from the response curve and Henry's Law

constant, K, was obtained directly from the following expression:

(5.3)

(5.4)

where tR is the mean retention time. The equilibrium isotherms were obtained directly by

integration of the slopes (Henry's law constants) determined for different carrier gas

compositions using the following expression:

K = (1-X) dq] +Xdq2
de] de2

where X is the mole fraction of adsorbable component and dq tldc I is the slope of the

isotherm. The molecular volume values (f3) were obtained by fitting the experimental
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isotherms to the simplified model [60). The obtained Henry's law constants and molecular

volumes are given in Table 5.1.

Table 5.1. Henry law constants and molecular volumes calculated from single

component isotherms of CO on 4A sieve (cavity volume, u= 776 A3)

Temperature ~K

('C)
(A3/molecule)(molecule/cavity. torr)

32

86 53
35

97 49
93

97 12

The CO adsorption capacity of 4A molecular sieve (molecules/cage) determined by

chromatographic method was compared with the results obtained from volumetric method

by Harper et al. [63] as given in Table 5.2.

Table 5.2. Comparison of the results for CO adsorption capacity of 4A molecular sieve

using chromatographic and volumetric methods

Temperature
•

q MethodReference
rC)

(molecules/cage)

32

1.9

93

0.7Chromatographic
Ruthven, Kumar [62]

150

1.4VolumetricHarper et aI. [63]

They concluded that the concentration pulse technique provided a simple

alternative to conventional gravimetric or volumetric methods of determining equilibrium

isotherms for both single-component and binary systems. The simple statistical model

applied in this study [60] was adequate to represent both the single-component and binary

isotherms. It was also concluded that this model provided useful method for determination

ofbinary equilibrium isotherms from the single-component isotherms.

Hyun and Danner [41] determined the pure component adsorption isotherms of

C2H4 and Czli<; on 13X molecular sieve by concentration and tracer pulse techniques at

severaltemperatures. Prior to the chromatographic experiments, the column containing the

adsorbentwas regenerated at 25rC for at least 48 hours and before each run the column

wasbrought to the same temperature for 10-12 hours. The Henry's Law constants were
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determined for different carner gas compositions. The pure and binary adsorption

isotherms were obtained using the data reduction method of van der VIist and van der

Meijden (Equation S.2) [S2]. The concentration-pulse retention volumes determined from

the static mixture isotherms were fitted well with a third-order polynomial. These data was

in good agreement with the static data. This study showed that combined concentration

pulse and tracer pulse techniques could be used for determination of binary adsorption

isotherms for nonideal isobutane-ethylene mixture where the concentration pulse method

could not be used.

Another model was developed by Ruthven [60] who investigated single and binary

adsorption behaviour of CO, C&, O2 and N2 on SA zeolite. A statistical thermodynamic

model was constructed in which sorbate-sorbent interactions was accounted for in terms of

the Henry's Law constant, and sorbate-sorbate interactions was accounted for in terms of

the effective molecular volumes of the sorbates. The model isotherm was based on the

interaction between an adsorbed molecule and the adsorbent which was characterised by

the Henry's law constant. The model assumed that the adsorbed molecules were confined

with in particular cavities of the zeolite lattice but not adsorbed at specific sites within a

cavity. It was reported that the sorbate-sorbate interaction caused reduction in the free

volume due to the finite size of the molecules. Henry's constants and molecular volumes of

CO, Cf4 02 and N2 were given for the temperature range of -128 to 2SoC. The interaction

between an adsorbed molecule and the sieve was characterized by the Henry's law constant

by c=Kp. The pure component isotherm equation gave the sorbate concentration, q

(molecules per cavity) as a function of Kp and the parameter u/f3 (the ratio of cavity to

molecular volume of the sorbate). u was defined as the volume of cavity of SA sieve,

776A3, and f3 as the effective molecular volume of sorbate in A3/molecule. The Henry's

constants were obtained experimentally from the slope of the single-component isotherm at

low sorbate concentration and the curve matching procedure was used to determine the

molecular volume. It was concluded that this model could represent both the single

component and binary mixture isotherms. However, since molecular volumes were

estimated from the van der Waals covolumes, the use of the model was limited to

concentrations less than about half of saturation. In order to apply the model at high

sorbate concentrations, accurate values of the molecular covolumes were required which

aredifficult to estimate.

62



Although Ma and Mance! [51] discussed the effective diffusivity including

contribution from both the micropores and macropores, but it was not possible to

differentiate the contribution of microprores from that of macropores. Haynes and Sarma

[40] and Sarma and Haynes [42] developed a model to describe transient diffusion in a gas

chromatographic column and applicable to bidispersed structured catalyst particles. They

reported that a single effective diffusion coefficient was not sufficient to characterize the

mass transfer within a bidisperse-structured catalyst. Therefore, they included two

diffusion coefficients (effective macropore and effective micropore diffusivity) to describe

the diffusion. This model was applicable when the micropore diffusivity was considerably

smaller than the macropore diffusivity. This method is given in details in Section 4.7.

Pelletized particles and some molecular sieves can be described realistically by this type of

model. Thus, the bidispersed pore model has been applied in most of the recent

chromatographic studies on estimation of intraparticle diffusivities in molecular sieves [55,

56,57,58].

Farooq [85] determined the Henry's law constants and intracrystalline diffusivities

of O2 and N2 in molecular sieve RS-I0 by the pulse chromatographic method. The..

adsorbent column was regenerated overnight at 350°C under a helium purge. The

experimental response curves were analyzed by both moment and time domain-fitting

methods. In the application of the moment method the model of Haynes and Sarma

(Equations 4.22 and 4.26) [40] was used. Heats of adsorption and activation energies were

estimated from the equilibrium and kinetic measurements performed at different

temperatures. It was concluded that the equilibrium data from both analysis methods were

in good agreement. Breakthrough curve (BTC) method was also applied to obtain the

equilibrium and kinetic parameters. The diffusivity values from BTC were found to be

higherthan those obtained by moment and time domain analysis for both O2 and N2.

Shah and Ruthven [55] applied the concentration pulse technique to study the

adsorption and diffusion of CH4, C~, C3Hg and cyclo-C3:a, in SA molecular sieve. They

used the model developed by Haynes and Sarma (Equations 4.22 and 4.26) [40] to

describethe chromatographic response of the column packed with the biporous adsorbent.

Theydefined the first moment of the chromatographic peak as the slope of the equilibrium

isotherm.The Henry's law constants were directly obtained from the data obtained with a

purehelium carrier. Then, the complete isotherm was determined by integrating the slopes
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obtained with different carrier gas compositions. The equilibrium constants obtained were

in good agreement with those obtained by volumetric and gravimetric method. The second

moments of the response peaks were used for estimation of the micropore diffusion time

constants. The diffusional time constants determined by gas chromatography were found in

good agreement with the previously obtained results by the gravimetric technique.

Therefore, it was concluded that both experimental techniques could be applied in

adsorption and diffusion studies.

However, previously reported chromatographic data by Sarma and Haynes [42] for

argon in 4A and by Hashimoto and Smith [61] for n-butane in SA were different from

those by gravimetric method due to differences in the definition of the micropore

diffusivity. In chromatographic method, the diffusivity was assumed to be independent of

concentration which was valid for most systems at low adsorbate concentrations. They

claimed that the measurement of intracrystalline diffusional time constants (DJrc2) by

chromatographic method was restricted with upper and lower limits. The upper limit

occurred due to rapid intracrystalline diffusion. In this case axial dispersion and the other

resistances controlled the mass transfer as in the case of rapid diffusion of CH4 in SA. The

other mass transfer resistances were eliminated in order to obtain reliable intracrystalline

diffusivities by chromatographic method. The lower limit occurred because of slow

intracrystalline diffusion. In this case, the peak would not equilibrate during passage

through the column, and the retention time would correspond only to the small macropore

capacity of the adsorbent.

Ruthven and Haq [64] measured Henry's law constants and intracrystalline

diffusivities for O2, N2, CH4 and CO2 in 4A zeolite and effect of moisture on the Henry's

Law constants and intracrystalline diffusivities by the chromatographic method. They

analyzed the chromatographic data by matching the first and second moments of the

response peaks to the theoretical expressions derived from the dynamic model of Haynes

and Sarma (Equations 4.22 and 4.26) [40). They verified the dominance of intracrystalline

resistance to mass transfer by changing the particle size and obtained the same intercept

from the ~Ll2112v versus 1I~ plots for two different particle sizes. Then, Henry's law

constants, heats of adsorption and diffusion coefficients were determined. This data was in

good agreement with previously reported gravimetric data. Therefore, the validity and

usefulness of the chromatographic method for studying the kinetics and equilibrium of
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sorption in 4A zeolite was confirmed. The 4A sieve was found to be suitable to allow a

reasonably efficient pressure swing adsorption (PSA) separation of N2 and CH4, but not

applicable for separation of 02 and N2 due to low separation coefficient for this system

with respect to that for NJCI-4 system.

Furthermore, Ruthven and Haq [65] studied adsorption and diffusion of O2, N2,

CI-4, CO2, cyclo-C3~ and cis-C~H8 in commercial 5A zeolite using the same technique.

They have achieved the values of equilibrium constants and heats of sorption which were

in good agreement with previously obtained gravimetric method. For diffusion of O2, N2,

C& and CO2 in 5A molecular sieve, the intracrystalline resistance was not found to be

dominant in mass transfer. Thus, they concluded that diffusion of these smaller molecules

was too rapid that their intracrystalline diffusivities could not be measured reliably by

chromatographic method.

Tezel and Apolonatos [69] studied the adsorption characteristics of H-mordenite,

chabazite, 4A and 5A molecular sieve zeolites, and clinoptilolite from western Anatolia for

N2, CO and CH4. The chromatographic response peaks were obtained by pulse

chromatography method. Equilibrium and kinetic parameters were then derived by

matching the first and second moments of the response peaks to the model of Haynes and

Sarma (Equations 4.22 and 4.26) [40]. The adsorption column was regenerated by heating

to 350°Cfor 24 hours under helium purge before the experiments to remove impurities and

moisture adsorbed from the air. Helium was passed continuously through the system also

between the experimental runs. The Henry Law constants for N2, CO and CH4 were found

higher for the 5A zeolite and H-mordenite systems which was attributed to their larger

surfaceareas and larger pore sizes. The Henry law constant determined for 5A zeolite was

higher than those for 4A zeolite. The only difference between the 4A and 5A zeolites was

reported to be cation content in their frameworks. It was reported that 5A zeolite had high

Ca2+ cation content leading to the lower framework density and larger channel size. They

explainedthe higher N2, CO and CH4 adsorption capacity of 5A by these larger channels.

Micropore diffusion was found dominant mass transfer mechanism only for N21H

mordenite, 4A zeolite and chabazite systems. They expected higher micropore diffusion

resistancefor H-mordenite, due to its one-dimensional channel network. However, it was

recognizedthat the diffusion resistance was higher for NJ4A zeolite system, although 4A
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had three-dimensional channel network which was more accessible to the N2 molecule.

This was explained by the smaller pore size of 4A than that ofH-mordenite.

Triebe and Tezel [70] investigated the adsorption of N2, CO, CO2 and NO on 5A,

4A, H-mordenite, activated carbon, and on a natural Turkish clinoptilolite. They used

concentration pulse method and the model derived by Haynes and Sarma (Equations 4.22

and 4.26) [40] to determine the Henry's Law constants and diffusion coefficients for each

system over various temperature ranges. The adsorbents were regenerated under helium

purge first at 100°C for 2 hours to remove moisture and then at 350°C for 24 hours to

remove any further impurities. They couldn't observe an interpretable response peak for

adsorption of CO2 on the clinoptilolite which was attributed to its strong adsorption. It was

observed that NO was most strongly adsorbed in the natural clinoptilolite and least

strongly on the carbon. This was explained by the strong dipole-cation interaction of NO as

compared to the weak quadropole-cation interaction of N2. Adsorption equilibrium

parameters (1(0, ,1Uo and MIo) for CO adsorption on 4A, 5A zeolites, H-mordenite and

clinoptilolite determined using Equations (4.23) and (4.24) are given in Table 5.3.

Table 53.Parameters Ko, ,1Uo and MIo for CO adsorption on 4A, 5A zeolites, H-mordenite

and clinoptilolite

Adsorbent! Adsorbate

TemperatureKo-,1Uo-MIo

RangerC)
(dimensionless)(kcal/mol)(kcal/mol)

CO/Clinoptilolite

50 - 20073 X 10-510.811.6

CO/5A zeolite

-10 - 906.2 X 10-47.27.8

cot 4A zeolite

-30 - 902.2 X 10-36.06.6

CO/H-mordenite

30 - 1005.0 X 10-35.05.6

The stronger adsorption of CO in 5A with respect to that in 4A was explained by

the presence of stronger adsorption sites (bivalent Ca++cations in 5A as opposed to Na +

cations of 4A) which are available to interact with the strong CO dipole. The heats of

adsorption of CO on H-mordenite, 4A zeolite and 5A zeolite obtained were in good

agreement with the values in the literature. The larger K values measured for clinoptilolite

was attributed to the structure and the cation content of the clinoptilolite framework. The

cationcontent of the clinoptilolite was reported as in decreasing order of Ca2+>K+>Mg2+>
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Na+. Thus, they explained the stronger adsorption of CO by complexing of CO also with

Mg2+ [72].

The contributions of different mass transfer resistances to total dispersion for CO

in clinoptilolite were determined by relating the second moments of the response peaks to

kinetic parameters and the results are given in Table 5.4.

Table 5.4. Contributions of different mass transfer resistances to total dispersion of CO in

clinoptilolite

Temperature DJ~Rp2/3DmRp2/15EpDp(J2L(1-E)/2~J?VE
eC)

(s)(s)(s) (s)

75

1.3611.8 xlO-45.05 xlO-10.14
100

1.0210.5 xlO-44.60 xlO-10.15
125

1.279.42 xlO-44.22 xlO-10.10
150

1.268.51 xlO-43.89 xlO-10.13

The mlcropore diffusivity was found as the dominant mechanism for

CO/clinoptilolite system. The temperature dependence of the micro pore diffusivity was

determined by an Arrhenius type equation Dc = Do exp(-Ea ) where Ea is the diffusionalr2 r2 RTc c

activation energy. The results are given in Table 5.5.

Table 5.5. Parameters DJr/ and Ea for CO adsorption in clinoptilolite

Adsorbent! Adsorbate

Clinoptilolite/CO

Temperature Range
eC)

75-150

DJr/
(S·I)

4.60 x 101

Ea

(kcal/mol)

10.0

Triebe and Tezel [71] also examined N2 and CO adsorption capacity of a Turkish

clinoptilolit~ at near ambient conditions. Pure and binary adsorption isotherms up to 101.3

kPa were determined at 30°C by concentration pulse chromatography method. The

c]inopti)o]tie particles were regenerated under the same co.nditions in the study of Triebe

and Tezel [70). The adsorption isotherm shape for N~clinoptilolite system at 30°C was

found similar to those measured by Ackley and Yang [73] for various ion exchanged

cJinop~jlolite.N2 adsorption capadty of clinoptilo]ite at .9].].9 kPa was determined as .9 mL
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(STP)/g Qf clinoptilolite and fell within the range of 0.2-0.6 mmoVg for ion exchanged

forms determined by Ackley and Yang [73], CO/clinoptilolite gave similar rectangular

shaped isotherms as those obtained by Sirkecioglu et al. [74] at 20°C by volumetric method

and NO on SA. 4A, H-mordenite, activated carbon, Turkish natural clinoptilolite. The CO

adsorption capacity of the clinoptilolite at 30°C was determined as 20 mL (STP)/g which

was 300,/0less than that at 20°C, as expected. SirkeciogIu et al. [74] reported the capacity as

31 ml (STP)/g at 20°C. They also studied the binary adsorption isotherms of CO and Nz on

Turkish clinoptilolite in the same study. CO was adsorbed 5 to 10 times faster than Nz

which was obtained from the ratio of Henry's Law constants.

Triebe et at [75] also examined a natural clinoptilolite from Turkey in air

purification and separation applications. Henry's Law constants for adsorption of COz. CO.

NO, and Nz were measured on clinoptilolite, 4A and 5A zeolites, and H-mordenite over

temperature range of -30 to 200°C by gas chromatographic method. Pure component

adsorption isotherms were determined for Nz and COz on clinoptilolite at 30°C and up to

latrn and they were found to be rectangular. Henry's Law constants and heats of adsorption

for CO, Nz, and NO on clinoptilolite between 50 and 200°C have been reported to be

higherthan those on other sorbents tested. Furthermore, clinoptilolite exhibited the highest

separationfactors for NO/Nz and CO/Nz systems over the temperature range.

Sheikh et aL [100] also determined the equilibrium and kinetic parameters for C~

and N2 on an activated carbon using both volumetric and concentration pulse

chromatographicmethods. They determined the pure component adsorption isotherms and

the effective transfer coefficients. The Henry's constants were determined using the virial

a.dsorptionisotherm while using volumetric method. The chromatographic data was

ana.lyzedby moment method provided by Haynes and Sarma (Equations 4.22 and 4.26)

[40] and by van Deemter plots. The values of Henry's constants predicted by the

chromatographicmethod agreed with 7% to the corresponding values determined from the

volumetricmethod for each sorbate. The mass transfer coefficients reflected very low

resistancesfor both CRt and Nz. They determined the Henry's constants as 20.19 and 6.69

forC.E-4 and Nz, respectively by chromatographic method.

In summary. the adsorption equilibrium and diffusion parameters obtained by

concentration-pulsetechnique and by the application of the model of Haynes and Sarma
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[40] were found in good agreement with the results obtained by conventional volumetric

and gravimetric techniques.

5.2. Adsorption Properties of Adsorbents

There is considerable amount of study on the natural zeolite formations in Middle

Western Anatolia [17, 19, 20, 43, 67, 86, 103-105]. O1kii et al. [86] examined the local

clinoptilolite from Bigadic; for air drying in packed column. Adsorption equilibrium

relationships and heat and mass transfer rates were used to explain the dynamic behaviour

of the adsorbent bed. Adsorption equilibrium experiments were performed by static weight

gain method. The mass and heat balance relationships were coupled through the

temperature dependence of equilibrium relationship to describe the process. Analytic

solutions for breakthrough curves were found by applying the available models for

isothermal columns and linear adsorption isotherms. The effective diffusion coefficient of

water in natural zeolite was determined as 5xlO-IO cm2/sec from isothermal uptake rate

measurements. It was indicated that no significant effect of air velocity on breakthrough

curves was observed since intraparticle mass transfer controlled the overall mass transfer

process. They concluded that local clinoptilolite has promising future for drying air in

industrial applications as a cheap alternative to expensive synthetic adsorbents.

Sirkecioglu et al. [18] investigated the mineralogical and chemical properties of

Bigadic;clinoptilolite and studied the change in ammonium ion exchange capacity with

zeolite content. They observed that the zeolite rich tuffs of Bigadic; were mainly in the

form of coarse-grained, glassy, ash tuffs at the bottom and fine-grained, glassy, dust tuffs

on top. Esenli and Kumbasar [66] investigated thermal behaviour of heulandites and

clinoptilolites from Bigadic;, Gordes and Mustafakemalpa~a using differential thermal

analysis(DTA) and thermogravimetric analysis (TGA). The zeolite contents were found to

vary mainly between 55 and 100%, while most of the representative samples contained

morethan 80% clinoptilolite.

Altav et al. [68] investigated the cation content, ion-exchange and adsorption

properties of the clinoptilolite from Bigadic;. The clinoptilolite content of the tuffs was

reportedas 95%. H2S and S02 adsorption isotherms for raw, Na, H, K and Ca-exchanged

clinoptilolites were determined using constant volumetric method upto 100kPa. The

69



adsorption isotherms for H2S and S02 on Na, K and H-exchanged clinoptilolite showed

Type I shape. H2S adsorption capacity decreased in the order of H>K>Raw>Na>Ca

exchanged forms and S02 adsorption capacity decreased in the order of H>Na>Raw>K>

Ca-exchanged forms. Adsorption capacity for H2S was found in the range of 0.28-2.98

mmol/g and for S02 in the range of 2.99-3.67 mmol/g. H-exchanged forms exhibited the

highest capacity both for H2S and S02 due to their interactions with the rr atoms in the

channels. Ca-exchanged clinoptilolite did not adsorb S02. The lowest capacity of Ca

exchanged clinoptilolite for H2S was explained by blockage of the eight-member ring

channels by Ca2+ cations. Na-exchanged form exhibited lower capacity with respect to H

exchanged form due to lower electronegativity ofNa+ cations. Adsorption isotherms were

modelled by Freundlich, Langmuir and Dubinin-Astakhov (D-A) models. D-A model was

found to be the most suitable model and micropore volumes were calculated in the range of

0.086-0.157 cm3/g and characteristic adsorption energy in the range of2.62-16.06 kl/mol.

Numerous studies on the regeneration of the adsorbents and effects of structural

characteristics of zeolites on their adsorption properties are available in the literature.

Tsitsishvili et al. [82,83] reported that the presence of highly hydrated cations (Ca2+and

Mg2) in clinoptilolite blocks the channels and prevents the free movement of the guest

molecules. They noted that thermal activation of the raw material below 300°C does not

completely remove the water molecules arranged near Ca2+ and Mg2+ cations. For this

reason, and in order to define the best conditions of activation, the clinoptilolite samples

were heated at different temperatures in the range of 280-600 °c, for different time periods.

The water contents of these samples were determined and their molecular sieve capacities

were evaluated for the OiN2 separation from air. They concluded that the best separation

efficiencies were achieved with the samples heated in the range 400-500°C. Ozkan and

D1kii [67] regenerated the clinoptilolite particles from Bigadi~ at 160°C in a vacuum oven

for 9 hours, at 400°C and 600°C in an oven for 3 hours prior to the breakthrough

experiments for water vapor adsorption by the clinoptilolite using a packed column. As the

regeneration temperatures increased from 160°C to 400°C, the sharper and later

concentration breakthrough occurred, i.e. the water vapor adsorption capacity of the

column increased approximately 26%. However increasing to 600°C resulted in decrease

ofthe adsorption capacity of the clinoptilolite.
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Barrer and Coughlan [25] studied the adsorption of a non-polar molecule (Kr), a

molecule with a quadrupole moment (C02) and one with a dipole moment (H20). These

gases have different polarizabilities, electric multiple moments and molecular sizes,

however comparable to the effective dimension of the channels reported for the different

cationic forms of clinoptilolite [24]. The gas chromatographic retention volumes and the

adsorption entalphies of CO, O2, N2 and Cf4 on the different samples were experimentally

determined and are discussed in terms of polarizability of the gases, polarizing power of

the cations and their location in the zeolite framework. Consequently, higher polarizing

power of cation resulted in lower diffusivity. Tsitsishvili et al. [23] reported that the

adsorption capacity of zeolites in chromatographic processes is governed by both the

strength of the sorbate-adsorbent interactions and the molecular diffusion rate through the

pores.

Emesh and Gay [72] carried out experiments with Zn2+, Cd2+, Na+ and Ca2+_

exchanged A zeolites and found that CO forms a specific complex with divalent ions in the

framework of type A zeolite. It was also reported that the adsorption capacity of A zeolite

increased as divalent ion content increased. However, the capacity decreased if excess

amount of divalent ions were exchanged, due to inaccessibility of some of the divalent

IOns.

Other studies on structural effects on adsorption properties of zeolites were

performed by Ackley and Yang [73] and Ackley et al. [24]. They published a review of the

general structural and adsorptive characteristics of clinoptilolite based on the experimental

results obtained by gravimetric method. The ion-exchanged clinoptilolite and 4A zeolite

were compared according to their properties of separation of Cf4 from N2. The 2-D

channel structure of clinoptilolite was changed by ion - exchange to study the effects of

cation size, location, and distribution on the diffusion of N2 (weakly polar) and Cf4

(nonpolar) molecules in terms of channel blockage. The diffusion time constants (D1l})

were determined from the gravimetric uptake measurements for fully exchanged K+, Na+

and W clinoptilolite, and higWy-exchanged Ca+2 and Mg +2 clinoptilolite. A constant

pressure, constant flow and constant concentration of a single adsorbate in helium were

introduced to the zeolite sample on the electrobalance and maintained until equilibrium

wasachieved. It was shown that the intracrystalline diffusion was dominant mechanism for

diffusion of N2 and Cf4 molecules in clinoptilolite. Diffusion time constants were
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determined comparing either the plane sheet or parallel channel diffusion model with the

uptake data obtained at 27 and 50°C.

In the application of the plane sheet model, each layer of clinoptilolite channels was

assumed as an independent plane sheet diffusion layer. This model was found suitable for

diffusion in K+-clinoptilolite, since all c channels were blocked by K+ cations and diffusion

occurred along A and B channels. The Fick's law for concentration-independent diffusion

coefficient was applied and one dimensional diffusion equation (Equation 4.7) was derived

for a plane sheet.

A parallel channel diffusion model was derived using Equation (4.7) to represent

the rapid and slow components of diffusion evident from the uptake rate data. This allowed

the determination of the concentration-dependent diffusion time constants for both the

eight- and ten-member ring channels of the clinoptilolite structure. In this study, for some

of the exchanged clinoptilolites, two distinct uptake regions (rapid and slow) were

observed for CRt diffusion which were explained by the different diffusion mechanisms

due to differences in channel geometry and blockage. Different diffusion control processes

were involved in the bidisperse model proposed by Ruckenstein et al. [76] for transient

diffusion in porous adsorbent containing both micropores and macropores. For each in

micropores and macropores, two different diffusion coefficients were defined due to

different diffusion mechanisms. Ca2+ and Na+ cations blocked eight-member ring channels,

while Mg2+ blocked the ten-member ring channel. Therefore, it was concluded that the

cation location was important to channel blocking than the size or number.

Ackley and Yang [30] also investigated the adsorption characteristics of fully

exchanged-K+, Na+ and W clinoptilolite, and highly-exchanged Ca+2 and Mg+2

clinoptilolite. They applied Dubinin-Astakhov volume filling model to adsorption isotherm

to determine the pore volume using N2 and CRt at their normal boiling points. Adsorption

capacity and heat of adsorption were related to structural properties of the clinoptilolite

suchas cation type and location. It was resulted that the pore structure of the clinoptiolite

couldbe modified by cations for desired gas separations.

The interaction of CO with the cationic Lewis sites of transition metal (Fe2+, C02+,

Ni21and Cu-exchanged Y and X zeolites was studied by Rakic et al.[77] using Fourier

transform infrared spectroscopy (FTIR). During adsorption of CO, IR absorption bands in

the2200-2000 cm-l spectral region, characteristic for symmetric stretching of CO adsorbed
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on zeolites, indicating molecular adsorption of CO on Cu-exchanged samples. In the case

of all other samples investigated, disproportion of CO was noticed during its adsorption

and temperature-programmed desorption. It was reported that the C-O stretch bands of CO

molecules adsorbed on a zeolite surface occur between 2000 and 2230 cm-I,i.e., in the

same region where the CO gas-phase frequency (2143 cm-I) appears. Three overlapping

bands in the C-O stretch region were obtained for the iron-, nickel- and cobalt-exchanged

zeolites: one band near 2200 cm-I and two bands at 2170 and 2120 cm-Ifor all the zeolites

studied. Weak overlapping bands near 1600 cm-l were also found during CO adsorption on

these samples. The appearance of a band near 2349 cm-l has already been reported in the

case of CO adsorption on monovalent and bivalent-cation-exchanged forms of FAU-type

zeolites [78]. They explained the appearance of the bands near 2350 cm-l by formation of

CO2 during the adsorption of CO on transition-metal cation-exchanged zeolites. The

simultaneous appearance of the C-O stretch bands and the band at 2350 cm-I,observed

during the adsorption of CO on Fe, Co and Ni-exchanged zeolites, confirms that

disproportionation of CO and the formation of weakly bound CO2 occurs during CO

adsorption.
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CHAPTER 6

EXPERIMENTAL STUDY

In this chapter experimental procedures for characterization of clinoptilolite and

chromatographic experimental set-up and procedure for investigation of CO adsorption

equilibrium and kinetics on the clinoptilolite is given. The clinoptilolite sample is

characterized in order to determine its physical, chemical and thermal properties and

effects of these properties on adsorptive characteristics of the clinoptilolite. The results are

given in the Chapter 7.

6.1. Preparation of Clinoptilolite Particles

The clinoptilolite excavated from Gordes, in western Anatolia, was supplied as

particles smaller than 0.7 mm and in the size range of 0.7-1. 8 mm. Particles from these two

size ranges were mixed and sieved to a desired particle size range of 500-850 Jlm (35-20

mesh). Then, the particles were put into deionized water and the mixture was heated on a

hot plate until it was boiled in order to remove soluble impurities. After that, the particles

were filtered. This washing and filtering process was repeated three times. A glass rode

was used to mix the mixture during heating. After washing and filtering, the particles were

rinsed with deionized water and put into the oven at 100°C for 6 hours.

Those dried particles were sieved again for narrow particle size distribution, since

theymight be broken during washing. After sieving process, the particles were divided into

two groups, one group was placed into saturated NI!JCI environment (wet desiccator) to

bring it to constant relative humidity, and the other group was placed into the CaCh

desiccator (dry desiccator) in order to prevent the particles adsorbing water vapour from

the atmosphere, at least for two weeks. These prepared particles were named as "washed

clineptilolite", while those used as received were named as 'unwashed clinoptilolite".
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6.2. Characterization of Clinoptlolite

6.2.1. Determination of Clinoptilolite Density

In order to determine the wet and dry densities, c1inoptilolite specImen of

rectangular prism in shape was cut. The volume of the specimen was calculated as 4.714

cmJ. Then it was placed in an oven at 400°C for 24hrs and cooled in dry desiccator and

weighted (It1dcy). After that it was immerged in deionized water and vacuumed at -500

mmHg at room temperature until the exit of air bubbles stopped. The specimen was taken

out of the water and dried with a tissue and weighted again (mwet).Knowing the volume of

the specimen, the dry (Pdry) and wet (Pwet)densities of the c1inoptilolite were calculated as

1.240 and 1.502 glcm3, respectively. Then, the bed voidage was calculated as 32.57%. The

dry c1inoptilolite density was used in this calculation regarding regeneration of the particles

before adsorption experiments. The calculation details are given in Appendix C.

6.2.2. Particle Size Distribution Measurements

Laser diffraction based-particle size analyzer (Malvern MastersizerS Ver.2.14) was

utilized for determination of the particle size distribution of c1inoptilolite particles packed

into the column. This instrument allows measurement of particle size distributions in the

range of 0.05-3500llm, with a precision of better than 0.5%. Particles were suspended in

water in a magnetically stirred cell during analysis. When a particle passes through a laser

beam it causes light to be scattered at an angle that is inversely proportional to its size

[106].

6.2.3. Elemental Analysis by Inductively Coupled Plasma (lCP)

Varian Model Libertyll ICP-AES was used to determine the quantities of

framework elements and charge-balancing cations. The method is based on the principle

that the energy of emission is specific for each element.

The analysis was performed as follows. Clinoptilolite sample weighing 0.1003 g

was taken from the wet desiccator and put into a platin crucible. Then 6.4 mL of HF was

added in order to dissolve the sample. The crucible was heated on a hot plate until all HF

was evaporated. To check complete dissolution of silica, 2 mL more HF was added and the

cruciblewas heated again until white precipitate was observed. After keeping the sample in

anoven at 400°C for 2 hours, it was placed in the dry desiccator for 5 minutes.

75



The weight of the crucible containing the white precipitate was recorded. The

precipitate was taken out of the crucible and 100 mL deionized water was added in order to

prepare solution of306 ppm. This solution was diluted to 76.5 ppm and 1 mL cesium was

added. Then this liquid sample was fed to the ICP where it was atomized. The sample was

then carried by argon gas into the plasma where the elements are thermally excited.

The weight difference between the initial and final weight of the sample was

equated to the evaporated mass of Si02 and H20 (O.0697g). The amount of water

evaporated was taken as the average weight loss observed from thermal analysis, as 10.57

g. Then the evaporated water weight corresponded to 0.0107 mg. Therefore, evaporated

Si02 weight was found as 59.09 mg. The data was utilized in the determination of

chemical composition of the clinoptilolite.

The reliability of this analysis was verified by stating the mass balance between the

evaporated H20 (0.0106 mg) and evaporated Si02 (58.917 mg), and the final sample mass

(97.475 mg). Therefore, 2.525 mg sample was lost during solution preparation or analysis.

6.2.4. Fourier Transform Infrared Spectroscopy (FTIR)

The infrared spectra of samples were taken by Shimadzu FTIR-8601 Fourier

Transform Infrared Spectrophotometer using KBr pellet technique [79]. Typical pellet

containing 2 % weight sample in KBr pellet was prepared by mixing 4 mg sample with 200

mg of KBr. The amount of sample in KBr pellet was chosen so to provide linear

dependence of optical density of characteristic IR bands versus sample content. Pure KBr

powder was used as the blank and the reference spectrum of dry KBr was recorded. Then

infrared spectra were observed in the wavelength mid-infrared region range of 400 - 4000

cm-l, since this range of the spectrum contains the fundamental vibrations of the

framework AI, Si-04 or (T04) tetrahedra.

The IR spectra of washed, regenerated and CO adsorbed clinoptilolites were

determined and compared considering typical bands for clinoptilolite.

6.2.5. Thermal Analysis

The thermal properties of Gordes II clinoptilolite were analyzed by

thermogravimetric and differential thermal analysis methods. These analyses involve the

investigation of the evolution of water, decrease in unit cell volume and structural

breakdown or modification i. e., conversion to another amorphous or crystalline phase. The
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details of thermal behaviour of natural zeolites gIve useful information about their

structural and physicochemical properties such as adsorption capacity and differential heat

of adsorption which are required for their practical applications including as water

adsorbents. The 10 mg clinoptilolite samples from the wet desiccator was utilized in

thermal analysis.

6.2.5.1. Thermogravimetric Analysis (TGA)

Shimadzu TGA-51 thermobalance was used to perform thermogravimetric analysis

for washed and unwashed clinoptilolite particles upto the maximum temperature of 800 °e

under different analysis conditions. Nitrogen at different flow rates (5, 10 and 20 mL/min)

and three different heating rates (2, 5 and 100e per minute) were employed for the

analysis. The percent weight losses as they were heated were determined from TGA

curves.

6.2.5.2. Differential Thermal Analysis (DTA)

Differential thermal analysis for both washed and unwashed clinoptilolite samples

were carried out by Shimadzu DTA -50. Differential Thermal Analysis (DTA) measures

the difference in temperature between a sample and a thermally inert reference as the

temperature increases. Maximum temperature for this analysis was 1000oe. Heating rate of

SOC/minwas applied. DT A provides information on the temperatures at which exothermic

and endothermic reactions taking place within the sample, since the sample undergoes a

transformation, it either absorbs (endothermic) or releases (exothermic) heat. Temperatures

for phase transitions and structural destruction can be determined by DT A.

6.2.6. Pore Volume and Surface Area Analysis

Accelerated Surface Area and Porosimeter (ASAP 2010, Micromeritics) was

applied to determine the pore and surface characteristics of the clinoptilolite sample. A

clinoptilolite sample weighing 0,2371g was taken from the dry desiccator. It was outgassed

by applying heat, vacuum and flowing gas to remove adsorbed contaminants acquired from

atmospheric exposure and organic impurities. The outgassing was performed under 10

~mHg vacuum and argon purge. The temperature of the sample was kept at 500e for 1

hour. Then, the temperature was increased by 50°C/hour until it reaches to 350°C. The

sample was left at this temperature for 24 hours. Then the sample was allowed to cool
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under vacuum to analysis temperature of 87.40 K. Argon was admitted as an adsorptive to

the adsorbent in controlled increments. After each of dose of adsorptive, the pressure was

allowed to equilibrate and the quantity of gas adsorbed was determined.

The gas volume adsorbed at each pressure (at constant temperature) defines

adsorption isotherm. ASAP 2010 instrument measures the molar quantity of gas n

(standard volume Va, or general quantity q) taken up (adsorbed) or released (desorbed) at a

constant temperature by an initially clean solid surface as a function of gas pressure [80].

The thickness of the adsorbed film increases as adsorption process continues to the point of

bulk condensation of the adsorptive. Then, desorption process begins, pressure is

systematically reduced and the adsorbed molecules are released. Analysis of the isotherms

yields information about the surface characteristics of the material.

6.3. Experimental Set-Up for Adsorption Equilibrium and Kinetic

Studies

An experimental-set up was constructed for this study. The diagram of the

experimental set-up is given in Figure 6.1.

A Shimadzu GC-17 A, Ver. 3 gas chromatograph equipped with thermal

conductivity detector (TCD) was used for all measurements. The stainless steel column

with 0.46 cm inlet diameter and 10 cm length packed with the washed clinoptilolite

particles was used. The packed column was placed in the GC oven for accurate

temperature control.

Ultra high purity He carrier gas (99.999 %) was used to transport the 0.25 mL CO

gas sample through the column in order to reduce baseline fluctuations and excessive

detector noise. Gases were supplied to the instrument from gas cylinders. Two-stage

pressure regulators were employed with gas cylinders to reduce the pressure to a desired

pressure, since constant delivery pressure is required for a gas chromatograph. Digital mass

flow controller capable of delivering 0-500 mLimin of gas was used for adjustment and

control of the He gas flow rates. Check valve was used after the mass flow controller to

provide gas flow in only one direction. A soap-bubble meter was connected to the TCD

outlet to verify the flow rates measured by mass flow controllers.
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Clean chromatographic grade 1/8" tubing was used to plumb gases to the GC. The

tubing was cut with a hand-held device guiding a cutting wheel along the outside surface

of the tubing. Compression fittings were used to provide gas-tight, leak-free connections.

The oxygen trap adsorbing oxygen at room temperature was employed to prevent

impurities entering the GC system with even ultra high purity gases. These impurities can

cause ghost peaks and detector signal noise. Molecular sieve trap was used for removing

trace levels of moisture from carrier gas. Leak checking was performed including all the

fittings inside the GC and the external fittings along the carrier gas line. Soap solution was

used for leak detection.

The CO pulse of 0.25 mL was injected by means of a multiport sampling valve. A

diagram of a multiport valve is shown in Figure 6.2. The valve is first turned to the charge

position and 1 mL gas from the 25% CO-He mixture cylinder is passed into port A. The

sample flows through B into the loop and the excess is lost through ports C and D. When

the valve is turned to the discharge position the He entering at E is directed through the

loop causing the sample to be swept onto the injection port and then to the column through

port F [81]. The pulse then passed through the packed column and eventually the TCD.

Cattier~in Comnn CamerGasin Commn

Figure 6.2. The multiport sampling valve

Thermal conductivity detector (TCD) response is proportional to the concentration

of the sorbate in the carrier gas. The detector cell includes two separate filaments. The

principle of operation is based on the relative change in the thermal conductivity of the gas

passing across the detector filament as sorbate elutes from the column. Heat is lost by the

filament through the carrier gas to the cell wall of the detector. By measuring the amount

of current required to maintain as constant filament temperature as gases of different

thermal conductivities cross the filament, a concentration-dependent chromatographic
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signal is produced. Thermal conductivity of the carrier gas used in this study is 34.31 xl0-5

caVs.cm.°C and for CO it is 5.43xlO-5 cal/s.cm°c.

6.3.1. Packing and Regeneration of the Adsorbent Column

The column was packed with 1.389 g of washed clinoptilolite particles of size in

the range of 500-850 Jlm. The procedure for packing a column was simple; the particles

were packed into the stainless steel column by an attachable aluminium funnel. For

homogenous packing, a vibrator was utilized. Attention was paid to not to break the

particles during packing in order to prevent inhomogeneous packing since uniform, near

spherical particles with narrow size distribution is required for homogenous packing of the

column. Small amount of glass wool was placed at column ends to trap the adsorbent in the

column and to prevent the particles reaching the detector. Details of the adsorption column

are given in Table 6.1.

Table 6.1. Adsorption column characteristics.

~assofpacking,~a~g 1.389 g

Particle size range

20-35 mesh(500-850 Jlm)

Column I. D.

0.46 cm

Column Length

10cm

Column length-to-column diameter ratio

21.74

The aim of regeneration is to remove volatile impurities and water from the packed

clinoptilolite. If the adsorbent is not properly regenerated, these impurities will slowly

elute off the column during the analysis leading to baseline disturbances and a high

background signal. In order to decide the appropriate regeneration conditions, previous

studies carried out with similar adsorbents and under similar experimental conditions were

rewieved in Chapter 5. In this study, regeneration conditions were decided after a series of

chromatographic runs: CO pulse of 0.25 mL was injected to the packed column after it was

regenerated at various temperatures (300 and 350°C) and for different time periods (6, 12,

24 and 48 hours). The chromatograms were obtained under same analysis conditions (50

mL/min He flow rate, 60°C column temperature) for each injection and compared. These

peakswere compared and it was seen that the characteristics of peaks (retention time, peak
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area and height) which were obtained after regeneration for 6 and 12 hours. Similar peak

characteristics were observed after regeneration at 350°C for 24 hours. These regeneration

conditions were found appropriate. In our study, the column regeneration process was

carried out within the GC oven first at 100°C for 2 hours in order to remove the moisture,

then at 350°C for 24 hours to remove further impurities under 50 mL/min helium purge.

The GC oven temperature increased by WOC/min upto 350°C. During regeneration

process, the column was disconnected from the TCD. The regenerated column was not

taken out of the GC after regeneration in order to prevent adsorption of impurities or

moisture from the air, and it was allowed to cool to the analysis temperatures and then

connected to the TCD. A carrier gas flow of helium was also flowed continuously through

the system for purging between experimental runs.

6.3.2. Experimental Conditions

Adsorption equilibrium and kinetic experiments were performed under different

column temperatures and carrier gas flow rates. Carrier gas flow rates were changed as 30,

40,50 and 60 mL/min at each column temperature of 60, 80, 100 and 120°C. Since the He

flow rates were measured at room temperature, the interstitial He velocities were corrected

to the column temperature. These experimental parameters are given in Table 6.2.

Table 6.2. Experimental parameters applied in the gas chromatography experiments.

Column
Volumetric flow rate

Superficial velocity
Intersitial velocityCorrected velocityTemperature

of the carrier gas
('C)

(mL/min)
Vs (em/see)

v = vJF. (em/see)(em/see)

30

3.019.2310,31

60

40
4.0112.3113,75

50
5.0215.3917,19

60
6.0218.4720,63

30
3.019.2310,94

80

40
4.0112.3114,59

50
5.0215.3918,24

60
6.0218.4721,88

30
3.019.2311,56

100

40
4.0112.3115,41

50
5.0215.3919,27

60
6.0218.4723,15

30
3.019.2312,18

120

40
4.0112.3116,24

50
5.0215.3920,30

60
6.0218.4724,36

82
......



6.3.3. Gas Chromatography Experiments

The chromatographic peaks were obtained by injection of 0.25 mL CO pulse to the

column after the column was brought to equilibrium.

At the beginning, 1 mL pure CO pulse was injected into the column and several

peaks were observed in the chromatograms. This was attributed to the large pulse size. The

sampling loop volume smaller than 1 mL was not available for the sampling valve.

Therefore, the pulse was introduced to the system from the 25% CO-He mixture cylinder

corresponding to the CO pulse size of 0.25 mL.

Prior to the chromatographic experiments, the linearity of the thermal conductivity

detector (TeD) response with the inlet CO concentration was tested. 0.25 mL CO pulses of

different concentrations (2.5-100 %) were introduced to the empty column and the

response peaks were obtained at 60°C column temperature for He flow rates of 30, 40, 50

and 60 mL/min. The retention time, peak area and peak height of these peaks were

anlyzed.

Before the packed column experiments, 0.25 mL CO pulse was injected to the

empty column under the analysis conditions given in Table 6.2. Then, the obtained

response peaks were utilized for determination of the dead retention times and the first and

second moments for empty column.

The packed column experiments were carried out in the same manner, 0.25 mL CO

pulse was introduced after equilibrium was reached in the column. The aim of using

different column temperatures was to estimate the heats of adsorption and dependence of

total dispersion on temperature. He flow rates were changed in order to separate the axial

dispersion from other mass transfer resistances, while the column temperature was kept

constant at 60,80, 100 and 120°C.
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CHAPTER 7

RESUL TS AND DISCUSSION

7.1. Density Measurements

The dry and wet densities of the clinoptilolite were determined as 1.240 and 1.502

g/cm3 (see Appendix C), respectively and the bed voidage was calculated as 32.61 %

knowing the volume of the clinoptilolite packed into the column. The bed density was

calculated as 0.837 glcm3. Then the pressure drop across the packed column was calculated

as 0.034-0.731 kPa using the Equation Al given in Appendix A and accepted as

negligible.

7.2. Particle Size Distribution Measurement

Particle size distribution measured is presented as differential percent volume

versus the corresponding particle size in Figure 7.1.

30

25

~ 20'-'

~ IS

~ 10

5

o

1,1 2,7 5,7 12,0 30,4 65,0 137,8 291,9 618,3 900,0

Particle diameter <mm)

Figure 7.1. Clinoptilolite particle size distribution
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Figure 7.1 suggests that the particles have narrow size distribution that is required

for homogenous packing of the column. The mean diameter was calculated from the size

distribution as 603.791 J..lm. However, the particles out of the sieved range (500-850 J..lm).

were also detected. Presence of larger particles could be due to agglomeration of zeolite

particles. Detection of particles smaller than 500 J..lmmay be explained by breaking of

zeolite particles during dispersing them by magnetic stirrer.

7.3. Elemental Analysis by Inductively Coupled Plasma

The chemical composition of the clinoptilolite sample as percent weight sample is

given in Table 7.1.

Table 7.1. Chemical compositions of the clinoptilolite

Element

Element

% weightAfuO

0.012

AhO]

12.355

B2O]

0.144
BaO

0.066
CaO

4.906

CO]04

0.003

Cr20]

0.005

Cu20

0.092

F~03

1.561

K20

3.276

MgO
1.255

MnO
0.016

Na20

1.176
NiO

0.177
PbO

0.023

Si02

72.101
ZnO

0.303

Si/AI for the clinoptilolite sample of interest was found as 5.84. Thermal stability

of c1inoptilolite depends on the Si/AI ratio. Thermal behaviour of zeolites increases as

Si/Al ratio increases. This ratio was reported in the 4.25-5.25 range by Breck [13] and in

the 4.5-5.5 range by Tsitsishvili et aI. [22].
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In this study Ca2+1K+ratio was calculated as 1.498. The amount, type and location

of these cations affect intracrystalline diffusivity and molecular sieve properties as

previously explained in Chapter 3. Tsitsishvili et aI. [82] examined that the presence of

Ca2+ in cIinoptilolite blocks the channels reducing diffusivity of the gases especially of

small molecules such as water vapour. They also studied the effects of cations on thermal

stability and reported that zeolites containing Ca2+ retained their water to higher

temperatures with respect to those containing K+ ions [82]. Consequently, thermal

activation below 300°C was found impossible to completely remove the water molecules

arranged near these cations.

Role of exchangeable cations on the molecular sieve properties of a cIinoptilolite

was also well stated by Arcoya et a1. [87]. Capability of the natural cIinoptilolite

exchanged with amonium, alkaline and alkaline-earth cations was examined for the

separation of C:I:4,O2, N2 and CO in terms of polarizing power and locations of the cations

in the zeolite framework. It was also reported that the volume and location of the cations

affected the retention volumes in chromatographic studies of gases in cIinoptilolite. With

regard to CO molecule, the highest retention volume values were obtained due to

permanent dipole moment of CO molecule. On the other hand, retention volumes for CO

on variously exchanged cIinoptilolites increased in the order: Cs-CLI<R-CLI<K-CLI<Na

CLI<Ca-CLI<Mg-CLI<Ba-CLI. Except for the Ba-exchanged clinoptilolite, this sequence

was observed to increase with the increasing polarizing power of the cations (3.08 for Mg,

2.02 for Ca, 1.48 for Ba, 1.05 for Na, 0.7 for K, 0.59 for Cs) [87].

Other studies on the effects of cations on adsorption properties of zeolites were

reviewedin Chapter 5.

7.4. Fourier Transform Infrared Spectroscopy Analysis

Infrared spectroscopy was used to characterize the nature of OR groups in the

structure, vibrations of the framework elements and adsorbed CO molecules on the

clinoptilolite.Vibrations of the frameworks of zeolites give rise to typical bands in the

mid-infraredregion. The original assignments of the main IR bands are given in Table 7.2.
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Table 7.2. Zeolite IR Assignments (cm-I)[13]

Internal Tehrahedra

Asymmetrical strech

1250-950

Symmetrical strech

720-650
T-Obend

.
500-420

External Linkages Double ring

650-500

Pore opening

420-300

Symmetrical strech

750-820

Asymmetrical strech

1150-1050

Unwashed, washed, regenerated and CO adsorbed clinoptilolite samples showed

the similar absorption bands as shown in Figure 7.2-7.4. The strongest band was observed

around 1050 em-I and was assigned to internal T-O stretching mode. The second strongest

band in the spectra was found around 450 cm-Iwhich was assigned to internal T-0 bending

mode. This vibration is not sensitive to the Si/AI ratio of the framework. The band at 600

cm-I in the spectrums was related to the presence of the double rings in the framework

structures. The peaks in 750-820 cm-I region were assigned to the stretching modes

involving mainly the tetrahedral atoms and are sensitive to the Si-AI composition of the

framework [13]. Flanigen et al. [88] reported relationships between the frequency of

internal asymmetrical stretch (1250-950 cm-I)and symmetrical stretch (720-650 cm-I) of

x- or Y- type zeolites and the Si/AI ratio of the framework. Another common bands were

observed at about 3400 and 1645 cm-I for washed, unwashed, regenerated and CO

adsorbed clinoptilolite samples. The broad band in the stretching region at about 3400 cm-I

is characteristic of the isolated H20 molecules (hydrogen-bonded OR), and the band at

1645 cm-I represents the usual bending vibration of water [13]. The isolated OH streching

is attributed to interaction of the water hydroxyl with the cation. The other band is

attributed to the hydrogen bonding of the water molecule to a surface oxygen and to the

bending mode of the water [89].

The influence of washing on clinoptilolite content of zeolite was examined by

considering typical bands for clinoptilolite, 609 cm-I and 450 cm-l bands. After washing,

no significant changes were recorded in absorbance values of these peaks as shown in

Figure 6.2. The slight increase in both band intensities may be explained by removal of the

soluble impurities on the external surface due to washing.
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Figure 7.2. FTIR spectra for unwashed and washed clinoptilolite samples

The influence of regeneration at 350°C for 24 hours on the spectrum of

c1inoptilolite can be clearly seen in Figure 7.3. The intensities of the bands at 450 cm'l

(internal bending vibration of tetrahedra) and 1050 cm·l (asymmetric stretching of internal

T-0) were increased significantly after regeneration. This increase might indicate the

removal of impurities from the surface of the zeolite sample. The slight increase in the

band at 450 cm'l was detected in the spectrum of regenerated sample. This may be

attributed to the lattice vibrations caused by the movements due to dehydration as claimed

by Flanigen et al. [88]. Rodriguez-Fuentes et al. [90] studied the influence of regeneration

in natural zeolites considering the bands at 455, 1205 and 1645 cm·I Similar frequency

shift was observed for the 1205 and 455 cm·1 band for thermally treated zeolite samples.

Regeneration process also resulted the band intensities around 1650 and 3600 cm·l to

increase, since adsorbed H20 gives rise to a typical deformation band around 1640 cm,I.

The IR spectra showed several adsorption bands around 1600 cm·l caused by deformation

of water molecules and in the stretching region (3400-3700 cm'l), the spectra contain

adsorption bands due to the isolated H20 molecules [22].
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Figure 7.3. FTIR spectra for washed and regenerated clinoptilolite

The FTIR spectrum for CO adsorbed clinoptilolite and its comparison with the

regenerated clinoptilolite is given in Figure 7.4.
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Figure 7.4. FTIR spectra for regenerated and CO adsorbed clinoptilolite
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No significant difference was observed between the IR spectrum of regenerated and

co adsorbed clinoptilolite except the increases in all band intensities. However, during

adsorption of CO from the gas stream (insitu) Rakic et al. [77] obtained IR absorption

bands in the 2200-2000 cm-I spectral region, characteristic for symmetric stretching of CO

adsorbed on zeolites. These bands were attributed to the molecular adsorption of CO on

Cu-exchanged Y and X zeolite samples. For Fe, Co and Ni-exchanged zeolites,

disproportion of CO was noticed during its adsorption. It was reported that the C-O stretch

bands of CO molecules adsorbed on a zeolite surface occur between 2000 and 2230 cm-I,

i.e., in the same region where the CO gas-phase frequency (2143 cm-I)appears. Three

overlapping bands in the C-O stretch region were obtained for the Fe, Co and Ni

exchanged zeolites: one band near 2200 cm-I and two bands of the frequencies which were

the same for all the zeolites studied (2170 and 2120 cm-I).Weak overlapping bands near

1600 cm-I were also found during CO adsorption on these samples. The appearance of a

band near 2349 cm-l has already been reported in the case of CO adsorption on monovalent

and bivalent-cation-exchanged forms of FAU-type zeolites [78]. They explained the

appearance of the bands near 2350 cm-Iby formation of C02 during the adsorption of CO

on transition-metal cation-exchanged zeolites. The simultaneous appearance of the C-O

stretch bands and the band at 2350 cm-I,observed during the adsorption of CO on Fe2+,

C02+ and Ni2+-exchanged zeolites, confirms that disproportionation of CO and the

formation of weakly bound C02 occurs during CO adsorption.

These reported characteristics bands for CO adsorption on zeolites were not

observed on clinoptilolite zeolite, although the clinoptiloltie was rich in divalent cations.

The possible reason may be that the FTIR spectra were not collected insitu during CO

adsorption in this study or low adsorbed concentration of CO that could not be detected by

FTIR detector.

7.5. Thermal Analysis

The weight percent losses both for washed and unwashed clinoptilolite samples for

different N2 flow rates and heating rates were obtained from TGA curves. The results are

presented in Table 7. 3.
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Table 7.3. Percent weight loss for unwashed and washed clinoptilolite samples

obtained from thermogravimetric analysis

Heating Rate
N2FlowRate% weight loss

('C/min)

(mL/min)UnwashedWashed

2

2011.44611.800
5

2010.5638.555
10

209.9349.822
10

109.24912.056
10

511.48512.157

The average percent weight losses upto 800°C were calculated as 10.535 % for

unwashed and as 10.878 % for washed clinoptilolite samples. The percent weight loss for

washed sample was found to be smaller than that reported by Bish [91] who reported the

weight loss of 14.50 %. The percent weight losses for washed samples were found

generally greater than those were for unwashed samples, although there were exceptions.

These differences in percent weight loss could be resulted from the differences in water

contents which depends on the amount and type of the extra-framework cations [22, 13].

TGA curves of unwashed and washed clinoptilolite samples under analysis

conditions of 10 mL/min N2 flow rate and IO°C/min heating rate are given in Figure 7.5

and 7.6. There was no relationship between the percent weight loss and N2 flow rate for

both unwashed and washed samples. However, percent weight loss for the washed

clinoptlolite sample increased with decreasing N2 flow rate. There was no such linear

relationship for the unwashed sample. Both samples showed continuous dehydration

curves as a function of temperature. This indicated that the deydration process was

reversible [13].

The water in clinoptilolite was classified in three groups as externally adsorbed

water, loosely bound water and tightly bound water [92]. Thus, the dehydration occurs in

stepwise manner, mainly at three steps, due to the different binding energies among water

molecules and cations [91].

In order to distinguish these steps, tangents lines were drawn to the linear portions

of TGA curves and vertical lines were dropped from their intersection points, so the

boundaries between the linear portions were determined. The low temperature inflection

point was observed at approximately 80°C. This could be explained by desorption of
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externally adsorbed water. Other inflection point was detected at about 1S0°C and assigned

to desorption of loosely bound water. These temperatures were in good agreement with

those reported by Knowlton et al. [92] as SOoC and 170°C. They reported the high

temperature inflection portion at about 260°C where slow desorption of tightly bound

water from clinoptilolite started. For the clinoptilolite of interest in this study, the weight

losses were recorded as 4.21 % up to about SO°C, 3.61 % from SOto lS0°C, 1.41 % from

ISO to 260°C and 3.43 % from 260 to SOO°C.

D- TG curves were obtained by differentiating the TGA curves with respect to time.

A peak was observed at 47.46°C for unwashed and at 44.7SoC for washed clinoptilolite

samples. The weight loss rates were determined directly from the peak heights and were

found approximately -0.00165 mg/min both for unwashed and washed samples.
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Figure 7.5. TGA curves for washed clinoptilolite samples showing the effect of

N2 flow rate on percent weight loss
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Figure 7.6. TGA curves for unwashed clinoptilolite samples showing the effect of

N2 flow rate on percent weight loss

DT A curves obtained for both washed and unwashed clinoptilolite samples were

plotted in Figure 7.7. An endothermic and an exothermic peak were seen in DTA curves

for both unwashed and washed clinoptilolite samples. Endothermic peak was observed at

45°C which could be associated with the release of loosely bound water. The detection of

this peak at lower temperature as compared those reported in the literature (125-160°C)

could be explained by the type of exchangeable cations [93, 94, 22, 92, 66]. According to

Tsitshivili et al. [22], this peak was expected at higher temperatures since our sample was

rich in Ca2+. It was reported that the presence of such high-hydration-energy cations such

as Ca2+ causes the zeolite to retain their water to higher temperatures. Esenli and Kumbasar

[66] experienced also other endotherm at about 230°C. The presence of this peak was

explained by Na+K/Ca+Mg ratio between 0.58-1.27. Although this ratio is 0.723 for our

sample, such an endothermic peak were not observed during thermal analysis.

93



I

100 200 300 400 500 600 700 800 900 1000 1100

10 -Ir-----------------,
o \:::7'""--------"'" - washed

38 -9°·C 223399~,55°oCC""" - tmwashed-lD - ;J '"

-20 ~~~ .....
,-... ,,'"----> -30 - ~-,~,
::: ------ '.
'-' -40 ,,<>
g 839°C \\

~ '~

-60 \\
N2 Flow Rate: 20 mL/min \\

~ ~
Heating Rate:5°c/min \>

-80 ] '-90

o

Temperature (C)

Figure 7.7. Comparison ofDTA curves for unwashed and washed clinoptilolite samples

(N2 Flow Rate: 20 mL/min, Heating Rate: 5°C/min)

The clinoptilolite samples exhibited no major structural change on dehydration up

to 840°C. At this temperature the c1inoptilolite might be converted to another amorphous or

crystalline phase. The destruction temperature was reported as more than 1000QC by Meier

[931 Barrer and White [94] and Milton [95], 750-800°C for clinoptilolite, as 550-600°C for

its Ca- exchanged form by Tsitshivili et al.(22], as 750°C for clinoptilolites and 700°C for

Ca- and Mg-rich clinoptilolites by Esenli and Kumbasar [66]. The high destruction

temperature was attributed to the high Si/Al ratio of the clinoptilolite of 5.836. This was

supported by Esenli and Kumbasar (66] who reported the destruction temperature of 700

750°C for Western Anatolian clinoptilolite with Si/Al ratio of 4.58-5.10.

7.6. Pore Volume and Surface Area Measurements

Argon adsorption and desorption isotherms obtained by volumetric adsorption

method are plotted in Figure 7.8. Characteristic Type IV isotherm with characteristic

hysteresis loop was obtained for argon on washed and unwashed clinoptilolite at 87.40 K
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Figure 7.8. Adsorption and desorption isotherms

for Argon/Clinoptilolite system at 87.40 K

The initial rise in the adsorption isotherm is due to adsorbing molecules interacting

first with the most energetic regions of the adsorbent surface. In this part of the isotherm,

adsorption is restricted to monolayer on the pore walls. Then, the isotherm deviated

upwards at a certain relative pressure. At this relative pressure, multilayer adsorption has

started. Then at the interception of the hysteresis loop (p/Po=0.4016) capillary condensation

starts in mesopores. Hysteresis loop may exhibit various shapes depending on the specific

pore structures. For the clinoptilolite characterized in this study, no any limiting adsorption

was observed at high relative pressures. The same shape of hysteresis loop was observed

with aggregates of plate-like particles giving rise to slit-shaped pores [97]. As the pressure

was increased, wider pores were filled until the saturation pressure at p/Po=0,9002.

Surface area was calculated by the Brunauer-Emmett-Teller (B.E.T) adsorption

model using the equations (B.2 and B.3) given in Appendix B. Pore size distribution and

surface area information in the micropore region was obtained by the application of

Dubinin-Astakhov (D-A) and Horvath-Kawazoe micropore models applying the equations

given in Appendix B. Pore size distribution for the micropore range for the clinoptilolite

could not be determined, since Argon molecules are large to enter the clinoptilolite

micropores. Pore size distribution for mesopore range was determined applying the Kelvin

equation to the desorption branch of the isotherm and by BJH method as shown in Figure

7.9. The results ofphysisorption analysis for unwashed and washed clinoptilolite are given

in Table 7. 4.
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Table 7.4. Summary of adsorption and desorption measurements for unwashed and washed

clinoptilolite (Argon at 87.4K)

Parameter UnwashedWashed

AreaBET Surface Area

24.03 m2/g33.11 m2/g

BJH Desorption Cumulative Surface Area of Pores

23.63 m2/g33.55 m2/gbetween 17 and 3000 A diameter
VolumeBJH Desorption Cumulative Pore Volume of Pores

0.022 cm3/g0.039 cm3/gbetween 17 and 3000 A diameter
Pore SizeAverage Pore Diameter (4V/A by BET)

62.54 A60.34 A

BJH Desorption Average Pore Diameter (4V/A)

36.47 A46.28 A

H-KMethodMaximum Pore Volume
0.008 cm3/g0.010 cm3/gat Relative Pressure 0.09024

Median Pore Diameter

8.91 A8.49 A

D-A MethodMicropore Surface Area (Astakhov)

37.607 m2/g50.887 m2/g

Limiting Micropore Volume

0.023 cm3/g0.031 cm3/g

BJH Desorption dV IdD Pore Volume
0,0010

- ~ - unwashed
--washed

0,0008

~10,0006

ja
~ 0,0004
&

0,0002

0,0000

15,0 25,0 35,0 45,0 55,0 65,0 75,0 85,0
Pore diarnetc.- (A)

Figure 7.9. Mesopore size distribution for unwashed and washed clinoptilolite samples
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7.7. Gas Chromatography Experiments

All chromatographic studies were carried out by the concentration pulse

chromatography technique. Prior to the packed column experiments, different

concentrations of CO pulses (2.5-100 %) were injected through the empty column in order

to test the linearity of the thermal conductivity detector (TCD) response. The response

peaks were analyzed at the column outlet and results are presented in Figure 7.10. This

figure showed that there was a linear relationship between the inlet CO concentration and

detector response for each flow rate studied.

The time passes between injection of CO pulse to the packed column and peak

maximum obtained by GC is termed as retention time and that obtained using empty

column is referred as dead retention time. Dead retention time values were obtained by the

injection of 0.25 mL CO through the empty column. Net retention times were determined

by subtracting the dead retention times from those for the packed column. The· response

peak characteristics are given in Table 7.5 and shown in Figures 7.11 - 7.14.
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Figure 7.10. Diagrams showing change ofTCD response with the

inlet CO concentration for different He flow rates (Column temperature: 60°C)

97



d k deaks flfe.. aetenstlcs 0 response pIor empty an pac ecoumns

PACKED COLUMN

EMPTY COLUMNNET

T

He Flow

CC)

Rate
RetentionPeak
Peak

Retention
Peak

Peak
Retention

(mL/min)

Time HeightTime HeightTime

(min)

Area

(~V)
(min)
Area

(~V)
(min)

30

16.6623891563330.6102902331726116.052

40

13.0963059043270.4192324832036012.677
60 50

10.4702418153210.3751946292093710.095

60

9.1282059073220.369187916195298.759

30

6.35840066510680.623297386171115.735

40

4.94232725510510.426231724204434.516
80 50

3.91124952410270.401188254175523.510

60

3.45022976910540.367186367203893.083

30

3.17543920929530.603293856173552.572

40

2.18632995930730.410231568208041.776

100

501.51926446332390.378190118189861.141

60

1.48625910132940.351186503201361.135

30

2.07840654655740.578289561175071.500

40

1.67130678753640.413231020206901.258
120 19056

0.99250 1.35825159753780.366190472

60

1.34326145156340.366186450191260.977Tabl 75 Char

Although the peaks were symmetric for empty column data, tailed peaks were

obtained from the packed column experiments. These tailed peaks designated the existence

of significant intraparticle resistances, but due to the high carrier gas velocity, micropore

resistance could not be determined [38]. Tailed response peaks also indicated the slow

penetration of micropores, i.e. time of passage through the column by the He carrier gas

containing CO pulse was comparable to the micropore time constant (rc2/15KDc) [38].

This chromatographic data was also analyzed in terms of adsorbed and desorbed

CO amounts at different He flow rates and column temperatures. Since the response peak

area gives information about the adsorbed amount of CO, multiplication of the response

peak area with the He flow rate is related to the desorbed amount of CO. The change of

desorbed amount of CO with the column temperature and He flow rate is given in Table

7.6 and in Figure 7. 11. The desorbed amount of CO did not change significantly with He

flow rates and column temperatures indicating negligible effect of external mass transfer

resistance contributing to CO diffusion and adsorption in clinoptilolite except at high He

flow rates.
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Table 7.6. Change of adsorbed amount of CO with the column

temperature and He gas flow rate

T
He Flow Rate

He Flow Rate * Peak AreaCOC) (mL/min)

30

11674680

60

40
12236160

50
12090750

60
12354420

30
12019950

80

40
13090200

50
12476200

60
13786140

30
13176270

100

40
13198360

50
13223150

60
15546060

30
12196380

120

40
12271480

50
12579850

60
15687060
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Figure 7.11. Change of adsorbed amount of CO with column temperature and

He flow rates
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These response peaks were then processed and integrated numerically. The first and

second moments of the chromatographic peaks were calculated by trapezoidal integration

method using Equations (4.18) and (4.19) for both empty and packed columns. The net

first and second moments were calculated by subtracting the empty column first and

second moments from those for packed column as given in Table 7.7. The first moments

for chromatographic peaks calculated were larger than the experimentally determined

retention time. This was attributed to asymmetric peak shapes.

Table 7.7. First and second moments calculated for the empty and packed columns

Empty Column
Packed ColumnNet

Column

He FlowFirstSecondFirstSecondFirstSecond
Temperature

RateMomentMomentMomentMomentMomentMoment
eC)

(mUmin)~(min)(j2 (min)~ (min)(j2 (min)(min)(min)

30

0.6270.01424.883105.12424.256105.110

40

0.4330.08618.30842.52317.87542.437
60 50

0.3790.07915.73445.13415.35545.055

60

0.3640.10416.74781.98116.38381.877

30

0.6400.0149.04813.2528.40813.238

40

0.4410.0507.56715.0517.12715.001
80 50

0.4150.0905.9908.2035.5758.113

60

0.3780.0876.82713.4236.44913.336

30

0.6000.0194.1772.0913.5572.073

40

0.4220.0922.9891.4262.5671.334
100 50

0.3900.1012.1270.7821.7370.681

60

0.3610.0822.0380.6061.6770.524

30

0.6040.0732.5510.6080.6080.535
40

0.4250.0771.9740.3080.308
0.231

120
500.3760.0811.6130.2000.2000.119

60

0.3760.0641.6070.2200.2200.156

It was observed that the CO pulse retained in the column shorter time as the flow

rate increases. Small differences were recorded in the peak area values as the column

temperature increased. However, the peak area changed linearly with the increasing carrier

gas flow rate. It was also noticed that the peak height increased as temperature increases.
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Analysis of the moments obtained under different experimental conditions was

performed in two groups. The first part involves determination of the adsorption

equilibrium constants and heats of adsorption for CO adsorption on clinoptilolite. The first

moments of the chromatographic peaks obtained under constant carrier flow rates and

changing column temperatures were analyzed for these purposes. In order to check

whether the equilibrium was reached in the column or not, the net first moments versus

lIVj were plotted for temperature range as in Figure 7.16. Linear relationship between the

net first moment values and reciprocal of the interstitial velocity was obtained at low He

gas velocities which verified that the equilibrium was reached in the column. Significant

deviation from linearity was observed indicating that nonequilibrium effects existed at

higher He flow rates.
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Figure 7.16. Dependence of the first moment on carrier gas flow rate
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The dimensionless Henry's Law constants were calculated at 60,80, 100 and 120°C

column temperatures from the first moment Equation (4.22) and the results are given in

Table 7.8.

Table 7. 8. Dimensionless Henry's Law constants (K) for CO/clinoptilolite system

T
He Flow Rate K

eC)
(mL/min)(dimensionless)

30

696,72
40

684.24
60

50 737.00
60

951.83
30

237.92
40

272.73
80

50 266.09
60

380.45
30

90.99
100

40 85.76
50

68.10
60

83.66
30

39.80
40

44.02
120

50 43.82
60

58.05

The Henry's constants were found to decrease with increasing temperature and

change slightly with He flow rate. The temperature dependence of the Henry's Law

constants is described by Arrhenius type equation (4.23). The Henry's Law constants

versus reciprocal of temperature for CO adsorption on the clinoptilolite (van't Hoff plots) is

shown in Figure 7.17.

Then, Ko, dimensionless equilibrium constant of adsorption, was determined from

the y-axis intercept and internal energy change of sorption, -~UO from the slope of the

straight lines. The heat of adsorption at zero coverage, -~ for CO on clinoptilolite was

calculated using the Equation (4.24) and their comparison with literature are given in Table

7.9.
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Table 7.9. Parameters Ko, -~Uo and -Mio for CO on clinoptilolite

Temperature He Flow RateKo-~Uo-mo
Range (mLImin)

(dimensionless)(kI/mol)(kI/mol)(OC)
30

4.82 X 10-651.9654.98

60-120

40
6.71 x 10-651.1354.15

50
2.71 x 10-653.7156.73

60
3.13 x 10-654.1257.14

50 - 200*

7-15*7.3 x 10-5*45.2*48.5*

* Results obtained by Triebe and Tezel for Clinoptilolite/CO system [70].

The measured Ko values were found smaller than those were given by Triebe and

Tezel (70] in the literature. This might be related to the different carrier gas flow rates

studied. It could be also explained by the differences in the nature of the adsorbent

adsorbate and adsorbate-adsorbate interactions which depends on the structure and cation

type and content of the clinoptilolite sample. Although the adsorbent/adsorbate pair was

the same, the inconsistency of the natural zeolite sample might have led into such

difference.

The second group of chromatographic data analysis was performed to estimate the

transport properties. For this purpose, the second moments of the chromatographic peaks

were compared to the theoretical values. First of all, contribution from micropore

diffusional resistance to total mass transfer resistance was checked by examining the
2

dependence of the total dispersion ( u ;- ) on the column temperature under constant He
211 v

flow rates. Total dispersion values obtained using the net second moment data are

presented in Table 7.10. The results are also given as total dispersion versus column

temperature plots in Figure 7.18.
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Table 7.10. Dependence of dispersion on temperature for CO/ Clinoptilolite system

Temperature

Carrier gas
Total dispersion

Flow rate
(~L/2~J?v)

rC) (mL/min)
(see)

30

0.087

60

40
0.086

50
0.070

60
0.058

30
0.048

80

40
0.101

50
0.066

60
0.030

30
0.056

100

40
0.072

50
0.059

60
0.019

30
0.074

120

40
0.073

50
0.040

60
0.021

0,5
0,5

30mLImin

40mLhnin

0,4
§0,4

§
';1';j 0,3 8.0,3•.. 8. '"'" ~

'i3 0,2 i0,2

]l 0 ~
0,1

f-< 0,1 ..a .•.•. ..•
..0,0 0,0

40

6080100120 406080100120

T(oC)

T(oC)

0,5

0,5
SOmLlmin

60mLhnin

§ 0,4

0,4
';1

§
8. 0,3

.;;0,3'"
8.

~ 0,2

'"
0,2;.a

~ ~f-< 0,1
f-<

0,1

~
..

..•
0,0

A
0,0

40

6080100120 406080100120

T(oC)

T(oC}

Figure 7.18. Total dispersion versus temperature for different He flow rates
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Figure 7.18 suggested that the total dispersion changed slightly as a function of

column temperature for the He flow rates examined. It might be concluded that the

micropore diffusion was not a significant resistance under the experimental conditions of

interest, since the only strongly temperature dependent resistance on the right hand side of

the second moment equation (4.26) is micropore diffusion. Therefore, micropore diffusion

coefficient for CO in clinoptilolite could not be measured under the experimental

conditions studied.

Furthermore, in order to separate the contributions from axial dispersion and other

mass transfer resistances, the plots of u2L/2J,I?V versus l/v2 were plotted for different

temperatures, shown in Figure 7.19.

0,5
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I:: 0,4
.9
'"

8.. 0,3
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~
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0,0

0,000 0,003

••
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.•.

0,005 0,008

Ilv2

0,01

0,5
80C

0,4
I::

.~ 0,3
8..

.;!;! 0,2
"0

~ 0,1
0,0

0,000

••

0,003
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0,005
l/v2

y = 1,14x +0,06

•

0,008 0,010

0,5 ,--------------,
120C
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Figure 7.19. Dependence of total dispersion on carner gas velocity at different

temperatures
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ifU2J.12V increased very gradually as l/y increased. This gradual increase was

caused by the contribution from longitudinal dispersion. The total dispersion versus I/Y

plots exhibited poor linearity, except that at 60°C. This poor linearity could be explained

by the dependency of the axial dispersion on the carrier gas velocities studied in the

experiments.

The slope of the total dispersion versus l/y plot represents the axial dispersion, DL,

and the intercept represents the other combined mass transfer resistances. These values

were calculated in the range of 1.14 - 9.88 cm2/sec and 0.02 - 0.06 s, respectively.

In order to determine the micropore (zeolitic) diffusivity, other mass transfer

contributions were estimated. The macropore diffusional coefficient and external film

resistances were calculated by using empirical correlations previously given in Chapter 4.

The molecular diffusion coefficient of CO in He gas was estimated using collision

diameter from the Lennard-Jones potential theory as 3.121 A using the data from

Hirschfelder et al. [96] and the equation developed by Chapman and Enskog (4.33). The

results obtained are given in Table 7.11.

Table 7.11. Molecular diffusion coefficients for CO in He

Temperature eC) Dm (cm2/sec)

60

0.843

80

0.920

100

0.999

120

1.081

Relative importance of molecular or Knudsen diffusivity in macropore diffusion

depends on the ratio of average macropore diameter and mean free path length. The mean

free path was calculated from Equation (4.28) in the range of 1049.30 at 60°C and 1238.36

A at 120°C. Mean free path was found to be higher than the average mesopore diameter of

46.28 A determined from volumetric adsorption analysis implying that the collisions of CO

molecules with the pore walls occurred more frequently than collisions between diffusing

CO molecules. Thus, under these conditions, Knudsen diffusion was more significant and

it was calculated from Equation (4.29) in the range of 0.0155 - 0.0168 cm2/sec. Then,

macropore diffusion coefficient, Dp, was calculated in the range of 2.54xl0-3 - 2.76xl0-3

cm2/sec taking both Knudsen and molecular diffusion into account according to Equation
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(4.32). In this calculation tortuosity factor (t) was chosen as 6 for the calculation,

estimating the maximum contribution of the macro pore diffusion resistance.

The external film resistance was correlated as in Equation (4.34). The Schmidt

numbers were calculated in the range of 1.14 - 1.46 and Reynolds numbers in the range of

0.18 - 0.29. Sherwood number was estimated in the range of 2.24 - 2.37 from Equation

(4.36). Thus, the clinoptilolite particles were considered as isolated spherical particles in a

stagnant fluid. Then, the external mass transfer coefficient, k was calculated in 31.29 

42.44 em/see range.

The Biot number for mass transfer which is the measure of the ratio of internal-to

external concentration gradients was calculated in the 487-546 range. Under these

conditions, the internal mass transfer resistance was greater than the external, as expected.

Therefore the micropore diffusional resistance were then calculated by subtracting

the contributions of axial dispersion, external mass transfer and macropore diffusional

resistances from the overall dispersion. The contributions of mass transfer resistances to

total dispersion for the CO/Clinoptilolite system were calculated and are given in the

following Table 7.12. However, since the mesopore diffusion resistance was found to be

dominant, it was equated to the total mass transfer resistance and Dp was calculated as

2.98xlO-J cm2/sec. This value was in good agreement with the theoretically determined Dp

value of2.54xl0-J -2. 76xlO-J cm2/sec.

Table 7.12. Contributions from different mass transfer resistances and axial dispersion and

comparison with the values in the literature for CO/Clinoptilolite system

T DL (s)
R2R 2

2

3~ (s)

p(s) rc
(s)

('C)
v2 15&pDp15DcKm

60

0.0087 - 0.0352.81xlO-4 - 3.61xlO-40.065 - 0.070negligible

70*

1.3611.8 xlO-45.05 xlO-J0.14
100*

1.0210.5 xlO-44.60 xlO-J0.15
120*

1.279.42 xlO-44.22 xl0-J0.10
150*

1.268.51 xlO-43.89 xl0-J0.13

* Results reported by Triebe, Tezel [70].
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CHAPTER 8

CONCLUSIONS

A number of conclusions can be made considering the results of this study:

Elemental analysis (ICP) indicated that the cation content of the clinoptilolite

decreased in the order ofCa(4.91) > K(3.28) > Fe(1.56) > Mg(1.26) > Na(1.18) > Ni(O.18)

> B(0.14). The major cations for the clinoptilolite were Ca2+ and K+, followed by Fe2+ and

Mg2+ and a small amount ofNa+. Si/AI ratio ofclinoptilolite was determined as 5,836. The

type, amount and location of the cations were shown to be determinant for the adsorption

and diffusion properties of the adsorbent and heats of adsorption.

No interpretable band was observed in FTIR spectra for the CO-adsorbed

clinoptilolite. Thus, the FTIR analysis should be performed insitu. Thermal analysis

showed that the average percent weight loss up to 800°C was 10.535 for unwashed and

10.878 for washed clinoptilolite samples. The destruction temperature for the clinoptilolite

was determined as about 840°C from DT A. This high temperature was attributed to the

high Si/AI ratio.

Argon adsorption and desorption isotherm of Type IV with a hysteresis loop was

obtained by volumetric adsorption method at 87.4 K. The adsorption isotherms of the

washed and unwashed clinoptilolite samples were compared based on their adsorption

capacity. The higher argon adsorption capacity of the washed clinoptilolite was explained

by the removal of impurities from clinoptilolite structure by washing. The specific surface

area of the washed clinoptilolite was determined as 33.1] m2/g by BET model. Cumulative

surface area, pore volume and average mesopore diameter were obtained by Bill method

as 33.55 m2/g, 0.0388 cm3/g, and 46.28 A, respectively. Maximum pore volume and

median micropore diameter were calculated as 0.0103 cm3/g and 8.49 A, respectively by

Horvath-Kawazoe model. Dubinin-Astakhov model was applied to determine the

micropore surface area and found as 50.887 m2/g.
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Asymmetric or tailed chromatographic response peaks were obtained with packed

column. These tailed peaks were associated with the dominance of micropore and

mesopore diffusion resistances to mass transfers. Broader peaks were obtained with

decreasing carrier gas flow rate due to increased micro and mesopore mass transfer

resistances and increased residence time of CO in the column. Therefore, CO interacted

with the aluminosilicate framework and cations more strongly leading to the longer

diffusion times. The peak areas changed slightly as the column temperature increased

while they decreased with increasing carrier gas flow rate. Moment analysis showed that

equilibrium was reached in the column.

The Henry's law constants (K) were found to decrease with increasing temperature

in the range of 40 - 952. The heats of adsorption almost remained constant with carrier gas

flow rate, around 55.75 kJ/mol. The difference between the calculated heats of adsorption

and those in the literature was attributed to the pore size, cation content and accessibility of

cations in the clinoptilolite framework (affecting the nature of the adsorbent-adsorbate and

adsorbate-adsorbate interactions).

Total dispersion including the contributions from micropore, mesopore and external

mass transfer resistances changed slightly with temperature. It was concluded that the

micropore diffusional resistance was not controlling mechanism in diffusion of CO in

clinoptilolite under the experimental conditions studied and the mesopore diffusion

resistance was dominant mechanism. This was not to say that micropore diffusion did not

take place, but since the value of rc2/Dc was too small, i.e. the micropore diffusional time

constant (Dclrc2) was large and the diffusion of CO in micropores is slow, the

chromatographic technique was too rapid to measure this slow diffusion in the micropores.

The total resistance from external mass transfer, micropore and mesopore diffusion

was determined in the range of 0.02 - 0.06 cm2/sec. Since the mesopore diffusion

resistance was found to be dominant, it was equated to the total mass transfer resistance

and the mesopore diffusion coefficient, Dp was calculated as 2.98xlO-3 cm2/sec. This value

was in good agreement with the theoretically determined Dp value.

114



The diffusion of CO in clinoptilolite was controlled by the mesopore diffuSion

mechanism under the experimental conditions, so it was not possible to determine the

micropore diffusivity. The dispersion of the response peak: must be dominated by

micropore resistance in order to measure the micropore diffusivity by gas chromatographic

method.
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APPENDIX A

Pressure Drop Calculation

Pressure drop across the packed column was calculated usmg the Ergun's

correlation for dimensionless friction factor, f as [39]:

(A. I)

For the interstitial velocities covered in this study, f was found in the 6723.8 

13413.63 range and it was related to the pressure drop by:

(A. 2)

where L1p is the pressure drop (N/m2) across a length L of packed column, EV is superficial

fluid velocity.

The pressure at the column inlet was 100 kPa. Then the pressure drop was

calculated as 0.034 - 0.731 kPa which was accepted as negligible.
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APPENDIXB

Pore Size and Surface Area Measurements

Surface area is yielded from the lower region of the adsorption isotherm. The

Langmuir and Brunauer-Emmett-Teller (B.E.T) adsorption models have been widely used

to determine the surface areas of the adsorbents. These theories consider the number of

molecules required for the completition of a monolayer [98]. Then, the surface area is

determined from the product of the number of molecules in a completed monolayer and the

specific surface area of the adsorbent is calculated from surface area occupied by a single

adsorbed gas molecule (14.2 A2 for Argon). BET is the generalized form of the Langmuir

theory and involves the multilayer adsorption.

BET Model assumes that all adsorption sites on a surface are identically energetic,

and same forces are effective both in condensation and multilayer formation. The

interactions between the adsorbed molecules on the surface are neglected. The BET model

equation is given as;

(B.1)

where Va is the amount adsorbed at the relative pressure p/Po, Vm is the monolayer capacity

and C is a constant which is related exponentially to the heat of adsorption for the first

layer. C is usually between 50 and 300 when nitrogen is used as an adsorptive at 77 K.

Negative and high C values (>300) indicates the presence of micro pores and BET Model is

questionable for surface area determination [80]. The range of linear relationship between

plVa(Po-p) and P/Po is required for the BET model and the linearity is restricted in the plpo

range of 0.05 - 0.35. Then knowing the area occupied by a single Argon molecule

(aa=14.2 A), the surface area of the adsorbent (As) was calculated as:

(B.2)
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where NA is the Avogadro's number. The mesopore size distribution was treated with using

the Kelvin equation:

m(p *J = _(2rOJCOSOJPo RTrm
(B.3)

where p * is the critical condensation pressure, 0 is the contact angle between the adsorbent

and condensed adsorptive, rm is the mean radius of curvature of the liquid meniscus, and r

and ruare the surface tension and molar volume of the liquid condensate, respectively.

The Kelvin equation assumes that the adsorptive condensed in the pores is emptied

in a stepwise manner, i.e. the film thickness on the pore walls (t) decreases as desorption

occurs. It also assumed that the pores are rigid and of uniform shape, the pore size is

restricted to the mesopore range, there is no pore blocking effects and the meniscus shape

is controlled by the pore size and shape [99]. In straight, open-ended pores, rm is related to

the two primary radii r] and r2 by;

(B.4)

When the pores are emptying rm = r] = r2 and there is also a film of thickness, ton

the pore walls which is expressed by Halsey's equation as;

1/3

1=2.98 ~(£J
(B.5)

where 2.98 is the thickness of one adsorbed layer of argon at 87.5 K and 5.00 is an

empirical constant. Then substituting rm with (r-t) in Eqn. (B.3);

m(p *J = _(2rmcosOJPo RT(r-t)
(B.6)
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for the desorption branch. Desorption branch is preferred for calculation of pore size

distribution if pore blocking effects are absent [99]. Then the volume desorbed from the

adsorbent at decreasing relative pressures is converted to equivalent liquid volumes, since

it was assumed that desorption occurs from the pores filled with liquid rather than gas.

Then the BJH Model was used to calculate the incremental pore volume versus pore size

intervals.

Pore SIze distribution information in the mlcropore regIon is obtained by the

application of Dubinin-Astakhov (D-A) and Horvath-Kawazoe micropore models. D-A

Model is expressed as:

(B.?)

where W is the quantity adsorbed at relative pressure p/Po, Wo is the limiting micropore

volume, Ea is the characteristic energy of adsorption for the reference vapour (benzene), '1/

is the affinity coefficient and A is the adsorption potential. The value of n is selected to

give the best linear regression fit and has a value usually between 1 and 3 and often near 2.

Hovarth-Kawazoe (H-K) method assumes that either micropores are full or empty

according to type pressure of the adsorptive is greater or less than the value characteristic

of a particular micropore size. Also assumed that the adsorbed phase behaves

thermodynamically as a two dimensional ideal gas. The H-K method is based on the

model of Everett and Powel which describes the potential energy of a single molecule

between two parallel planes off atoms of graphitized carbon. The final form of the H-K

equation is:

(B.8)
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where ~ is the distance from a surface atom at zero interaction energy, NA is the Avogadro

number, RTln(plpo) is the free energy change, I is the slit width, d is the diameter of the

adsorbate molecule, Na is the number of atoms per unit area of adsorbent, Naa is the

number of molecules per unit area of adsorbate, Aa and Aaa are constants in Lennard-Jones

potential for the adsorbent and adsorbate, respectively.
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APPENDIXC

Density Measurements

Various porosities were calculated from the bulk and apparent densities of the

zeolite sample in this study.

In order to determine the wet and dry (bulk and apparent) densities of clinoptilolite, a

specimen of rectangular prism in shape was cut. The volume of the specimen was

calculated as 4.714 cm3 (Vspecimen). The specimen was placed was kept in the oven at 400°C

for 24 hours and kept in a desiccator to cool down. After the weight was recorded as mdry,

the specimen was immerged in deionized water and vacuumed at -500 mmHg at room

temperature until the exit of air bubbles stopped and dried with a tissue. The weight was

recorded as mwet. Knowing the volume of the specimen, the dry (Pdry) and wet (flwet)

densities of the clinoptilolite were calculated as follows:

Pdry = mdry = 5.26g = 1.240 g/cm3
V specimen 4. 714cm3

mwet 7.08g 1 502 g/ 3Pwet = --- = 3 -. em
V. 4.714cmspeCImen

Then, the bed voidage (e) was calculated from the known dry clinoptilolite density

and dry weight of the packed clinoptilolite regarding regeneration of the clinoptilolite

before adsorption experiments as follows:

Volume of clinoptilolite packed into the column:

mpacked clinoptilolite 1.389 g = 1.120 cm3Vpacked clinoptilolile: ------ =
P dry 1.240 g / cm3

Bed P . Vcolumn - Vpacked clinoptildite * 100 -_ 1.661-1.120 * 100orOStty: --------- ----- = 32.57 %
Vcolumn 1.661
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