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ABSTRACT

In this study, the use of Gordes natural zeolite for removing NH4  ion from
wastewater effluent and from NH4Cl solution was investigated under various
conditions. The effect of the solid:solution ratio, initial concentration of the solution,
presence of competing cation, particle size of the clinoptilolite sample on ammonium
ion removal capacity were studied. Highest amount of ammonium removal per gram
zeolite was found in the solution having 1% solid: solution ratio. The experimental
results indicate that the NH," exchange capacity is not dependent on the particle
size of the clinoptilolite sample. Increasing the initial concentration increases the
NH," uptake capacity. NH;" removal decreases with increasing the initial
ammonium concentration. For instance, the higher NH," ion concentrations show
the 30.5-55 % removal and lower NH;" ion concentrations lead to 87-95 %
removal for pure ammonium chloride solution. The presence of potassium ion had
the most significant effect upon ammonium ion uptake, followed by calcium ion.
Magnesium ion had the least effect.

Equilibrium data obtained have been found to fit both Langmuir and
Freundlich models. The Langmuir model provided excellent equilibrium data

fitting (R*>0.995). From the plateau of the isotherms maximum exchange capacities

were determined as 9.03, 8.76, 8.695 and 7.84 mg NH, /gr for NHa*, NH4"-Mg*?,
NH,"-Ca*?and NH,*-K*, respectively. As a consequence of
this result, the ammonium capacity of Goérdes clinoptilolite
was approximately 0.51meq/gr for pure ammonium chloride

solution.

When comparing the removal of NH," ion from wastewater effluent and
from NH4Cl, the percent removal and the uptake capacity were lower for
wastewater than for NH4Cl for same solid: solution ratio and the same initial
concentration. It is expected that in domestic wastewater, where the complexity of
the system is high, several matter could influence the removal of specific target
cations. The decreased ammonium removal for wastewater may be attributed to
by the existence of several matters (suspended solid, organic matter) in the

wastewater effluent samples, which reduce the ammonium exchange capacity.



The experimental results indicate a significant potential for the Gordes
clinoptilolite rich mineral as an ion exchange material for wastewater treatment

and water reuse application.
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Bu calismada, Gordes dogal zeolitinin, atiksudan ve NH4Cl ¢dzeltisinden,
degisik sartlarda NH; iyonu uzaklastirilmas: arastirilmustir. Kati:igdzelti orani,
¢cOzeltinin baglangic konsantrasyonu, ¢ozeltideki rakip iyonlarinin varhigi ve zeolitin
pargacik boyutunun amonyum iyonu uzaklastirma kapasitesine etkisi ¢calisilmistir. Birim
gram zeolitin en yiiksek NH;" tutma kapasitesi, %1 kati:¢dzelti oraninda bulunmustur.
Deneysel sonuglar, NH, " degisim kapasitesinin parcacik boyutundan bagimsiz oldugunu
gostermistir. Baslangi¢ ¢ozelti konsantrasyonunun artmast NH4 tutma kapasitesini
arttirmistir.  Amonyum iyonunun uzaklastirilma yiizdesi baslangic amonyum
konsantrasyonunun artmasiyla azalmistir. Ornegin, saf amonyum kloriir ¢dzeltisi igin
yiiksek NH;" iyonu konsantrasyonlar1 %30.5-55, NH, giderimi gosterirken, diisiik
konsantrasyonlar %87-95 NH, giderimi saglanmustir. Amonyum tutma kapasitesi
potasyum iyonunu varliginda en yiiksek azalma gdstermis, bunu kalsiyum iyonu
izlemistir. En diisiik etki magnezyum iyonu varliginda goriilmiistiir.

Elde edilen denge verilerinin, hem Langmuir hemde Freundlich modellerine
uydugu saptanmistir. Langmuir modeli, milkemmel denge veri uyumu gostermistir
(R>>0.995). izotermlerin platolarindan maksimum iyon degisim kapasiteleri, NH;" ,
NH4+'Mg+2, NH4+'Ca+2 ve NH, "K' icin sirastyla 9.03, 8.76, 8.695 ve 7.84 mg NH,'/ gr
olarak bulunmustur. Sonu¢ olarak; Gordes klinoptilolitinin amonyum kapasitesi, saf
amonyum kloriir soliisyonu i¢in yaklasik 0.51 miliesdeger/gr olarak hesaplanmustir.

Ayni kati /¢Ozelti oram1 ve ayni baslangic konsantrasyonu ele alindiginda
klinoptilolitin NH4" iyonu tutma kapasitesi ve NH," iyonu uzaklastirma yiizdesi atiksu
icin NH4Cl c¢ozeltisine gore daha diisiik bulunmustur. Evsel atiksularin kompleks
sistemi, belirli hedef katyonlarin uzaklastirilmasini etkileyebilir. Atiksulardan amonyum
uzaklastirilmasindaki azalma, askida kat1 ve/veya organik maddeler gibi baz1 faktorlerin
varligina baglanabilir. Dolayisiyla bu amonyum degisim kapasitesinin diismesine neden
olur.

Deneysel sonuglar, klinoptilolitce zengin Gordes mineralinin atiksu aritimi ve

suyun tekrar kullanilmasinda, 6nemli bir potansiyeli oldugunu gostermektedir.
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CHAPTER 1

INTRODUCTION

The sources of domestic wastewater comes from the discharge of water closets,
laundry tubs, washing machines, sinks, dishwashers, or other source of water-carried
wastes of human origin. The composition of domestic wastewater changes depending
on the location of the source, seasonal variation, climate, time of day, water
consumption and population. The domestic wastewater is characterized in terms of its
physical, chemical and biological constituents. Temperature, color, odor and total solid
are the physical constituents; BOD, COD, total nitrogen, total phosphorous and
alkalinity are the chemical constituents; and total coliform is the microbiological
constituent of the domestic wastewater. These constituents cause permanent damage to
the environment. Conventional treatment methods are applied to the domestic
wastewater to reduce their concentrations to acceptable limits before discharging.

In the primary treatment, a portion of the suspended solid (30-60%) and organic
matter (20-30 %) is removed from the wastewater. Secondary treatment removes more
than 85% of both suspended solids and BOD. The aim of tertiary treatment process is to
remove the nutrients in the wastewater effluent. Nutrients in untreated wastewater are
principally in the form of organic nitrogen. Organic nitrogen is mainly in the form of
urea and amino acids. Decomposition of the urea and amino acids by bacteria readily
changes the form to ammonium. The detrimental effects of excessive ammonium
concentrations in receiving waters are; the contribution to explosive algal growths, toxic
effect on fish and aquatic life, reduction of dissolved oxygen in receiving waters, the
corrosive effect of certain metals and materials of construction. The generally accepted
limit for free ammonium for receiving water is between 0.5 to 1 mg /It. (EC Drinking
Water Directive, 1980). It is stated in Water Pollution Control Regulation in Turkey that
the permissible ammonium nitrogen concentration for first and second class surface
water sources should not exceed 0.2 and 1mg/It, respectively.

The principal methods found feasible for the removal of ammonium are ion
exchange, air stripping of ammonia at high pH, biological nitrification followed by
denitrification and breakpoint chlorination. The ion exchange process has several
advantages over other methods of ammonium removal. Since it is cost effective and it

has higher ammonium removal efficiency. The ion exchange method usually employs
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organic resins which are very selective but sometimes their cost is prohibitively high.
An alternative material that could be used is clinoptilolite rich natural zeolite, which is a
natural mineral of a very low cost.

Clinoptilolite is a member of the Heulandite group. The structure of zeolites
consists of a three dimensional framework of SiO4 and AlQy4 tetrahedra. The aluminum
ion is small enough to occupy the position in the center of the tetrahedron of four
oxygen atoms, and the isomorphous replacement of AI” and Si™ raises a negative
charge in the lattice. The negative charge is balanced by the exchangeable cation
(sodium, magnesium, calcium and potassium). These cations are exchangeable with
certain cations in the solution such as ammonium, copper, zinc and lead. The fact that
clinoptilolite is suitable for removing undesirable heavy metals and ammonium ion in
wastewater.

Considerable research has been conducted to characterize the mechanism of
ammonium removal from wastewater and aqueous solution by clinoptilolite rich natural
zeolite. Depending on the studies, it can be concluded that, ion exchange capacity of
clinoptilolite mainly depends on the solution and ion exchanger properties. Ammonium
exchange capacity of clinoptilolite vary widely depending on the particle size of the
zeolite, solid:solution ratio, initial concentration of the solution, presence of competing
cation, pH of the solution, temperature and physical and chemical properties of zeolite
composition.

In this study, these effective parameters were changed and the effects on the

ammonium exchange capacity were investigated. The objectives of the thesis were:

e To evaluate the ammonium ion exchange capacity of Gordes clinoptilolite in
batch studies under varying processing conditions. (Solid: solution ratio, initial
concentration of the solution, particle size of the zeolite, etc.)

e To evaluate the effect of competing cations present in the domestic wastewater
on the exchange mechanism.

e To identify the ability of clinoptilolite in the removal of ammonium ion from
synthetic and contaminated domestic wastewater solution.

e To investigate ammonium ion removal performance of original clinoptilolite.
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CHAPTER 2

DOMESTIC WASTEWATER

2.1. Composition of Domestic Wastewater

Physically, domestic wastewater is usually characterized by a grey color and
must odor. Chemically, wastewater is composed of organic and inorganic compounds as
well as various gases. Biologically, wastewater contains various microorganisms but the
ones that are of concern are those classified as protista, plants, and animals.

The sources of domestic wastewater come from the discharge of water closets,
laundry tubs, washing machines, sinks, dishwashers, or other source of water-carried

wastes of human origin. Figure 2.1 shows the typical sources of domestic wastewater.

30

25

20
15
10
i B

Baths Dishwashers  Faucets Showers Toilets Toilet leakage Washing
machines

Figure 2.1. Typical Sources of Domestic Wastewater.

The domestic wastewater is characterized in terms of its physical, chemical and
biological composition. The composition changes depending on the location of the
source, seasonal variation, climate, time of day, water consumption and population.
Composition refers to the actual amounts of physical, chemical and biological
constituents present in wastewater. Typical data on the individual constituents found in
domestic wastewater are reported in Table 2.1. These constituents cause permanent
damage to the environment. For this reason, all of these constituents’ values should be

reduced acceptable levels before discharging.
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Table 2.1. Typical Composition of Untreated Domestic Wastewater [Metcalf and Eddy,

1991].
Concentration (mg/It.)
Contaminants Weak Medium Strong
Total Solids (TS) 350 720 1200
Total Dissolved Solid (TDS) 250 500 850
Suspended Solid (SS) 100 220 350
Settleable Solid 5 10 20
Biological Oxygen Demand (BODs) 110 220 400
Total Organic Carbon (TOC) 80 160 290
Chemical Oxygen Demand (COD) 250 500 1000
Nitrogen (total as N) 20 40 85
Organic 8 15 35
Free ammonia 12 25 50
Nitrites 0 0 0
Nitrates 0 0 0
Phosphorous (total as P) 4 8 15
Chlorides 30 50 100
Sulfate 20 30 50
Alkalinity (as CaCOs) 50 100 200
Grease 50 100 150
Total coliform (no/100 ml) 10°-107 107-10° 107-10°

2.1.1 Physical Constituents

The physical constituents of wastewater include those items that can be detected

using the physical senses. They are temperature, color, odor, and solids.

Temperature: The temperature of wastewater varies greatly, depending upon the
type of operations being conducted at your installation. Changes in wastewater
temperatures affect the settling rates, dissolved oxygen levels, and biological action.
Color and Odor: Domestic wastewater is usually characterized by gray color and
musty odor. Odors in domestic wastewater usually are caused by gases produced by
decomposition of organic matter. The age of the wastewater is determined
qualitatively by its color and odor.

Solids: The most important physical constituent of domestic wastewater is its total
solid contents. If a wastewater sample is evaporated, the solids remaining are called
total solids. Settleable solid are those solids that will settle to the bottom of a
container. Total solid or residue upon evaporation can be classified as suspended or

dissolved solid by passing a known volume of liquid through a filter.
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2.1.2 Chemical Constituents

The chemical constituents of domestic wastewater include organic matter,

inorganic matter, alkalinity, total phosphorus and nitrogen, chloride and sulphate.

Organic Matter: Organic materials in wastewater originate from plants, animals, or

synthetic organic compounds. Organic compounds normally are some combination

of carbon, hydrogen, oxygen, nitrogen, and other elements. Many organics are
biodegradable, which means they can be consumed and broken down by organisms.

The concentration of organic matter is measured by the BODs, COD and TOC

analyses. For typical untreated domestic wastewater, the BODs/ COD ratio varies

from 0.4 to 0.8, and the BODs/TOC ratio varies from 1.0 to 1.6. [Metcalf and Eddy,

1991]

Inorganic matter: The principal groups of inorganic substance found in wastewater

are sodium, potassium, calcium, magnesium, cadmium, copper, lead, nickel, and

zinc. Large amounts of many inorganic substances can contaminate soil and water.

Some are toxic to animals and humans and may accumulate in the environment.

Alkalinity: Alkalinity in wastewater results from the presence of hydroxides,

carbonates and bicarbonates of elements such as calcium, magnesium, sodium and

potassium. The concentration of alkalinity in wastewater is important where
chemical treatment is to be used.

Total phosphorous: Phosphorus occurs in natural waters and in wastewaters almost

solely as phosphates. These phosphates include organic phosphate, polyphosphate

(particulate P) and orthophosphate (inorganic P). With respect to domestic

wastewater, there are two means by which phosphorous is removed: chemical

precipitation and the use of various biological treatment processes.

Total nitrogen: Total nitrogen is comprised of organic nitrogen, ammonia, nitrate

(NOy3"), nitrite (NO;") and nitrogen gas (N>).

» Organic nitrogen is mainly in the form of the urea and amino acids.
Decomposition of the urea and amino acids by bacteria readily changes the form
of ammonium.

» Nitrate nitrogen is the most highly oxidized form of nitrogen found in

wastewaters. Where secondary effluent is to be reclaimed for groundwater
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recharge, the nitrate concentration is important. Nitrate may vary in
concentration from 0 to 20 mg/It as N in wastewater.

Nitrite is not usually observed in water sources because it is readily converted to
nitrate by bacterial processes; however, it is extremely toxic to most fish and
other aquatic species. Nitrites present in wastewater effluents are oxidized by
chlorine and thus increase the chlorine dosage requirements and the cost of
disinfection.

Ammonia nitrogen exists in aqueous solution as either the non-ionized form
(NH3) or ionized form (NH4"), depending on the pH of the solution and the
temperature, in accordance with the following equilibrium reaction. At the pH
levels above 7, the equilibrium is displaced to left; ammonium exists in the non-
ionized form. At the pH level below 7, the ionized form is predominant.
Ammonium discharged with municipal or domestic wastewater effluent is
responsible for different harmful effects, such as eutrophication, toxicity to
aquatic life, increased corrosion rate of soil materials. As a consequence of these
concerns it is usually desirable to reduce the ammonium concentrations in

wastewaters to level less than 1 mg/It.

Sy - Gy —— &> - O

NHz ooy + HOD o, NH LA agy + ©OCH o

Figure 2.2. NH3- NH," equilibrium reaction.

100

9.3

Figure 2.3. Ammonium percentage as a function of the pH of the solution.

>

Chlorides: Another quality parameter of significance is the chlorine

concentration. Small amounts of chlorides are required for normal cell functions

23



in plant and animal life. High chloride levels can cause human illness and also
can affect plant growth at levels in excess of 1000 mg/1.

» Sulphates: Sulphates are associated with gypsum formations and are common in
several areas. Sulphate levels at 500 ppm or greater can have a laxative effect

High sulphate levels can also have a corrosive effect on plumbing.

2.1.3. Microbiological Constituents

The principal groups of microorganisms found in wastewater classified as
protista, plant and animals. The category of protista includes algae, fungi and protozoa.
Giardia Intestinalis is an example for protozoa which causes diarrhea, nausea and
indigestion. The general aspect of Giardia Intestinalis as revealed by scanning electron
microscopy (SEM) is shown in Figure 2.4. This figure presents a view onto the ventral
side of the protozoa with its adhesive disk and its ventral groove with the ventral pair of
flagella. These pathogens often originate from people and animals that are infected with
or are carriers of a disease. Important wastewater-related diseases include hepatitis A,
typhoid, polio, cholera and dysentery. Outbreaks of these diseases can occur as a result

of eating contaminated fish or recreational activities in polluted waters.

Figure 2.4. Scanning electron microscopy shows the general aspect of Giardia
Intestinalis.

2.2. Domestic Wastewater Cation Analysis

Magnesium, calcium, potassium and sodium are known as competing cation. In
domestic wastewater, competing cations concentration is important. Treated wastewater
effluent may be used for the agricultural purpose. For this reason, the concentrations

level of the competing cations should be acceptable level for irrigation. For example,
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the high level of sodium concentration affects the salinity of soil. If the salinity of soil is
much higher than the requirement, the plant growth and crop is reduced significantly.
The domestic wastewater cations concentration before and after secondary treatment
were given in Table 2.2. The concentration of the competing cations changes depending

on the location of the source, water characteristic and treatment type.

Table 2.2. Domestic Wastewater Competing Cation Concentration (before and after

secondary treatment) [Metcalf and Eddy, 1991].

Cation Before Treatment (mg/It) After Secondary Treatment (mg/It)
Calcium 7-166 34
Magnesium 2-19 8
Potassium 14-180 12
Sodium 26-318 58

The ion exchange mechanism is significantly influenced by the presence of these
cations in wastewater effluent.(Discussed in Chapter 5.5) lon exchange capacity is
reduced with the presence of the competing cations. For this reason, the cation

concentration and type should be identified before applying this process.

2.3. Domestic Wastewater Treatment Methods

Four types of treatment processes are applied to the domestic wastewater. These

are classified as preliminary, primary, secondary and tertiary processes.
2.3.1. Preliminary Treatment

It is defined as the removal of wastewater constituents that may cause
maintenance and operational problems with the treatment processes. Examples of

preliminary operations are screening and grit removal for the elimination of coarse

suspended matter that may cause wear or clogging of equipment.
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2.3.2. Primary Treatment

In the primary treatment, a portion of the suspended solid and organic matter is
removed from the wastewater. This removal is usually accomplished with physical
operations such as sedimentation. After preliminary treatment, the wastewater flows
into the primary settling tanks where the flow velocity is further reduced and the
suspended material is allowed to settle to the bottom of the tanks. The settled material,
referred to as primary sludge, is pushed by automatic sludge collection equipment into a
hopper from which the sludge is pumped to the sludge thickeners. Approximately 60%

of the suspended solids and 35% of the BOD are removed in this unit process.

2.3.3. Secondary Treatment

Secondary treatment removes more than 85% of both suspended solids and
BOD. A minimum level of secondary treatment is usually required in most developed
countries. Removal is usually accomplished by biological processes in which microbes
consume the organic impurities as food, converting them into carbon dioxide, water,
and energy for their own growth and reproduction. There are two basic biological
treatment methods: (a) trickling filter, (b) activated sludge. The activated sludge process
is very common in biological wastewater treatment. This method is more efficient than
a trickle filter and less subject to temperature effects. The flowchart of the secondary

treatment is given in Figure 2.5.

Largse solids

SCREEMMING for disposal

PRELIMINARY I

ERIT RERMOWS]

Darnsas solids
for disposal

Sludgs
PRINARY I PRIMARY SEDIMEMTATI M I = .
I BIOLOG HTA L X IDaT 1O |
SECOMDARY ]
I SECOMDARY SEDINEMTAT T I Sludge >

e
To slucdge
treatrment

Figure 2.5. The flowchart of the Secondary Treatment.
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2.3.4. Tertiary Treatment

Tertiary treatment is any additional treatment process designed to achieve higher
standards of water quality. The aim of this process is to remove the nutrients in the
wastewater effluent. The removal of nutrients in wastewater treatment is important for
several reasons. Nutrients removal is generally required for (a) discharges to confined
bodies of water where eutrophication may be caused, (b) discharges to flowing streams
where rooted aquatic plants can flourish, (c¢) recharge of ground waters that may be used
indirectly for public water supplies (Metcalf and Eddy, 1991). As a consequence of
these concerns, four processing methods are applied to remove nutrient from

wastewater. These are given as follows:

¢ Nitrification-Denitrification: Nitrification is a biological process that converts
ammonia nitrogen to nitrate nitrogen. In this process, NH," ions are oxidized to
NO;" with the help from nitrosomanas bacteria species and the activity of the other
bacteria species (Nitrobacteria), nitrite is converted to nitrate. Denitrification is the
process where nitrate is reduced to nitrogen gas in the absence of dissolved oxygen.
The disadvantages of the biological methods are limited to a minimum of 5 ppm
ammonium concentration due to the formation of the undesirable chemical
compound.

e Breakpoint Chlorination: It involves the addition of chlorine to wastewater to
oxidize the ammonia nitrogen in solution to nitrogen gas. The disadvantages of this
process are to produce high chemical residuals and require the pH control to avoid
the formation of undesirable compound.

e Air Stripping: Air stripping of ammonium is the term used to describe the loss of
ammonium from wastewater when air passed through wastewater of high pH (>11).
The disadvantages of this process are high operating cost and the cost of

temperature controlling.

Ion exchange method (discussed in Chapter 5) is preferred over the other conventional

methods. Since:

» This process can be achieved at a minimal cost.
» The ion exchange process has higher ammonium removal efficiency.

» lon exchange material can be easily regenerated with suitable salt solution.
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2.4. Izmir Cigli Domestic Wastewater Plant

In the Cigli Domestic Wastewater Plant, the sewage coming from the pumping
station. It is received in an inlet chamber and is distributed into 3 parallel running screen
channels. Each channel equipped with fine screen that works for removing fine particles
in the wastewater. Primary treatment is performed by using screen, grit channels,
Parshall flumes and sedimentation tank. In the sedimentation tank, % 24 BOD, % 64
SS, % 8 total phosphorous removals were observed.Secondary treatment is performed
by using bio-phosphor tank, oxidation ditch tanks with aeration unit and final
sedimentation tank. One line of aeration unit consists of two oxidation ditch tanks
operating in series. Primary effluent will first be let into ditch type anaerobic tanks for
biological phosphorus removal. The effluent was collected in the final sedimentation
tank. The sludge treatment process was performed by using these following steps.
Firstly, the primary sludge is collected in first sludge holding tank. The second sludge
holding tank will be used as sludge mixing. The primary sludge holding tank will be
equipped with two submersible mixers. One small mixing compartment of the second
tank serves for the mixing and homogenizing of primary sludge. The second
compartment is used for storing the mixed sludge for a short time. The mixing
compartment of second holding tank is equipped with diffusers. The air is used for
mixing and homogenizing the primary- and excess sludge and to keep the sludge under
aerobic conditions to avoid biological phosphorus release. Homogenized sludge from

the sludge tank will be pumped into mechanical sludge thickeners.

Water quality data for Izmir Cigli Domestic Wastewater effluent are listed in

Table 2.3.

Table 2.3. Water Quality Data for Izmir Cigli Domestic Wastewater Effluent

Parameters Inlet Domestic Wastewater Discharging Domestic Wastewater

Composition Composition

COD 300-500 mg/1t 30-70 mg/1t

BODs 150-250 mg/It 10-25 mg/It

SS 500-600 mg/It 20-30 mg/It

Total N 50-60 mg/lt 10-12 mg/It

NH," 30-40 mg/It 1-3 mg/lt

Total P 9-12 mg/It 3-4 mg/lt
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Bio-phosphor Tank Oxidation Ditch Tank Final Sedimentation Tank

Sludge Holding Tank

Figure 2.6. Cigli Domestic Wastewater Treatment Plant
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CHAPTER 3

ZEOLITES

3.1 Definition of the Zeolites

Zeolites have been recognized for more than 200 years, but only during the
middle of the 20th century have attracted the attention of scientists and engineers who
demonstrated their technological importance in several fields. The main reason of the
interest for natural zeolite-bearing materials is the increasing demand of low-cost ion
exchange and adsorbent materials in fields such as wastewater treatment, gas separation
and heavy metal removal as well as their wide availability on the earth.

Zeolites are a group of naturally occurring framework alumino-silicates with
high cation exchange capacities, high adsorption and hydration-dehydration properties.
About fifty different species of this mineral group have been identified, but only eight
zeolite minerals make up the major part of volcano sedimentary deposits: analcime,
chabazite, clinoptilolite-heulandite, erionite, ferrierite, laumontite, mordenite and
phillipsite. The structure of each of these minerals is different but they all have large
open ‘channels’ in the crystal structure that provide a large void space for the adsorption
and exchange of cations. The internal surface area of these channels can reach as much
as several hundred square meters per gram of zeolite, making zeolites extremely
effective ion exchangers (Mumpton, 1984).

Zeolites are crystalline, hydrated aluminosilicates of alkaline or alkaline earth
metals, especially, sodium, potassium, calcium, magnesium, strontium and barium.
Structurally, zeolite is the “framework™ aluminosilicate which is based on an infinitely
extending three dimensional network of AlO4 and SiO4 tetrahedra linked to each other
by sharing all of the oxygens. (Mumpton, Flanigen, 1983) This framework contains
channels and interconnected voids which are occupied by the cation and water
molecules. The cations are quite mobile and can usually be exchanged, to varying
degrees, by other cations. These cations play a very important role in determining the
adsorption and gas-separation properties of zeolites. These properties depend heavily on
the size, charge density, and distribution of cations in the porous structure.

Zeolites may be represented by the two different formulas; oxide formula and

idealized formula as follows:
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e Oxide formula: M;,0.AL,03.xSi10,.yH,O
e Idealized formula: Myn[(AlO3)(S102)y].WwH,O

In the oxide formula; x is generally equal or greater than 2 since AlO4 tetrahedra
are joined only to SiO4 tetrahedra, n is the cation valence. The structural formula of a
zeolite is best expressed by the idealized formula for the crystallographic unit cell where
M is the cation of valence n, w is the number of water molecules and the ratio y/x varies
between 1 and 5 depending on the structure.

Synthetic zeolites are manufactured on a large scale for industrial use, but
natural zeolites have not yet found extensive application as commercial molecular
sieves, even though a few, particularly clinoptilolite are abundant in volcanogenic

sedimentary rocks.

3.2 Structure of the Zeolites

Zeolites structure consists of two types of building units namely, primary and
secondary. The primary building unit of the zeolite framework is the tetrahedron in
which the center is occupied by a silicon or aluminum atom with four oxygen atoms at
the corners as shown in Figure 3.1. Each oxygen atom is shared between two tetrahedra.
Substitution of Si™ by Al” defines negative charge of framework, which compensated
by monovalent or divalent cations located together with water molecules in the
channels. Cations in the channels can be substituted easily and therefore they are termed
exchange or extra framework cation while Si and Al, which are not exchanged under
ordinary conditions, are called tetrahedral (T) or framework cations (Tsisthivilli et al.,

1992).

(a) (b)
Figure 3.1 Primary Building Units (PBU) in zeolite structure (a) (SiO4)™, (b) (AlO4)”
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Zeolites structure also contains secondary building units, which are formed by
the linking of the primary building tetrahedral. They consist of double and single rings
of tetrahedra, forming the three dimensional structure of the zeolite. In the SBU Si-Al
distribution is neglected, only the positions of the tetrahedral silicons or aluminums are

shown. Oxygen atoms lie near the connecting the solid lines.

3.3 Properties of Zeolites

The following are some of the important properties of zeolites that make them an
important material compared to other crystalline inorganic oxide materials. [Breck,
1974]

1. High degree of hydration,

2. Low density and large void volume when dehydrated,

3. Stability of the crystal structure of many zeolites when dehydrated,
4. Cation exchange properties,

5. Uniform molecular-sized channels in the dehydrated crystals,

6. Ability to adsorb gases and vapors,

7. Catalytic properties.

Commercial applications of natural zeolites make use of one or more of several

physical or chemical properties.

3.4 Natural Zeolites

Natural zeolites are aluminum silicate minerals with high cation exchange
capacities (CECs) and high ammonium selective properties (Kithome et al. 1998). More
than 50 different species of this mineral group have been identified (Tsitsishvili et al.
1992). Different kinds of zeolites are clinoptilolite (Kithome et al. 1998), ferrierite and
mordenite (Townsend et al., 1984), erionite (Mondale et al. 1995), and chabazite (Green
et al. 1996). It has been stressed that the characteristics of a zeolite mineral depend on
its origin because of variations in natural processes during the genesis (Townsend et al.,
1984; Mondale et al. 1995). Mondale et al. (1995) mentioned that, for example,
structural imperfections, a variety of exchangeable cations, and the presence of clay

may lead to pore blockage and slow diffusion rates. Another relevant aspect is that the
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zeolite mineral concentration of an ore sample depends on the deposit from which the
zeolite originates. Mondale et al. (1995) used zeolite samples with 80—100% zeolite and
other occurring minerals such as volcanic glass, quartz, and feldspars. However,
Curkovic et al. (1997) used a clinoptilolite that was 40—50% pure and Jorgensen et al.
(1979) used clinoptilolites with 50-90% purity.

The Si/Al ratio can vary considerably within the limits of one structural type,
depending upon the composition of original solutions and conditions of crystallization.
The Si/Al ratio in natural zeolites lies within the limits of 1 to 6. The upper limit of the
Si/Al ratio in the natural zeolites reaches 5 to 6 (clinoptilolite, mordenite and ferrierite)

The channels in natural zeolites contain water that make up the 10-25% of their
weight. The water content varies within the certain limits depending upon the character

of the exchange cations and conditions of crystallization.

3.5 Clinoptilolite-Rich Natural Zeolite

Clinoptilolite is the most abundant of the natural zeolites (Mumpton et al.,
1976), but composition and purity vary widely among the deposits found throughout the
world. It is a member of the Heulandite group of natural zeolites. Clinoptilolite is
isostructural with the zeolite Heulandite, which it differs in having higher Si/Al ratio
and monovalent/divalent cation ratios. The higher thermal stability of clinoptilolite
compared with heulandite was obtained in terms of an elevated Si/Al ratio. The Si/Al
ratio is between 4.25-5.25 for clinoptilolite and 2.7-4 for heulandite. Heulandite
transforms into two phases at about 230°C and becomes non-crystalline at about 350°C.
Clinoptilolite survives its crystal structure up to about 700°C. (Tsitsishvili et al.,

1992).The general formula for clinoptilolite-rich natural zeolite is:
(Li, Na, K), (Mg, Ca, Sr, Ba)q [Al@+24)Sin-a+24)O2q].mH,0

The unit cell is monoclinic C-centered and is usually characterized on the basis
of 72 O atoms (n = 36) and m = 24 water molecules with Na", K, Ca2+, and Mg2+ as the

most common charge balancing cations. Its characteristic properties are summarized by

Breck (1974).
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Table 3.1 Summary of clinoptilolite characteristic properties (Breck, 1974)

Structure Group: 7

Chemical Composition

Typical Oxide Formula: (Naz. K2y - AlOs - 105102 - 8H20
Typical Unit Cell Contents: Nag| (AT )6 (S102)3p] - 24H-0
Variations: Ca. K. Mg also present: Na. K=>Ca

Si/Al 4.25 to 5.25

Crvstallogsraphic Data

Symmetry: Monoclinic Density: 2. 16g/ce
Space Group: I 2/m Linit Cell Volume: 210047
Unit Cell Constants: a=741 A

b=17.89 A

c=1585 A

p=91°29"
Structural Properties
Framework: Possibly related to heulandite but not determined.
Void Volume: 0.34 cc/ee Framework density: 1.71 g/ce
Dehvdrated -
Effect of Dehydration: Very stable — in air to 700°C
Largest Molecule Adsorhed: %
Kinetic Diameter. o. A: 3.5

It has HEU topology, whose secondary building unit can be described by 4-4-1
type (Breck, 1974). According to the literature, the structure of clinoptilolite consists of
a three dimensional system of three types channels, A (10-member ring) and B (8-
member ring) ring) are parallel to each other while C channel (8-member ring)
intersects both the A and B channels as shown in Figure 3.2. Channel characteristics

and cation sites of clinoptilolites are summarized in Table 3.2.

Figure 3.2. (a) Model framework for structure of clinoptilolite. (b) Orientation of
clinoptilolite structure of clinoptilolite (Ackley et al., 1991)
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Table 3.2. Channel Characteristics and Cation Sites in Clinoptilolite (Ackley et al.,

1991)
Channel Tetrahedral ring Cation site Major Approximate
size/channel axis cations channel
dimensions, nmxnm
A 10/c M(1) Na, Ca 0.72x0.44
B 8/c M(2) Ca, Na 0.47x0.41
C 8/a M(3) K 0.55%0.40
A 10/c M(4) Mg 0.72x0.44

G-k @-Na. Ca —‘

®-rMgz ¢ -H,O

Figure 3.3. The main cation positions in the clinoptilolite structure

Cation exchange, catalytic, adsorption properties are heavily influenced by the
type, number and location of the charge balancing in the A, B and C channels. A view
of clinoptilolite structure, including the cation sites is represented in Figure 3.3. The
main cation positions in this structure are: M (1), in channel A, is coordinated with two
framework oxygen and five water molecules. This site is occupied by Ca™ and
preferably by Na™ .M (2), located in channel B coordinated by three framework oxygen
and five water molecules. M (2) is occupied by Na* and preferably Ca™. M (3) is
situated in channel C and coordinated by six framework oxygen atoms and three water
molecule. It is occupied by K™ and probably, Ba™. M (4) is located in the center of
channel A different from M (1).It is coordinated by six water molecules. This site is

occupied by the Mg ions.
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3.6 Uses and Application of Zeolites

Due to their unique properties, zeolites can be used in a wide variety of
applications such as in wastewater treatment, aquaculture, odour control, animal feed,
gas purification, construction (lightweight aggregates), paper production (as filler),
health application. Pavelic and Hadzija (2002) studied that a novel use of finely ground
clinoptilolite as a potential adjuvant in anticancer therapy. Clinoptilolite treatment of
mice and dogs suffering from a variety of tumor types led to improvement in the overall
health status, prolongation of life-span, and decrease in tumors size. Local application
of clinoptilolite to skin cancers of dogs effectively reduced tumor formation and growth.
In addition, toxicology studies on mice and rats demonstrated that the treatment does
not have negative effects. The most important recent uses of zeolites are tabulated in
Table 3.3.

Table 3.3. Application Fields of Zeolites

Application Areas References

Ulkii(1984), Yiicel(1990), Alsoy(1993),
Ammonium removal Senatalar(1995), Demir et al.(2002),
Cincotti et al. (2001), Hlavay et al. (1982),
Wastewater Jorgensen and Weatherley (2003), Klieve
Treatment and Semmens(1980).

Celenli (1996) ,Tiirkman (2001), Inglezakis

Heavy metals removal | et al., 2001, Kesraoui-Ouki et al., 1994,

Mondela et al.(1995)
Organic ~ compound | Simsek (1998), Garcia et al.(1993), Li et
removal al.(2000)
Radioactive elements | Yiicel (2002), Dyer and Zubair(1998)
removal
Purification and Gas Separation Sirkecioglu (1995, 1997), Tihmilioglu and
Ulkii (1996),Yasyerli(2002)
Heat Storage Ulkii (1989, 1991), Ozkan (1991, 1997).
Animal Nutrition Coskun (1998), Oguz (2000), Oztiirk
(1998).

36



CHAPTER 4

ION EXCHANGE PROCESS

4.1 Definition of Ion Exchange Process

Ion exchange is defined as the reversible exchange of ions between a solid and a
liquid in which there is no substantial change in the structure of the solid. Today, the
applications of ion exchange range from water purification to separation of various
antibiotics from fermentation broth.

Ion exchange phenomenon can be simply explained by “sponge model”. In this
model, ion exchanger is thought as a sponge with counter ions (exchangeable ions)
floating in the pores. When the sponge is immersed in a solution, counter ions can leave
the pores and float out. However, to preserve electroneutrality another counter ion from
the solution enters the sponge and takes it place in compensating of the framework
charge (Helfferich, 1962).

Ion exchangers are materials that can exchange ion for another, hold it
temporarily, and release it to a regenerant solution. When an ion exchanger, loaded with
ions “A” comes into contact with a solution containing counter ions “B” Ions “A” will
diffuse into the solution and an equivalent amount of ions “B” diffuses into the resin
phase. This exchange is accompanied by changes of the water content and develops
until a state of equilibrium has adjusted. The state of equilibrium does not depend on the
original system. In the state of equilibrium phases, solution and exchanger contain both

types of ions.

4.2 TIon Exchange Reactions in Zeolites

The cation exchange property of zeolite minerals was first observed 130 years ago.
Among the different alternative ion exchangers, zeolites have some advantages
compared with the conventional organic resin types. The key features of the zeolites are
as follows:

1. Their well defined framework structure leads to a uniformity of molecular sized

channels and cavities through which cations diffuse in order to undergo

exchange in sites within the crystals. The nature of these intracrystalline
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penetrations is important in ion sieving and diffusion control, and depends
mainly upon the framework topology.

2. Because of their three dimensional framework structure most zeolites do not
undergo any appreciable dimensional change with ion exchange.

3. The aluminum content, that is the number of tetrahedrally oriented aluminum
atoms per unit cell of framework, defines the maximum number of negative
charges available to cations. The ion exchange capacity is directly related to the
quantity of aluminum present in the zeolite framework. In such case, a low Si/Al
ratio, in other words, high aluminum concentrations favors this process. In
zeolites, this feature can be altered by dealumination.

4. The sieving and partial sieving effects of zeolites towards various cations are the
one of the important features of them and have potential applicability in many

areas.
4.3 Ion Exchange Equilibrium

The ion exchange process may be presented by the following equation:

Zg z} z} z}
z2, B +z AN & z,BA+z, A7

where z, and z, are the charges of the exchanging cations A and B and the

subscripts z and s refer to the zeolite and solution, respectively.

Reaction proceeds until equilibrium is established. (Breck 1974, Helfferich,
1962) Equilibrium properties of a system have great importance because it is possible to
obtain a measure of selectivity of the zeolite for one ion over another or group of other

ions.

Equilibrium behavior is usually described in terms of equilibrium isotherms
which depend on the system temperature, the total initial concentration of the solution
in contact with the exchanger and on characteristics of the ion exchange system, such as

solution composition, mineral type and pH.

Ion exchange equilibrium can be characterized by the by the ion exchange
isotherm. Ton exchange isotherm shows the ionic composition of the ion exchanger as a

function of the experimental conditions. It is plotted in terms of the equivalent fractions
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of exchanging ion in solution and in zeolite phase by keeping total solution normality
constant. Equivalent ionic fractions are expressed by the following equations:

for liquid phase:

¥, = Cans 4.1
CA(S)ZA + CB(S)ZB

X,=1-X, 42

where

C s, = the concentration of 4 ion (mole/ It.) in the solution
Cp(,, = the concentration of B ion (mole/ 1t.) in the solution

for solid phase:

_ number of equivalents of exchanging cation A 43
= :

total equivalents of cations inthe zeolite

Y, =1-7Y, 4.4

According to Breck (1984), the ion exchange isotherm may be classified into six
types. Breck’s arrangements of isotherm indicate whether or not the cation in solution is
preferably exchanged by zeolite. The exchange isotherms are illustrated in Figure 4.1.

Six types of isotherms can be discriminated:

62)/

2
X

e a convex isotherm with ( < 0): The relative exchanger phase loading is always

greater than the relative liquid phase concentration. This means that the component
is preferred.

Gzy

2
X

e a concave isotherm with ( > 0): This is the reverse case which shows that the

component is not preferred.
e as-shaped isotherm with separated regions of preference and non-preference.

e alinear isotherm y = x: In this case none of the two species is preferred. This case is

very rare and occurs almost exclusively during isotope exchange.

e a “horizontal” isotherm x = 1: This is the so-called irreversible isotherm. For any x

> 0 the relative exchanger phase concentration is y = 1.

39



e a second “horizontal” isotherm y = 0: This case indicates that there is no sorption

and holds usually for co-ions.

1

Figure 4.1. Ion exchange isotherms described by Breck (1984)

4.4 Separation Factor and Selectivity

The preference of the ion exchanger for one of the two counter ions is often
expressed by the separation factor. This quantity is particular used for the practical
applications, such as the calculations of the column performance. The separation factor
a; is defined by:

aA_YA*XB_AreaI
PUY,*X,  Areall 4.5

There is a simple relationship between the separation factor and the ion
exchange isotherm. Equation 4.5 and Figure 4.2 show that the separation factor is given
by the ratio of the two rectangular areas which lie above and below the isotherm and

intersect with each other at the point which corresponds to the experimental conditions.
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Figure 4.2. Derivation of the separation factor for the exchange reaction from the

isotherms.
If the ion A is preferred, the separation factor «j is larger than unity, and if B is

preferred, the factor is smaller than unity. Ratio of the areas lying below and above an
exchange isotherm gives an idea about which ion is preferred by ion exchanger.

In most crystalline exchangers, the isotherms terminate at the lower left and
upper right corners of the diagrams. In zeolites, however, there are many exceptions due
to exclusion of the entering ions or trapped cations in the zeolite structure. This is
referred to as the ion-sieve effect, that is, the entering ions cannot reach all of the sites
occupied by the ions initially in the zeolite. The isotherm then terminates at a point
where the degree of exchange, x, is less than 1. (Breck, 1974) Ion sieving effects are
observed with the zeolites having the smallest pore openings and with the largest
cations. Some ions are exchanged even though their hydrated ionic diameters are much
larger than the pore openings; an exchange of solvent molecules must occur for such
cations to diffuse through the pore opening. lons which have anhydrous diameters
which are too large are totally excluded. Ions have sufficiently small anhydrous
diameters to enter pores may differ in their exchange rates of exchange owing to
differences in the activation energy required to exchange solvent molecules (Sherman,
1978).

In addition to some ion sieving effects, zeolites commonly exhibit high
selectivities for ion exchange among ions which will easily enter the zeolites pores.
Each zeolite provides a different pattern of ion exchange selectivity. The selectivity
series of increasing preference for exchange of different cations for each of the most

common zeolites are shown in Table 4.1. Some zeolites show marked selectivity for
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some monovalent cations over common divalent cations. The observed ion exchange

selectivities on zeolites are dependent upon the pH, temperature and aqueous solution

chemistry. The competing cations, choice of solvent, presence of complexing agents,

solution strength and type of anions present can alter the quality of the separation.

Table 4.1. Molecular Sieve Zeolite Ion Exchange Selectivity Patterns (Sherman, 1978)

Zeolite Selectivity series Reference
Li<Ca<Sr<Ba=Na<Pb<NH4<Rb<Ag<K<Ti | Barrer, Davies and
Chabazite Breck
Li<Na< K<Rb<Cs Barrer and Klinowski
Mg<Ca<Sr<Ba Ames
Li<Na< K<Cs Ames
NC4HoNH; <nC3H,NH; <NH,4 <C,HsNH;" | Barrer,
Papadopoulos, and
Rees
Li<Na<Rb<K<Cs Sherry
Clinoptilolite Li<Ca<Sr<Ba<Na<K<Rb Filizova
Na<K<Cs Ames
Na<NH,'<Cs Howery and Thomas
Cu<Zn<Cd<Pb<Ba Semmens and
Seyforth
Zn<Cu<Cd<Pb Fujimori and
Moriya
Mg<Ca<Na<NH; <K Sherman and
Ross
Li<Na<NH; <K<Rb<Cs Ames
Mg<Ca<Sr<Ba
Na<Ag<Pb Chelishchev et al.
At low loadings:
Na<Cu<Zn<Cd<Ag<Pb
Heulandite Ca< <Ba< Sr< Li<Na<Rb<K Filizova
Ca< Sr Hawkins
Li<Na<K< Rb< Cs Barrer and
Phillipsite Ca<Sr<Na<Ba (Ba irreversible) Munday
Ca<Na<NH4<K Sherman and
Ross
Na<K<Cs Ames
Mordenite Mg< Ca<Sr<<Ba Wolf, Furtig and
Li<Na<H<K<Ag<Cs Knoll
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4.5 Factors Affecting Ion-Exchange Behaviour

Hundreds of technical papers have been written describing the characteristic ion
exchange behavior of various zeolites. According to these studies, two conclusions are
readily drawn. Cation exchange selectivities in zeolites do not follow the typical rules
and patterns exhibited by organic and inorganic ion exchangers. And also, many
molecular sieve zeolites provide certain combinations of selectivity, capacity and
stability characteristics superior to the more common organic and inorganic ion
exchangers (Sherman et al., 1978).

Cation exchange properties of zeolite depend on:

1. The nature of the cation species, cation valance and both anhydrous and
hydrated size of cation.
Temperature
The cation concentration of cation species in the solution
The anion species associated with the cation in the solution.

The solvent

A

The structural characteristic of the particular zeolite.

Cation exchange in zeolites leads to alteration of stability, adsorption behaviour, and
selectivity, catalytic activity and other important physical properties so ion exchange
should also be considered as a modification process as well as a direct application.

The affinity of ion towards a given exchanger depends mainly on the charge of
the ion, ionic radius and degree of hydration. There is a relation between ionic charge
and hydration enthalpy. The higher charge shows the higher enthalpy. A large ion
charge/size ratio results in an increase in the hydration energy. An increase in the ionic
radius is accompanied by a decrease in the hydration enthalpy. Because of their size,
certain cations may be able to exchange with cations within the crystal structure of the
zeolite. Table 4.2 represents ionic radii, hydrated ionic radii and free energies of
hydration for certain ions. If an ionic radius is compared with the free dimensions of the
clinoptilolite channels (4.0x5.5-4.4x7.2 A), it is apparent that all of the unhydrated ions
can pass readily through the channels, but since the hydrated ions are approximately the
same size as the channel dimensions, they may exchange only with difficulty.
(Semmens et al., 1974)

Eisenman indicated that selectivity of exchange cations is accounted for only in

terms of their hydration free energies and their energies of electrostatic interaction with
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the zeolite fixed anions. He separated the free energy of ion exchange reaction into two
parts. The first part represents the difference between the free energy of the ions in
zeolite while second part represents the free energy differences of hydration of the ions
in the solution. If the electrostatic fields in zeolite are strong, then the first part
dominates and small ions are preferred. Strong electrostatic fields occur in zeolites with
a high framework charge and correspondingly low Si/Al ratio. However, if these
electrostatic fields are weak (as in zeolites with a high Si/Al ratio), the hydration free
energy is more important. So, weakly hydrated cations are preferred. Clinoptilolite has
silicon to aluminum ratio of approximately 4.3 to 5.3 and a correspondingly low Si/Al
ratio. The low Si/Al ratio provides a weak anionic field within the zeolite. Consideration
of Eisenman’s model in the case of exchange on zeolite in the presence of weakly
anionic field indicates that selectivity is predominantly determined by the free energies
of hydration of the competing cations.

According to Eisenman’s Theory, the free energies of hydration listed in Table
4.2 indicate that the following selectivity sequence (Ba™ >Pb™>Cd"*>Cu"?). Therefore,
copper with the largest hydration energy, prefers the solution phase where it may satisfy
its hydration requirements, and barium, with least hydration energy, prefers the zeolite
phase.
Table 4.2. Properties of Certain Cations (Semmens, 1974)

Cation Ionic Radius Hydrated Radius Free Energy of Hydration
(A) (A) (kcal/gr ion)
Ba™ 1.43 4.04 -315.1
Ccd™ 1.03 4.26 -430.5
Cu™ 0.82 4.19 -498.7
Pb ™ 1.32 4.01 -357.8
Zn" 0.83 4.30 484.6
Na© 0.98 3.58 -98.2
K" 1.30 3.31 -76.67
Mg 0.65 4.28 -459.04
Ca™ 0.99 4.12 -380.22

Considerable research has been conducted to characterize the mechanism of
ammonium from wastewater and aqueous solution by natural zeolite. It was revealed
that a number of factors contribute to the maximization of ammonium removal by ion
exchange, including the initial concentration of the solution (Fredickson et al., 1993),
the particle size of the zeolite (Jorgensen et al., 1976), properties of the zeolite such as

porosity and density of the zeolite (Fredickson, 1993), chemical pretreatment leading to
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the particular homoionic form of the zeolite (Koon et al., 1975; Jorgensen, 1976;
Mercer et al., 1970; Yiicel et al., 1989; Townsend et al., 1984), pH of the solution
(Koon et al., 1975; Jorgensen, 1976), and the presence of competing cation (Koon et al.,
1975; Jorgensen, 1976; Schoeman, 1986; Czaran, 1988).

Many authors stated that the pretreatment operation has effected on the cation
exchange capacity. Practically, the result of any pretreatment operation is the increase
of the content in a single cation, what is called homoionic form (Semmens et al., 1988).
Therefore, pretreatment aims to remove certain ions from the structure of the material
and locates more easily removable ones, prior to any ion exchange application of it. The
final homoionic or near homoionic state of the zeolites was found to improve their
effective exchange capacity and performance in ion exchange applications (Kesraoui et
al., 1993; Klieve et al., 1980; Semmens et al., 1988; Chmiclewska et al., 1995).

Pretreatment with sodium ions has been shown to improve the selectivity and
ammonium exchange capacity of the zeolite more than pretreatment with magnesium
and calcium ions (Jergensen et al., 1979; Booker et al., 1996). The calcium form of the
clinoptilolite had an even lower ammonium exchange capacity than untreated
clinoptilolite (Hlavay et al, .1982), which was explained in terms of cation size. Because
the calcium ion is larger than the sodium ion, it cannot approach the exchange sites as
closely as sodium, which is smaller and freer to migrate through the zeolite channels
(Koon et al., 1975).

Cooney et al., (1999) have studied the removal of ammonium ion from
wastewaters using natural Australian Zeolite. It has been found that pretreatment with
NaCl enhances the capacity of zeolite. The ion-exchange capacity for ammonium of the
sodium-form zeolite was found to be 1.5 meq/gr. Klieve et al., (1980) studied the effects
of pretreatment with NaOH,HNOs, steam and heat (600 °C, 1 hour) on the performance
of ammonium removal as well as the total ammonium capacity. NaOH treated
clinoptilolite was observed to have highest capacity, whereas the heat treated was the
lowest. On the other hand, pretreatment of clinoptilolite with NaOH, HNOs and steam
did little to improve the zeolite’s performance, while heat treatment improved the
zeolite’s selectivity significantly.

As a consequence of this concern, the process of converting original samples to
the Na-form can be suggested as the appropriate pretreatment method for increasing

exchange capacity.
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Washing the zeolite sample is different effective way for increasing exchange
capacity of the zeolite. Inglezakis et al., (2001) have investigated the effect of washing
surface dust of the zeolite sample on the exchange capacity. According to their results,
they concluded that surface dust is clogging part of the pore openings in zeolite
structure leading in slower ion exchange kinetics.

Jorgensen et al., (1976) studied that ammonium removal from wastewater,
distilled water and tap water by using clinoptilolite. According to his results;
clinoptilolite works by a combination of ion exchange and adsorption process. With a
small concentration of the counter ion in the solution only ion exchange takes place.
With a higher concentration, adsorption takes place. They indicated that there are many
factors which affect the ion exchange and adsorption of ammonium cations from either
synthetic or real municipal wastewater. They included the concentration of ammonium
jon in the solution, concentrations of counter ions such as Ca™ or Na* or other cations.
Therefore, tap water and wastewater have a considerably lower NH;" removal capacity
than distilled water due to mainly to Ca™ ions present in tap water and wastewater. And
also, clinoptilolite was used in the pilot scale application. A very high wastewater
effluent quality can be achieved by applying a combination of chemical precipitation,
activated carbon column, anion exchange media and clinoptilolite (Jorgensen et al.,
1976). The removal efficiency of such pollutants like ammonium, phosphorous,
suspended solids and organic matter were %90, 90-99%, 99% and 94% respectively.

Hlavay et al. (1980) investigated the performance of the Hungarian natural
zeolite for ammonium removal from synthetic and municipal wastewater. The optimal
ion exchange conditions found were as follows: Na-form clinoptilolite and 0.5-1.0 mm
in particle size. The loading flow rate used is a very important factor regarding the
column performance. By changing the flow rate 10 to 5 BV/h the ammonium
breakthrough capacity increased as much as 35%. So, optimum conditions were chosen
5-7 BV/h for loading rate. For regeneration of the ion exchange bed, 10-20 BV of
regenerant were necessary to remove the 98-99% of ammonium with a flow rate of a 5-
7 BV/h. The ammonium breakthrough capacity was found as 2.4 mg/gr zeolite, less
than a half of the value (4.5 mg/gr zeolite) obtained with synthetic wastewater.

Ulkii (1984) studied the effect of natural zeolites on the pollution control of
Porsuk River to which wastewater of Kutahya Fertilizer Plant is discharged. In this
study, natural zeolites provided from Balikesir region of Turkey have been used. At the

end of the study, 91% ammonium removal efficiency has been obtained. It has been
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concluded that natural zeolites could be good material that can be used in the pollution
control, especially ammonium removal applications.

Yiicel et al., (1990) investigated the sodium-ammonium, potassium-ammonium
and calcium-ammonium exchanges on the clinoptilolite. Prior to exchange experiments,
all sample converted to homoionic form with appropriate salt solutions. Their
experimental results indicate that the clinoptilolite show a very high preference for
ammonium ion over sodium and calcium but not over potassium. It can be explained
with the poor ion exchange behaviour of the K* ion. Potassium ion exchange does not
exchange significantly with other ions in the solution. This behaviour of K indicates that
a low mobility of K in the clinoptilolite structure as compared to other ions. The
selectivity sequence for the exchange studies were given as follows:
K">NH;>Na">Ca".

A combination of the natural zeolite as ion exchanger for ammonium recovery
and/or anionic resin fro the removal of phosphorous from wastewater in the RIMNUT
process, which were discussed by the Liberti et al. (1991). After the regeneration of the
exhausted zeolite and resin with Na-solution an acid solution was occurred,
respectively, and by adding MgCl,.6H,0.H3;P04.Na,CO3 and NaOH to the regeneration
eluate, high quality slow release fertilizers (MgNH4PO4.6H,0O) were produced. The
ammonium removal efficiency achieved higher than % 80, the effluent concentration of
ammonium was lower than 15 mg/It.

Garcia Hernandez et al., (1992) found that the tertiary treatment of wastewater
using phillipsite rich tuff is very useful not just for removing ammonium but also for the
removal of phosphor, calcium, magnesium, inorganic contaminants, bacteria and
soluble organic matter. Depending amount of ammonium, phosphor and other plant
nutrients, they suggested that the exhausted zeolite could be used as a slow-release
fertilizer.

Metropoulos et al., (1993) compared natural zeolite and synthetic zeolite for
ammonium uptake. In this study, clinoptilolite, mordenite and ferrierite were used in
their sodium forms. And also, Zeolite A was used in its sodium, potassium and calcium
forms. The three natural zeolites show higher selectivies for ammonium compared to
the synthetic zeolite A, in any of the three forms. Clinoptilolite and ferrierite show
similar behaviour regarding the selectivity for ammonium ions. Although mordenite has

similar exchange capacity with clinoptilolite, its selectivity for the ammonium ion is
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much lower. Despite the theoretical high exchange capacity of Zeolite A, low
ammonium quantities are retained.

Alsoy et al., (1993) investigated that the treatment of wastewater with natural
zeolite. Prior to exchange experiments, all sample converted to Na- form with
appropriate salt solution. In this study, sodium-ammonium, sodium-lead, sodium-copper
exchange equilibrium studies were investigated. Experimental results show that,
clinoptilolite has a good selectivity especially lead and ammonium ions. Selectivity
sequence was given as follows: Pb™>Cu™? NH,". And also, thermodynamic parameters
were calculated. Ka and AG® was found as 3.119 and -2.9067 kJ/equiv for Na'«<>NH,"
equilibria.

Clinoptilolite- rich tuffs were reported to be utilized in two stages of treatment of
municipal wastewater. The clinoptilolite tuffs of 40-160 pm grain size were added to 1
m’ of raw sewage before the aeration tank. Kallo (1995) found that the addition of 40-
80 mg of clinoptilolite samples to 1 It of raw sewage resulted in an increase of the
settling rate of suspended solid as well as an increase in the biological activity of living
sludge and that with the composting and de-watering of the produced sludge is made
easier when compared with normal sludge. In addition, elimination of phosphor was
observed. After the biological treatment, residual ammonium was removed by ion
exchanger bed filled with 0.5-2.0 mm granules of the clinoptilolite tuffs. The
clinoptilolite was regenerated using an alkaline solution of KCI/ NaCl. Ammonia was
then stripped from the regenerating solution with air and adsorbed in phosphoric acid,
hence, the ammonia removed from the sewage was used to produce an ammonium
hydrophosphate fertilizer.

Senatalar et al., (1995) studied that ammonium removal from wastewaters using
by using Bigadic¢ clinoptilolite. In this study, the effects of influent ammonium
concentration and loading rate on the breakthrough capacity and the effects of
regenerant concentration and pH on the regeneration efficiency were investigated using
synthetic wastewaters containing no competing cations. The ammonium exchange
capacity of the zeolite sample was found as 0.52 meq/gr at 20°C. Breakthrough and
total ammonium exchange capacities were observed to increase with increasing feed
concentration and decreasing flow rate. 212.5 BV of a solution containing 25 mg/It
could be treated at a flow rate of 11 BV/h until the breakthrough concentration of 2
mg/It was reached in the effluent. Regeneration efficiency increases with increasing the

pH of the solution. 30 gr NaCl/It at a pH of 12.5 was found to be sufficient to regenerate
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the clinoptilolite bed with 99% efficiency. Their results indicate that Bigadi¢
clinoptilolite can be potential candidate to be used in several ammonium removal
applications.

Booker et al., (1996) studied that ammonium removal from sewage by using
natural Australian Zeolite. In this study different homoionic forms were tested. Their
results indicate that the sodium form shows the highest ammonium removal capacity.
The zeolite ion exchange process has proved effective, at pilot scale in reducing
ammonium ions in sewage from concentrations ranging from 25 to 50 mg/It down to
levels below 1 mg/lt. The ammonium removal capacity was found as 4.5 mg/gr for this
range of initial ammonium concentrations. The rate of treatment by the pilot zeolite
column makes it ideally suited as retrofit to high rate secondary sewage treatment
process, for the removal of the soluble ammonium component.

An alternative to chemical regeneration is biological regeneration, which
actually is a combination of chemical regeneration and nitrification. One reason given
for the development of biological regeneration was to decrease brine consumption. A
second reason was to achieve a more efficient nitrification process in a small volume
with minimal competition between autotrophic nitrifying bacteria and heterotrophic
bacteria caused by a low concentration of organic compounds (Lahav et al, 1996).
Green et al., (1996) investigated the application of the biological ion exchange process.
In the first mode (ion exchange), a column filled with zeolite (chabazite) is used for
ammonium ion exchange from secondary or primary effluents. When NH4"
concentration breakthrough occurs the system switches to the bioregeneration mode. In
the second mode (bioregeneration), the same column containing the ammonium-rich
chabazite is used during the bioregeneration mode as a fluidized bed reactor for
biological nitrification with the chabazite acting as the carrier for the bio-film. After a
short time, the solution reaches an apparent equilibrium concentration of ammonium

(Reaction I), while simultaneously, the biomass starts to oxidize ammonia (Reaction II).

[ desorption:  Z-NH+Na ¢ Z-Na"+NH/
[I. nirification:  NH"+20, — NO,; + 2ZH" + H,O

During the regeneration phase, oxygen and sodium bicarbonate were supplied for the
nitrification process and to maintain a constant pH. Sodium salt was added to the
recirculating solution to facilitate the ammonium desorption. Because the ammonium

was oxidized to nitrate, the regeneration solution could be used during several cycles
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with no addition of external regenerant. After the regeneration phase, it was suggested
that the nitrate-rich backwash water could be used for agricultural purposes or conveyed
to a denitrification reactor. At the end of the adsorption and regeneration modes,

backwash is practiced.

“Backwash"™ water after “Backwash™ water afler regeneration
adsorption (20 -~ - o denitnfication {<2)
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- i ; o
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Biorepeneration phase
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secondary effluent (1) T' [

fo b pd o=
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Figure 4.3. Biological Regeneration of Ammonium Exchanger in Single Reactor [from

Lahav et al., (1996)]

Komarowski et al., (1997) studied that ammonium ion removal from wastewater
and synthetic solution by using Australian natural zeolite. They concluded that the
ammonium ion removal capacity for pure ammonium chloride solution is approximately
% 40 greater than that for wastewater, for the initial ammonium ion concentration range
of 5 to 50 mg/lt. The decreased ammonium ion removal for wastewater may be
attributed to by existence of competing cations in the wastewater, which reduce the
ammonium removal capacity. Their results were good agreement with the Jorgensen et
al. (1976) study.

Kithome et al., (1998) worked on the adsorption—desorption properties of
ammonium on the natural clinoptilolite. They indicated the ability of clinoptilolite to
adsorb and desorb ammonium from simulated ammonium solution where the pH value
and the ammonia concentration have significant effects. They found that the sorbed
amount of ammonium increased by increasing the initial ammonium concentration. By
increasing the initial ammonium concentration, the NH." concentration, the NH,"
exchange rate was decreased. They indicated the potential use of clinoptilolite as

adsorbent for ammonium which could be used as slow release fertilizer.
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Figure 4.4. Comparison of ammonium removal capacity for wastewater and synthetic

solution [Komarowski and Yu, 1997]

Langella et al., (2000) investigated the exchange equilibria of the Na-form
Sardinian clinoptilolite with some of the hazardous cations, such as; ammonium,
copper, zinc and lead. In this study, isotherms of NH,", Cu™, Zn™ Cd™ and Pb™
exchanges for Na’ at 25°C and 0.1 total normality were obtained and the related
thermodynamic quantities computed. Exchange isotherm describing NH," and Na" was
given in Figure 4.5. The maximal exchange level was obtained as 0.901 for ammonium
ion. It means that, clinoptilolite has shown good selectivity for the ammonium ion. And

also, Ka and AG” was found as 10.21 and -5.72 kJ/equiv for Na"<>NH," equilibria.

Ny

[ O3 .5 o8
LT (S)

Figure 4.5. Isotherm at 25°C for the exchange of NH," into Na-clinoptilolite at 0.1 total
solution normality. (Langella et al., 2000)
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Ammonium removal from aqueous solution by a natural Bigadi¢ clinoptilolite
was investigated by considering the factors affecting the ammonium-exchange capacity
including the zeolites particle size, the loading flow rates and the impact of a number of
regenerations upon the ion-exchange capacity. (Demir et al., 2001)The resin column
was exhausted by down flow at 10, 25, 50 and 75BV/h, until effluent ammonium
concentration of more than 10 mg/l NH4" was achieved. The results indicate that
conditioning of the zeolite improves the ion-exchange capacity and that the smaller
particle size also causes a higher ion-exchange capacity due to greater available surface
area. The actual ion-exchange capacity of the conditioned fine 1 mm and coarse 2 mm
clinoptilolite was found to be 0.57 and 0.38 meq/g zeolite, respectively. The capacity to
1 mg/lt NH4" breakthrough was reached in 450 BV for the fine clinoptilolite column
with superficial velocities of both 25 and 50 BV/h. On the other hand, the capacity of 1
mg/l NH4" breakthrough was reached in 350 BV for the fine zeolite column with
superficial velocity of 75 BV/h. A flow rate of 25 to 50 BV/h loading is advocated. In
this study, the capacity increases considerably with the first regeneration. After the 2™
and 3" regenerations ammonium adsorption capacity of zeolite remained constant.

Depending on the studies mentioned above, ammonium ion exchange behaviour
depends on the solution and ion exchange material properties. Particle size of the
zeolite, the amount of zeolite addition, initial concentration of the solution, chemical
and physical treatment of the zeolite, operating conditions( flow rate, number of
regeneration, etc.) presence of competing cation, pH of the solution, temperature and
zeolite mineral composition are effected the ammonium exchange mechanism in the

zeolite.
4.6 Ion Exchange Kinetics and Ion Diffusion

In order to determine experimental mass transfer coefficients and other kinetic
parameters necessary to design an ion exchange plant, it is necessary to investigate
kinetics of the ion exchange process. Batch system is widely used for the kinetic
investigations. In this system, proper volumes of zeolite and solution of known initial
concentration are mixed and stirred in a thermostated water bath, while the time
variation of concentration is taken as output.

The kinetics of ion exchange process using zeolite may be divided into four

steps:
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1. Diffusion of the counterions through the film solution to the surface of the zeolite
(film diffusion)

2. Diffusion of the counterions within the zeolite (particle phase diffusion)

3. Diffusion of the displaced ions out of the zeolite

4. Diffusion of the displaced ions from the zeolite surface into the bulk solution

The slowest step of the ion-exchange process for a given system controls the
speed of ion exchange and is said to be the rate-limiting step. Two mechanisms
generally control the rate of ion exchange within porous solids: these are either film
diffusion (Step 1) or particle diffusion (Step 2). Both mechanisms are present in
practice, although normally one mechanism (the slower) dominates. If the ion
exchanger is nonporous, ion exchange is occurred only the external surface. So, the rate
of ion exchange will be controlled by diffusion through the laminar fluid film
surrounding the particle. Film diffusion is a measure of the resistance to the transport of
ions from the bulk solution through the hydrodynamic boundary layer or through a real
surface barrier, if existing, to the outer surface of the ion-exchange particle. Film
diffusion depends mainly on particle size, solution concentration, film thickness and the
effective film-diffusion coefficient of the ions (Karger et al., 1992). If the ion exchanger
is microporous, ion exchange is occured only the microparticle.Particle diffusion relates
to the ion diffusion rate within the exchange matrix. It is directly proportional to the
concentration of the fixed charges and the particle-diffusion coefficient, which depends
on the intracrystalline structure of the zeolite. In zeolites, particle diffusion is usually
the rate-controlling step.

It is known that in the crystalline zeolites, ion exchange controlled by the
diffusion of the ion within the crystal structure (Breck, 1974). In this case, the relevant
diffusion equation for a set of uniform spherical particles is:

%—?%ﬂﬂ% aa_Qj 46
and the relevant initial and boundary conditions for a step change in sorbate

concentration are:

53



) Q(r,O) =Q,
=0 | olr,.1)=0, 47
Q
= =0
) or ‘r:0

0 _ 2 2D 't
9 _, 6 Lzexp[””_e p

or equivalently:

P
Qt _ De.t 1 = ;. nrp _ Det
0 —6( 7 J [—\/;+2;1 erfc(m}] 3 ;2 4.9

For long time [( g’ )>0.7] and short time [( i

o0 o0

<0.3) regions, the expressions

can be simplified;

o _ 6 ’nt 0
- e - ) 1,0 4.10
P
O, _ 6Dt 9 03 4.11
: ﬁ[ } (205

0

(in the long time region) and gversus Vi (in the short time region) effective

o0

diffusion coefficient can be calculated. According to the Equation 4.10, the effective
diffusion coefficients for all concentrations were computed. For zeolites, D, varies from
1¥10%-1%10" cm?/sec.

The factors that affect the rate of cationic exchange are:

e The charge of the inter-diffusing cations. Monovalent cations move faster in

zeolites and have lower activation energies than divalent cations.
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e The structure of the zeolite, or more specifically the dimensions of zeolite
channels and cavities.

e The cationic radius. The cation exchange rate decreases with increasing cationic
radius.

e The concentration of the exchange solution. The rate of the ionic exchange
increase with the solution concentration.

Based on above, an intraparticle diffusion rate model is used to calculate the initial

uptake constant. The initial uptake constant is given by Weber and Morris:

0=kt 4.12
Using this expression, from the slope of Q versus the square root of time, initial

uptake constant k (mg ammonium ion per gram zeolite.minute™®) can be calculated. A

linear plot of Q versus the square root of time suggests intraparticle diffusion to be rate

limiting step in the overall kinetic process. This dependence, according to the Fickien’s

Law, is deduced by considering the ion exchange process as being influenced by

diffusion in the particle and by convective diffusion in the solution.
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CHAPTER 5

EXPERIMENTAL

5.1 Materials

Clinoptilolite rich natural zeolite samples used in this study were taken from
Gordes, Western Anatolia.

During the experimental studies, all solutions were made using the deoinozied
water (Barnstead Ultrapure-UV). pH values were measured with a pH-meter namely,
pH Metrohm 744. The ion exchange experiments were carried out in 250 ml cylindrical
flask placed in thermostat shaker at 25 °C. In the experiment, the ammonium ion
concentration of the samples taken with certain time intervals were analyzed before and
after equilibrium by using the ammonia selective electrode (Metrohm, 781/pH-
Ionmeter). The ammonium was converted to ammonia by raising pH to above 11 with
10 M NaOH (Fluka) solution as required by use of ammonia selective electrode method.
The competing cation concentrations of the samples after equilibrium were analyzed by
using Inductively Coupled Atomic Emission Spectroscopy (ICP-AES 96, Varian). In
the ICP analyses, 1 wt. % Nitric Acid (HNO3) solution (Merck) was used.

In the experiment, ammonium chloride synthetic solution was prepared by
dissolving NH4Cl (Sigma, 99.9% pure) in deoinozied water. The dilution of the
solutions was made by using the stock ammonium chloride solution (1000 ppm) of
Metrohm, 776 DOSIMAT Unit. To understand the effect of the competing cations,
CaCl,.2 H,O (Aldrich, 98% pure), MgCl,.6H,O (Aldrich, 99 % pure) and KCl (Panreac,
99.9% pure) were used in the experiment.

Experiments were also conducted using samples of treated Izmir Cigli domestic
wastewater effluent. Five liter samples were collected after Parshall Flumes and prior to
Oxidation Ditch Tank at the plant. After collecting samples, pH of the samples was
adjusted to preserve the composition of the samples. For this purpose, concentrated
H,SOy, solution was used. Prior to the ion exchange experiment, the pH of the samples
were raised by using concentrated NaOH solution. BOD and COD test of the domestic
wastewater samples were made at the Izmir Cigli Domestic Wastewater Plant. For
measuring the COD value; potassium dichromate (Merck) and silver sulfate (Merck)

were used. Also, BOD value was measured by using BOD test bottles.
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5.2 Methods

Measurements of the ammonium ion concentration in solution were conducted
by using the combination of 781/pH-lonmeter (Metrohm), 776 Dosimat Unit (Metrohm)
and Ammonia Selective Electrode (Metrohm) system. The ammonium ion

concentration of the samples were taken against the time and analyzed before and after

equilibrium by using this system. This system was shown in Figure 5.1.

Figure 5.1. 781/pH-Ionmeter, 776 Dosimat Unit and Ammonia Selective Electrode.

Two methods were used to measure the ammonium ion concentration with
ammonia selective electrode system. Direct method is a simple, fast method for
measuring a large number of samples over a wide range of concentration. Only one
meter reading is required for each sample. This method involves measuring the mV
potential of known standards to produce a calibration graph of mV versus concentration.
The mV potential of the sample is then measured and correlated to a concentration on
the calibration graph. Standard addition method is convenient fro measuring occasional
samples because no calibration is needed. Since accurate measurement requires that the
concentration approximately doubles as a result of addition, sample concentration must
be known within a factor of five. In this method, we have a large volume of unknown to
which small amounts of a standard solution are added. From the change in electrode
voltage before and after addition, the original sample concentration is determined.

In this study, direct and standard addition methods results were compared to
check the effect of interference on the selective electrode system. For this reason,

known ammonium concentration was prepared in the range of 1-200 mg/It. to construct
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the calibration curve for direct method. This calibration curve was given in Appendix A.
Some direct and standard method concentration results were tabulated in Table 5.1.

Table 5.1 shows that there are no significant differences between two methods.
The differences were very small. The results indicate that both methods are useful to
determine the ammonium ion concentration in the solution. Also, there is no effect of
interference on the selective electrode system.

Table 5.1.Direct and Standard Addition Method Concentration Results

Co(ppm) Ceq (direct) Ceq (standard)

10 0.51 0.5

30 2.21 2.2

50 6.44 6.5

70 13.71 13.8

100 27.62 27.9

150 66.81 67.5
200 108.66 109.4

In order to establish the extent to which the presence of potassium, calcium and
magnesium ions influenced ammonium ion uptake further equilibration experiments
were conducted. Some experiments were performed to understand the effect of the
competing cation on the ion exchange mechanism. For this reason, Inductively Coupled
Atomic Emission Spectroscopy (ICP-AES 96, Varian) was used to measure the
competing cation concentration in the solution after equilibrium. ICP method analyze

procedure was given in Appendix A.2.
5.3 Material Preparation

Clinoloptilolite rich natural zeolite rock samples used in this study were taken
from Manisa Gordes region. These rock samples from Gordes deposits were first
crushed mechanically into small pieces and sieved into different size ranges. The final
clinoptilolite rich natural zeolites sample were ground and sieved to 2-0.85 mm & 2-2.8
mm particle size and used in ion exchange experiments. Prior to the ion exchange
experiments, samples were washed with deionized water to remove any non-adhesive

impurities and small particles, and then dried at 105° C for 24 h to remove moisture.
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5.4 Ion Exchange Experiments

Ion exchange experiments were performed in order to see the effect of different
parameters on the ammonium uptake efficiency of clinoptilolite rich natural zeolites and
to investigate the applicability of these minerals in the areas of wastewater treatment. In
this part of study, initial concentration of the solution, particle size of the zeolite, solid:
solution ratios, the presence of competing cation in the solution, pH of the solution were
considered as parameters.

The ion exchange experiments were carried out in 250 ml cylindrical flask
placed in thermostat shaker at 25 °C for 5 days. Kinetic ion exchange studies for
ammonium were performed at 25°C for seven different initial concentrations. The
equilibration procedure adopted was as follows: 2.5 gr samples of material were
continuously shaken with 250 ml aliquots of ammonium chloride solution, having
concentrations in the range 0-200 mg/L NH,". The ammonium ion concentration of the
samples were taken against the time and analyzed before and after equilibrium.

In order to compare the ammonium removal efficiency of with different solid:
solution ratios, 10 mg/L NH," solution and 50 mg/L NH4 were shaken at 170 ppm
shaking speed with 2-0.85 mm particle size. 1%, 1.5%, 2% and 5% zeolite content was
added to these solutions. After that, samples were taken against the certain time interval.

In the ion exchange experiment, three different particle sizes (2.8-2, 2-0.85 mm
and 0.85-0.60 mm) were used to see the effect of particle size on the ammonium
removal efficiency of zeolite. In this part of the study, 10 mg/L NH," solution and 50
mg/L NH;" were shaken at 170 rpm shaking speed with 2.5 gr sample. After that,
samples were collected at the certain time interval.

In order to establish the extent to which the presence of potassium, calcium and
magnesium ions influenced ammonium ion uptake further equilibration experiments
were conducted. These were confined to determination of the effect of each individual
ion alone upon ammonium ion uptake. The starting solutions were dosed with the
appropriate cation at a concentration of 30 mg/L and equilibration in the presence of
ammonium ion repeated as before. In this part of the study, ammonium chloride
solution with the presence of competing cation, which have the concentration in the
range of 10-200 mg/It, were shaken at 170 rpm shaking speed with 2.5 gr sample. After

that, samples were taken against the certain time interval.
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In the experiment, initial and equilibrium pH values were recorded. For specific
experiments the pH was initially adjusted to fixed value with solutions of NaOH or
H,SO4. To understand the effect of pH of the solution on the ammonium uptake
capacity, different pH value was tested.

Experiments were conducted using the samples of treated domestic wastewater
effluent using a clinoptilolite-rich natural zeolite. The average ammonium ion
concentration in the wastewater effluent was measured as 40 mg/lt. After collecting
samples, pH of the samples was adjusted in the range of 1.5-2 to preserve the
composition of the samples. Prior to the ion exchange experiments, the pH values were
raised to 7-7.5 using concentrated NaOH solution. After that, domestic wastewater
samples were prepared to give ammonium concentrations of 5, 10, 15, 20, 30 and 40
mg/l by diluting treated wastewater samples with deionized water. After ion exchange
experiment, BOD and COD values of the samples were measured to understand the
effect of the clinoptilolite on the organic and inorganic matter.

In the COD test, the oxygen equivalent of the organic matter is calculated by
using strong chemical oxidizing agent. Potassium dichromate is used for this purpose.
The test must be performed at elevated temperature. Potassium dichromate was mixed
with silver sulfate and sulfuric acid solution. Then, the solution was placed in furnace at
200 °C for 2 hours. After that, this solution was titrated with ferrous ammonium sulfate
until the first red brown endpoint. The COD value of the domestic wastewater was
calculated.

In BOD test, wastewater samples are placed in BOD test bottles. The samples
are stored at a constant temperature of 20 °C. Common incubation period is five days.
At the end of the incubation period, the BOD value of the domestic wastewater was

calculated by automatically.
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CHAPTER 6

RESULTS AND DISCUSSION

The ion exchange of ammonium ion on clinoptilolite was examined in batch
mode experiments. lon exchange experiments were carried out to investigate the
equilibrium uptake of ammonium ion onto Gordes clinoptilolite by the presence of
effective parameters. The effect of solid: solution ratio, particle size of the zeolite,
initial concentration of the ammonium ion, competing cation such as potassium,
calcium and magnesium ion on the ammonium ion uptake capacity and the percentage
of ammonium removal efficiency were discussed. These effective parameters were
given in Table 6.1.

In the experiment, the amount of ammonium accumulated on the clinoptilolite
was calculated by the using equation 6.1 as the difference between the amount present
in the initial ammonium concentration and that remaining in solution after equilibrium
with the clinoptilolite. The kinetic curve of ammonium uptake Q(t) was determined by

using the equation 6.2

(Cy-Cp)*V
=0 ZEJ 7 6.1
© m
o) = (Co=Ce)? 6.2
where;

Q : (mg/gr) is the ammonium uptake capacity

Q(t): (mg/gr) is the ammonium uptake capacity at time t

Co: (mg/]) represents initial ammonium concentration

C(t):(mg/1t) represents ammonium concentration at time

Cg: (mg/]) represents equilibrium ammonium concentration

V: (1) volume of solution
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m: (gr) mass of clinoptilolite
Ammonium removal efficiency was calculated by using the equation 6.3.
CO - Ceq
% NH, =(———) *100 6.3
CO

where Cy and Cq are the initial and equilibrium concentration of ammonium, mg/It.

Table 6.1.Effective Parameters on the Ammonium Exchange Process

Effective Parameters
Solid: Solution Ratio 1/100, 1/80,1/50, 1/20
Grain size (mm) 2.8-2.0,2.0-0.85,0.85-0.6
Initial Concentration(ppm) 10,30,50,70,100,150,200
Competing Cation Ca™ K',Mg"”
pH of the Solution pH<7
Temperature 25°C

6.1. The Effect of Solid: Solution Ratio:

In this part of the study, different solid: solution ratios (1:100, 1:80, 1:50, 1:20)
were tested to investigate the ammonium uptake capacity and the ammonium removal
efficiency of zeolites. A measured quantity of clinoptilolite sample (1% to 5%) was
added to a vessel containing measured volume of ammonium chloride solutions (250
ml) at two different initial ammonium concentrations (10 and 50 mg/It). Figure 6.1 and
6.2 show the change in ammonium concentration versus time for two different initial
ammonium concentration and four different solid: solution ratios. According to the
results; 10 mg/It initial ammonium concentration decreased to 0.5 mg/lt with 1% solid:
solution ratio, 0.42 mg/It with % 1.25 solid: solution ratio, 0.28 mg/It with 2 % solid:
solution ratio and 0.1 mg/It with 5 % solid: solution ratio. At higher concentration, 50
mg/lt initial ammonium concentration decreased to 6.5 mg/lt with 1% solid: solution
ratio, 4.82 mg/It with % 1.25 solid: solution ratio, 3.62 mg/It with 2 % solid: solution

ratio and 2.4 mg/It with 5 % solid: solution ratio at the end of the shaking period.
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Figure 6.1. Change in NH4" concentration with time for different solid: solution ratios.
Co= 10 mg/lt, particle size=2.0-0.85 mm, pH<7.0, shaking rate= 170 rpm, no competing

cation.
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Figure 6.2. Change in NH4" concentration with time for different solid: solution ratios.
Co= 50 mg/lt, particle size=2.0-0.85 mm, pH<7.0, shaking rate= 170 rpm, no competing

cation.
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Figure 6.3. The kinetic curves of ammonium uptake for ammonium chloride solution at
different initial ammonium ion concentrations and solid: solution ratios (initial
ammonium ion concentrations: 10 mg/lt and 50 mg/lt, particle size=2.0-0.85 mm,
pH<7.0, shaking rate= 170 rpm, no competing cation)

Figure 6.3 shows the batch kinetics of ammonium ion removal by plotting the
ammonium uptake capacity versus time for two different initial ammonium
concentrations and four different solid: solution ratios without any competing cations.
The results obtained (Figure 6.3) show that ammonium uptake capacity and initial rate
decreased with increasing the solid: solution ratios for different initial ammonium
concentrations. Highest amount of ammonium removal per gram zeolite was found in
the solution having 1% solid: solution ratio without competing cations.

Figure 6.4 and Figure 6.5 show the percent of ammonium ion removal versus
time for four different solid: solution ratios and two different initial ammonium
concentrations. When increasing the solid: solution ratio %1 to %S5, the percent
ammonium ion increases since for the same concentration more zeolite is available for
exchange and hence more ammonium ion is removed. The increase in efficiency is
expected result because of increasing the solid: solution contact surface. For example,
95 % and 99 % ammonium removal was observed with 1% and 5% solid: solution ratio
for 10 ppm initial ammonium concentration. Komarowski and Yu had obtained similar
results with the Australian clinoptilolite for different amount of zeolite addition. They

have stated that 20 % and 80 % ammonium removal was observed with 1% and 5 %
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content for 50 and 25 mg/It initial ammonium concentration. Their results indicate that

increasing the amount of zeolite cause higher ammonium removal.
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Figure 6.4. The percentage of removed ammonium ion with versus time for different
solid: solution ratios %, Co=10 mg/It, particle size=2.0-0.85 mm, pH<7.0, shaking rate=
170 rpm.
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Figure 6.5. The percentage of removed ammonium ion with versus time for different
solid: solution ratios %, Cy=50 mg/lt, particle size=2.0-0.85 mm, pH<7.0, shaking rate=
170 rpm.

The effect of the solid: solution ratios on the ammonium ion uptake were
investigated in the presence of Ca™ Mg™ and K. Figure 6.6 and 6.7 shows the change
in ammonium concentration versus time for two different initial ammonium

concentration and four solid: solution ratios. As it can be seen from the Figure 6.6, 10

65



mg/It initial ammonium concentration in the presence of potassium ion decreased to 1.4
mg/It with 1% solid: solution ratio , 1 ppm 5% solid: solution ratio. And also, 10 mg/It
initial ammonium concentration in the presence of magnesium and calcium ion
decreased to 0.90 and 1.1 mg/It with 1% solid: solution ratio, 0.52 and 0.75 mg/It 5 %
solid: solution ratio, respectively at the end of the shaking period. At higher

concentration, similar results were obtained for different solid: solution ratios.
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Figure 6.6. Change in NH4" concentration with time for different solid: solution ratios.
Co= 10 mg/lt in the presence of Ca™ Mg and K", particle size: 2.0-0.85 mm, pH<7.0,
shaking rate= 170 rpm.
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Figure 6.7. Change in NH," concentration with time for different solid: solution ratios.
Co= 50 mg/lt in the presence of Ca™ Mg™ and K, particle size: 2.0-0.85 mm, pH<7.0,
shaking rate= 170 rpm.

Table 6.2 and 6.3 show the ammonium uptake capacity results with different

%solid: solution ratios at two different initial ammonium concentrations in the presence
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of competing cations. Highest amount of ammonium removal per gram zeolite was
found in the solution having 1% zeolite content with competing cations. Similar to the
previous experiments performed for without competing cations, ammonium uptake
capacity decreased with increasing the solid: solution ratio.

Figure 6.8 and 6.9 show the percent ammonium removal versus time for %
different solid: solution ratios with presence of Ca™ Mg™ and K at two different initial
ammonium concentration. Similar to the previous experiments performed for without
any competing cations, ammonium ion removal efficiency increases with increasing the
amount of zeolite. For example, 86 % and 90 % ammonium removal was observed with
1% and 5% solid: solution ratio for 10 ppm initial ammonium concentration with the
presence of potassium ion. And also, 91 % and 89 %, 94.8 % and 92.5 % ammonium
removal was observed with 1% and 5% solid: solution ratio for 10 ppm initial
ammonium concentration with the presence of magnesium and calcium ion,
respectively. As it can be seen from the figures, ammonium removal increases with
increasing the solid: solution ratio % 1 to 5 %. This is an expected result because of

increasing the solid: solution contact surface.
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Figure 6.8. The percentage of removed ammonium ion with the presence of Ca™ Mg™
and K" versus time for different solid: solution ratios %, Co=10 mg/It, particle size=2.0-

0.85 mm, pH<7.0, shaking rate= 170 rpm.
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Table 6.2. Ammonium uptake results with the presence of Ca™, Mg™ and K* for
different solid: solution ratio %, Co= 10 mg/lt, particle size=2.0-0.85 mm, pH<7.0,
shaking rate= 170 rpm.

NH," NH, K" NH;-Mg™ NH,-Ca™
Time | %l %5 %1 %5 | %l | %5 %1 %5
(min)
0 0 0 0 0 0 0 0 0
60 034 | 0.12 | 018 | 0.05 | 022 | 0.06 0.21 0.06

120 0.46 0.15 0.32 0.08 | 0.32 0.09 0.33 0.08

240 0.51 0.16 0.41 0.09 | 043 0.11 0.44 0.11

360 0.60 | 0.171 0.52 0.11 | 0.52 0.14 0.53 0.13

420 0.75 | 0.179 | 0.61 0.13 | 0.63 0.16 0.57 0.15

1440 | 0.79 | 0.183 0.69 0.15 | 0.71 0.17 0.65 0.16

2880 | 0.83 | 0.191 0.78 0.16 | 0.80 | 0.174 0.78 0.17

4320 | 087 | 0.194 | 0.83 0.17 |1 0.84 | 0.178 0.85 0.18

5760 | 094 | 0.197 | 0.85 0.18 | 0.87 | 0.182 0.88 0.182

7200 | 0.95 | 0.198 | 0.86 0.18 | 091 0.19 0.89 0.185

7320 | 0.95 | 0.198 | 0.86 0.18 | 091 0.19 0.89 0.185

7440 | 0.95 | 0.198 | 0.86 0.18 | 091 0.19 0.89 0.185

7620 | 0.95 0.198 0.86 0.18 | 091 0.19 0.89 0.185

Table 6.3. Ammonium uptake results with the presence of Ca™, Mg™ and K* for
different solid: solution ratio %, Co= 50 mg/lt, particle size=2.0-0.85 mm, pH<7.0,
shaking rate= 170 rpm.

NH," NH, K" NH;-Mg™ NH,"-Ca™
Time %l | %5 | %l | %5 | %I %5 | %l %5
(min)
0 0 0 0 0 0 0 0 0

60 1.72 ] 0.61 | 035 | 0.18 | 0.85 0.22 0.76 0.25

120 237 068 | 0.72 | 0.29 | 1.58 0.42 1.26 0.36

240 2.89 | 0.73 1.17 | 043 | 2.47 0.55 1.68 0.47

360 3181 078 | 1.59 | 0.60 | 2.95 0.63 2.16 0.57

420 342 | 0.81 1.91 0.69 | 3.24 0.71 2.86 0.68

1440 382 084 | 278 | 0.78 | 3.58 0.80 3.26 0.75

2880 4.04| 087 | 328 | 0.80 | 3.99 0.86 3.48 0.80

4320 4.26 | 091 349 | 0.81 | 4.07 0.89 3.72 0.83

5760 433 094 | 388 | 0.86 | 4.18 0.92 3.98 0.88

7200 435] 095 | 392 | 0.86 | 4.24 0.93 4.03 0.90

7320 435] 095 | 392 | 0.86 | 4.24 0.93 4.03 0.90

7440 435] 095 | 392 | 0.86 | 4.24 0.93 4.03 0.90

7620 4351 095 | 392 | 0.86 | 4.24 0.93 4.03 0.90
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Figure 6.9. The percentage of removed ammonium ion with the presence of Ca™ Mg
and K versus time for different solid: solution ratios %, C¢=50 ppm, particle size=2.0-

0.85 mm, pH<7.0, shaking rate= 170 rpm.

6.2. The Effect of Grain Size:

In this study, three different particle sizes (2-2.8, 2-0.85, 0.85-0.6 mm) and two
different initial ammonium ion concentrations (10 and 50 ppm) were used to see the
effect of particle size on the ammonium removal efficiency of zeolite. The results were
given in Figure 6.10-6.14 to show the changes in final ammonium concentration,
percent ammonium removal and ammonium removal per gram of zeolite (Q) as a
function of time for two different particle sizes of the zeolite. According to the results,
10 mg/It initial concentration decreased to 0.5 mg/It with 2-2.8, 2-0.85 and 0.85-0.6 mm
particle size of zeolites. At the end of the shaking period, 50 mg/It initial concentration
decreased to 6.5 mg/lt with 2-2.8, 2-0.85 and 0.85-0.6 mm particle size of zeolites.
Figure 6.10 and 6.11 shows the effect of different particle sizes on the equilibrium time
of clinoptilolite, which was longer as the clinoptilolite particle size was larger. The
results show that the particle size of the clinoptilolite did not affect the equilibrium

ammonium concentration.
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Figure 6.10. Change in NH," concentration with time for different particle sizes of the
zeolite. Co= 10 mg/lt, 1% solid: solution ratio, pH<7.0, shaking rate= 170 rpm, no

competing cation.

50 +

—e—2.8-2.0mm
45 1 —=— 2-0.85mm
—4&—0.85-0.60 mm

40

35 o

30 +

25 4

20 4

15 4

final ammonium concentration(mg/It)

10 +

T T T T T T T T T T |
o 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000
time(min)

Figure 6.11. Change in NH4" concentration with time for different particle sizes of the
zeolite. Co= 50 mg/lt, 1% zeolite content, pH<7.0, shaking rate= 170 rpm, no competing

cation.
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Figure 6.12. The kinetic curves of ammonium uptake for ammonium chloride solution
at different initial ammonium ion concentrations and different particle size of the zeolite
(initial ammonium ion concentration: 10 mg/It and 50 mg/lt, 1% solid: solution ratio,

pH<7.0, shaking rate= 170 rpm, no competing cation)

Figure 6.12 shows the batch kinetics of ammonium ion removal by plotting the
ammonium uptake capacity versus time for two different initial ammonium
concentrations and two particle sizes of the zeolite without any competing cations.
Experimental results show that ammonium uptake capacity (Q) was independent of the
particle size of the clinoptilolite. At the end of the shaking period, ammonium uptake
capacity values were found to be 0.95 mg/gr zeolite for the samples with 2.8-2, 2-0.85,
0.85-0.6 mm particle size at low initial ammonium concentration, respectively. Same
results were obtained for the higher ammonium concentration. Booker et al., (1996) had
obtained similar results with the Australian clinoptilolite for different particle sizes of
zeolite. They have stated that ammonium uptake capacity was observed 0.88 mg/gr with
1-1.2, 1-0.85, 0.85-0.60 mm particle size for 25 ppm initial ammonium concentration.
At higher concentration, ammonium uptake capacity values were found to be 3.9 mg/ gr
with 1-1.2, 1-0.85, 0.85-0.60 mm particle size. Their results indicate that ammonium
uptake capacity was independent of the particle size of the zeolite. Our experimental

results are coinciding with their studies.
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Figure 6.13. The percentage of removed ammonium ion versus time for different
particle sizes, Cy:10 mg/lt, 1% solid: solution ratio, pH<7.0, shaking rate= 170 rpm, no

competing cation]
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Figure 6.14. The percentage of removed ammonium ion versus time for different
particle sizes, Cy:50 mg/lt, 1% solid: solution ratio, pH<7.0, shaking rate= 170 rpm, no

competing cation]

Figure 6.13 and Figure 6.14 shows the percent ammonium removal versus time

for three different particle sizes of the zeolite and two different initial ammonium
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concentrations. For instance, 95 % ammonium removal was observed with 2-2.8, 2-
0.85, 0.85-0.60 mm particle size for 10 ppm initial ammonium concentration. The
results show that the particle size of the clinoptilolite did not affect the percent of
ammonium removal. Total surface area of the clinoptilolite takes into account both
external surface area of the particle and its internal surface area. The internal surface
area is due to the pores and channels of the clinoptilolite. When reducing the particle
size, the external surface area is considerably but not the internal surface area. In porous
materials, the contribution of the external surface area to total surface area is very slight
and for this reason, size reduction increases the total surface area very slight. Based on
above, it can be assumed that the ammonium exchange capacity is not dependent on the
particle size of zeolite since most of cationic sites are located inside the pores of the
zeolitic rock and the channels and cavities of zeolite crystalline structure. Considering
spherical geometry for these particle sizes, the external surface area increases from the
coarser to the finer particles. The internal area should not change significantly with the
particle size. It can be concluded that the external surface area of clinoptilolite has an
insignificant role in cation retention and that the internal sites are responsible for the
cation exchange.

As comprehended from the results, the particle size of the clinoptilolite did not
affect ammonium removal capacity and the percent of ammonium removal but only
reflected the initial uptake rate. Initial uptake constants (Discussed in Chapter 4.6) were
calculated for three different particle sizes of the zeolite. Table 6.4 indicate that the
effect of the particle size on uptake rate constant (k). Uptake rate constants for different
particle size were in the range of 0.03-0.182 mg.gr'.min™". The results indicate that

smaller particle size of the clinoptilolite shows the more rapid initial uptake rate.

Table 6.4.Initial uptake rate, k (mg.gr'.min") values for different particle size of the

clinoptilolite.
Particle size (mm) Co=10 mg/It Co=50 mg/It
2.8-2 0.031 0.161
2-0.85 0.032 0.162
0.85-0.6 0.039 0.182

Effective diffusion coefficients were calculated from the experimental uptake

curves (Discussed in Chapter 4.6). Table 6.5 gives the effective diffusion coefficient
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obtained for various particle sizes. It can be seen that effective diffusion coefficient
values slightly change with different particle size of the zeolite. Booker et al., (1996)
was calculated the effective diffusion coefficient for different particle sizes of the Na-
clinoptilolite. In their study, effective diffusion coefficient values were determined in
the range of 3.21-3.49 *10™'? for 1.2-1, 1-0.85, 0.85-0.6 mm particle size of the
clinoptilolite. Their results show that particle size did not affect on the effective

diffusion coefficient values. Our experimental results are coinciding with their studies.

Table 6.5. Effective Diffusion Coefficient for different particle sizes of clinoptilolite.

Particle size (mm) Effective Diffusion Coefficient*10'* (m*/sec)
2.8-2 1.44
2-0.85 2.02
0.85-0.6 2.22

The effect of particle sizes of the zeolite on the ammonium ion uptake was
investigated with the presence of Ca™ Mg and K'. Table 6.6 and 6.7 shows the change
in ammonium concentration versus time for two different initial ammonium
concentration and different particle size of the zeolite. According to these tables, 10
mg/It initial ammonium concentration with the presence of potassium ion decreased to
1.4 mg/It with 2-2.8, 2-0.85, 0.85-0.6 mm particle size. At the end of the shaking period,
10 mg/lt initial ammonium concentration with the presence of magnesium and calcium
ion decreased to 0.90 and 1.1 mg/It with 2-2.8, 2-0.85, 0.85-0.6 mm particle size. At
higher concentration, 50 mg/It initial ammonium concentration with the presence of
potassium ion decreased to 10.8 mg/It with 2-2.8, 2-0.85, 0.85-0.6 mm particle size.
Also, 50 mg/lt initial ammonium concentration with the presence of magnesium and
calcium ion decreased to 7.6 and 9.7 ppm with 2-2.8, 2-0.85, 0.85-0.6 mm particle size,
respectively.

Table 6.8 and 6.9 show the ammonium uptake capacity results with different
particle size of zeolite for two different initial ammonium concentrations with presence
of competing cations. Similar to the previous experiments performed for without
competing cations, ammonium uptake capacity and percent of ammonium removal was
independent of the particle sizes of the clinoptilolite. For example, 86 % ammonium
removal was observed with 2-2.8, 2-0.85, 0.85-0.6 mm particle size for 10 mg/It initial

ammonium concentration with the presence of potassium ion. At the end of the shaking
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Table 6.6. Change in NH," concentration with time for different particle sizes of the zeolite.Co= 10 ppm with the presence of Ca™, Mg ™

and K, 1% solid: solution ratio, pH<7.0, shaking rate= 170 rpm.

NH, K" NH, -Mg ™ NH,-Ca™
Time 2-2.8 | 2-.0.85 0.85- 2-2.8 |2-.0.85] 0.85-0.6 | 2-2.8 | 2-.0.85 | 0.85-0.6
(min) (mm) (mm) 0.6 (mm) (mm) (mm) mm | (mm) (mm)
(mm)

0 10 10 10 10 10 10 10 10 10
60 8.6 8.2 7.21 7.9 7.80 6.42 8.1 7.9 6.78
120 7.2 6.8 5.45 6.82 6.78 5.04 6.92 6.7 5.22
240 6.2 5.9 4.25 5.85 5.7 4.08 5.81 5.6 4.12
360 5.1 4.8 3.15 4.85 4.8 3.04 4.85 4.7 3.05
420 4.1 3.9 2.12 3.74 3.7 2.02 4.34 4.3 2.09

1440 3.2 3.1 1.75 2.92 2.89 1.58 3.65 3.5 1.63
2880 2.32 2.2 1.63 2.04 1.97 1.28 2.34 2.2 1.34
4320 1.85 1.72 1.45 1.75 1.59 1.02 1.75 | 1.55 1.25
5760 1.68 1.55 1.4 1.55 1.32 0.9 1.55 | 1.25 1.1
7200 1.52 1.4 1.4 1.22 0.9 0.9 1.32 1.1 1.1
7320 1.48 1.4 1.4 1.05 0.9 0.9 1.22 1.1 1.1
7440 1.42 1.4 1.4 0.98 0.9 0.9 1.12 1.1 1.1
7620 1.4 1.4 1.4 0.9 0.9 0.9 1.1 1.1 1.1
8640 1.4 1.4 1.4 0.9 0.9 0.9 1.1 1.1 1.1
10080 1.4 1.4 1.4 0.9 0.9 0.9 1.1 1.1 1.1
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Table 6.7. Change in NH," concentration with time for different particle sizes of the zeolite.Co= 50 ppm with the presence of Ca™, Mg ™
and K, 1% solid: solution ratio, pH<7.0, shaking rate= 170 rpm.

NH, K" NH,-Mg ™ NH,-Ca™”
Time 2-2.8 | 2-.0.85 | 0.85-0.6 | 2-2.8 | 2-.0.85| 0.85-0.6 | 2-2.8 | 2-.0.85 | 0.85-0.6
(min) (mm) (mm) (mm) (mm) | (mm) (mm) mm | (mm) (mm)
0 50 50 50 50 50 50 50 50 50
60 48.2 46.5 40.2 44.2 41.5 38.4 444 | 424 39.2
120 43.4 42.8 35.6 36.4 34.2 29.2 394 | 374 32.6
240 39.8 38.3 30.2 29.8 253 22.4 352 | 332 25.3
360 353 34.1 24.6 22.3 20.5 19.4 304 | 284 17.2
420 31.9 30.9 18.2 19.9 17.6 14.8 234 | 214 14.5
1440 24.2 22.2 15.3 16.2 14.2 10.8 194 | 174 12.1
2880 18.2 17.2 12.5 12.2 10.1 9.2 162 | 15.2 10.6
4320 16.8 15.1 11.2 11.8 9.3 8.3 14.8 | 12.8 9.9
5760 13.2 11.2 10.8 10.2 8.2 7.6 13.5 | 10.2 9.7
7200 12.6 10.8 10.8 9.2 7.6 7.6 11.2 9.7 9.7
7320 11.6 10.8 10.8 8.4 7.6 7.6 10.2 9.7 9.7
7440 11.2 10.8 10.8 7.8 7.6 7.6 9.9 9.7 9.7
7620 10.8 10.8 10.8 7.6 7.6 7.6 9.7 9.7 9.7
8640 10.8 10.8 10.8 7.6 7.6 7.6 9.7 9.7 9.7
10080 10.8 10.8 10.8 7.6 7.6 7.6 9.7 9.7 9.7
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Table 6.8. Ammonium uptake results with the presence of Ca™, Mg™ and K for different particle size of the zeolite Co= 10 ppm, particle
size=2.0-0.85 mm, pH<7.0, shaking rate= 170 rpm.

NH, K" NH, -Mg ™ NH,-Ca™
Time 2-2.8 | 2-.0.85 | 0.85-0.6 | 2-2.8 | 2-.0.85| 0.85-0.6 | 2-2.8 | 2-.0.85 | 0.85-0.6
(min) (mm) (mm) (mm) (mm) | (mm) (mm) mm (mm) (mm)
0 0 0 0 0 0 0 0 0 0
60 0.14 0.18 0.28 0.21 0.22 0.358 0.19 0.21 0.322
120 0.28 0.32 0.45 0.318 | 0.322 0.496 0.308 | 0.33 0.478
240 0.38 0.41 0.575 0415 | 0.43 0.592 0419 | 0.44 0.588
360 0.49 0.52 0.69 0.515 | 0.52 0.696 0.515 | 0.53 0.695
420 0.59 0.61 0.79 0.626 | 0.63 0.798 0.566 | 0.57 0.791
1440 0.68 0.69 0.83 0.708 | 0.711 0.842 0.635 | 0.65 0.837
2880 0.768 0.78 0.84 0.796 | 0.803 0.872 0.766 | 0.78 0.866
4320 0.815 0.828 0.855 0.825 | 0.841 0.898 0.825 | 0.845 0.875
5760 0.832 0.845 0.86 0.845 | 0.868 0.91 0.845 | 0.875 0.89
7200 0.848 0.86 0.86 0.878 | 091 0.91 0.868 | 0.89 0.89
7320 0.852 0.86 0.86 0.895 | 091 0.91 0.878 | 0.89 0.89
7440 0.858 0.86 0.86 0.902 | 091 0.91 0.888 | 0.89 0.89
7620 0.86 0.86 0.86 0.91 0.91 0.91 0.89 0.89 0.89
8640 0.86 0.86 0.86 0.91 0.91 0.91 0.89 0.89 0.89
10080 0.86 0.86 0.86 0.91 0.91 0.91 0.89 0.89 0.89
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Table 6.9. Ammonium uptake results with the presence of Ca™, Mg™ and K for different particle size of the zeolite Co= 50 ppm, particle

size=2.0-0.85 mm, pH<7.0, shaking rate= 170 rpm.

NH, K" NH, -Mg™ NH,-Ca™
Time 2-2.8 | 2-.0.85 | 0.85-0.6 | 2-2.8 | 2-.0.85| 0.85-0.6 | 2-2.8 | 2-.0.85 | 0.85-0.6
(min) (mm) (mm) (mm) (mm) | (mm) (mm) mm (mm) (mm)
0 0 0 0 0 0 0 0 0 0
60 0.18 0.35 0.98 0.58 0.85 1.16 0.56 0.76 1.08
120 0.66 0.72 1.44 1.36 1.58 2.08 1.06 1.26 1.74
240 1.02 1.17 1.98 2.02 247 2.76 1.48 1.68 2.47
360 1.47 1.59 2.54 2.77 2.95 3.06 1.96 2.16 3.28
420 1.81 1.91 3.18 3.01 3.24 3.52 2.66 2.86 3.55
1440 2.58 2.78 3.47 3.38 3.58 3.92 3.06 3.26 3.79
2880 3.18 3.28 3.75 3.78 3.99 4.08 3.38 3.48 3.94
4320 3.32 3.49 3.88 3.82 4.07 4.17 3.52 3.72 4.01
5760 3.68 3.88 3.92 3.98 4.18 4.24 3.65 3.98 4.03
7200 3.74 3.92 3.92 4.08 4.24 4.24 3.88 4.03 4.03
7320 3.84 3.92 3.92 4.16 4.24 4.24 3.98 4.03 4.03
7440 3.88 3.92 3.92 4.22 4.24 4.24 4.01 4.03 4.03
7620 3.92 3.92 3.92 4.24 4.24 4.24 4.03 4.03 4.03
8640 3.92 3.92 3.92 4.24 4.24 4.24 4.03 4.03 4.03
10080 3.92 3.92 3.92 4.24 4.24 4.24 4.03 4.03 4.03




period, 91 % and 89 % ammonium removal was observed with 2-2.8, 2-0.85, 0.85-0.6
mm particle size for 10 mg/lt initial ammonium concentration with the presence of
magnesium and calcium ion, respectively. Our experimental results indicate that particle
size of the zeolite did not effect on the ammonium exchange in the presence of

competing cations.

6.3. The Effect of Initial Ammonium Concentration:

This experiment was performed to see the effect of the initial ammonium
concentration on the ammonium ion exchange process. For this reason, eight different
initial ammonium concentrations (10, 30, 50, 70, 100, 150,200 and 300 mg/It) were
used. The reason for working with different concentrations of ammonium chloride
solution is to construct the equilibrium isotherm for the determination of the equilibrium
behaviour of the system. Figure 6.15 shows the change in ammonium concentration

versus time for different initial ammonium concentrations.
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Figure 6.15. Change in NH,4" concentration with time for different initial ammonium
concentrations, 1% solid: solution ratio, particle size= 2-0.85 mm, pH<7.0, shaking

rate= 170 rpm, no competing cation
Figure 6.16 shows the batch kinetics of ammonium ion removal by plotting the

ammonium uptake capacity versus time for different initial ammonium concentrations

without any competing cations. Experimental results show that the ammonium uptake
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capacity increases with increasing initial ammonium concentration. The initial
ammonium concentration provides the necessary driving force to overcome all mass-
transfer resistances of ammonium between the aqueous and solid phases. Hence, higher
initial ammonium concentration will have a beneficial effect on the exchange capacity.
Such an effect was clearly shown in Figure 6.16. The ammonium uptake capacity seems
to increase essentially linearly with an increase in the ammonium concentration. The
uptake rate of ammonium by clinoptilolite was initially fast in the 400 min depending
on the initial concentration. After 400 min, the ammonium uptake rate decreases with
increasing the contact time. Finally, the uptake rate approaches zero when equilibrium
is attained. These changes in the rate of ammonium uptake could be due to the fact that,
all exchange sites of the clinoptilolite were vacant. Afterwards, the ammonium uptake
rate by the clinoptilolite decreased significantly, due to decrease in exchange sites. A
decreasing removal rate, particularly towards the end of the experiment, indicated a
possible monolayer of ammonium ions on the outer surface and pores of the zeolite and
pore diffusion onto the inner surface of zeolite particles through the film due to

continuous agitation maintained during the experiment.
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Figure 6.16. The kinetic curves of ammonium uptake for ammonium chloride solution
at different initial ammonium ion concentrations, 1% solid: solution ratio, particle size:

2-0.85 mm, pH<7.0, shaking rate= 170 rpm, no competing cation.
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To understand the initial concentration effect on the intraparticle diffusion rate
constants ammonium removal capacity versus square time was plotted. Initial uptake
rate constant values for different initial concentration were tabulated in Table 6.10.
Table 6.10 indicates that the effect of the initial concentration on initial uptake rate
constant (k). Initial uptake constants for pure ammonium chloride solution were in the
range of 0.03-0.3112 mg.gr'.min™®. The more concentrated solution shows the more
rapid initial uptake rate. This may be due to a greater driving force with increasing
initial ammonium ion concentration.

Table 6.10. Initial uptake rate, k (mg.gr'.min™") values for different initial ammonium

ion concentration.

Co (ppm) Initial rate constant (mg.gr'.min"")
10 0.0317
30 0.0969
50 0.1643
70 0.1897
100 0.2571
150 0.279
200 0.3043
300 03112

Effective diffusion coefficients were calculated from the experimental uptake
curves. Effective diffusion coefficient values were given in Table 6.11. It is noticed
that; effective diffusion coefficients for ammonium ion slightly change with different
initial concentration. Effective diffusion coefficients reported previously in the literature
were tabulated in Table 6.12. Our experimental results are coinciding with literature
studies.

Table 6.11. Effective Diffusion Coefficients calculated from the Experimental Uptake

Curve for NH;" exchange

Co (ppm) D, (m*/sec)*10"
10 2.02
30 2.10
50 2.18
70 2.28
100 3.08
150 3.29
200 3.70
300 4.11
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Table 6.12. Effective diffusion coefficients reported previously in the literature

Initial NH," Explanation Effective References
Concentration Diffusion
(mg/1t) Coefficient*10™'
6.7-1199 Na-form 220-3.974 Alsoy, 1993
Clinoptilolite
4.76 mm
6.7-336.6 Na-form 4-5 Suzuki, 1996
Clinoptilolite
4.76-3.36,
1.19-0.84
25-50 Na-form 3.26-3.49 Booker, 1996
Clinoptilolite
1.2-1,1-0.85,
0.425-0.6 mm
90 1 3 —&— 50 ppm
a0 | ‘,——f' —e—70 ppm
.g 70 | ' —8—150 ppm
E 601 —a—300 ppm
% 50 4
:
§ 307 / a— anaa
20
10 "
00’ 4(;0 860 léO léO 260 24‘10 2«;}0 3é0 350 4(;0 41‘10 4é0 520 SéO G(;O 64‘10 68‘30 7‘20 7(;0 860 81‘10
] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
time(min)

Figure 6.17. The percentage of removed ammonium ion versus time for different initial

ammonium concentrations, % 1 solid: solution ratio, particle size=2.0-0.85 mm,

pH<7.0, shaking rate= 170 rpm, no competing cation.

Figure 6.17 shows the percent ammonium removal versus time for different

initial ammonium concentration without any competing cations. For instance, the higher

NH,"

jon concentrations show the 30.5-55 % removal. Also, lower NH, ion

concentrations show the 87-95 % removal. The results indicate that percent of

ammonium removal decreases with increasing the initial ammonium concentration. It

would be expected that there would be some relationship between Cy and the percentage
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of removed ammonium ion from solution since ion exchange of any cation by a cation
exchanger is a function of the concentration of the cation in the solution. McLaren et al.,
[1973] studied certain factors suspected to affect the ammonium ion removal efficiency
of zeolite and suggested that initial ammonium concentration had the greatest effect on
the removal. As comprehended from the results; the initial concentration of the solution

shows the significant effect on the ammonium exchange process.

6.4. The Effect of Competing Cation:

In this study, the effect of the individual presence of potassium, calcium and
magnesium ion on the ammonium ion uptake was examined. The results were given in
Figure 6.18-6.26 to show the changes in final ammonium concentration, percent
ammonium removal and ammonium removal per gram of zeolite (Q) as a function of
time with the presence of magnesium, calcium and potassium ions. These results were

compared with results that obtained from the pure ammonium chloride solution.
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time(min)

final ammonium concentration(ppm)

Figure 6.18. Change in NH," concentration with time for different initial ammonium
concentration, %1 solid: solution ratio, K as a competing cation, particle size=2.0-0.85
mm, pH<7.0, shaking rate= 170 rpm.

Figure 6.19, Figure 6.22 and Figure 6.25 shows the batch kinetics of ammonium
ion removal by plotting the ammonium uptake capacity versus time for different initial

ammonium concentrations in the presence of competing cations. Experimental results
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show that the ammonium uptake capacity increases with increasing initial ammonium
concentration in the presence of competing cations. Also, ammonium removal
efficiency decreases with increasing initial ammonium concentration in the presence of

competing cations.
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Figure 6.19. The kinetic curves of ammonium uptake for ammonium chloride solution
at different initial ammonium ion concentrations, 1% solid: solution ratio, K as a

competing cation, particle size= 2-0.85 mm, pH<7.0, shaking rate= 170 rpm.
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Figure 6.20. The percentage of removed ammonium ion versus time for different initial
ammonium concentrations, %1 solid: solution ratio, K™ as a competing cation, particle

size=2.0-0.85 mm, pH<7.0, shaking rate= 170 rpm.
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Figure 6.21. Change in NH,4" concentration with time for different initial ammonium
concentrations, %1 solid: solution ratio, Mg"* as a competing cation, particle size=2.0-

0.85 mm, pH<7.0, shaking rate= 170 rpm.
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Figure 6.22. The kinetic curves of ammonium uptake for ammonium chloride solution
at different initial ammonium ion concentrations, 1% solid: solution ratio, Mg+2 as a

competing cation, particle size= 2-0.85 mm, pH<7.0, shaking rate= 170 rpm.

85



100 - —e—10 ppm
—=— 30 ppm
90 - —4&— 50 ppm
—e—70 ppm
——
80 4 100 ppm
—8— 150 ppm
? 70 } 4 —o— 200 ppm
.g —a&— 300 ppm
£
T g0 A
©
>
g
3 50 1 =
£ =
=} 2
c 40 -
o
E d Do
E 30 1 [If /4 L E-r e
>
20 1
10 £
o= T T T T T T T T T T T T T T T T T T T T |
0 400 800 1200 1600 2000 2400 2800 3200 3600 4000 4400 4800 5200 5600 6000 6400 6800 7200 7600 8000 8400
time(min)

Figure 6.23. The percentage of removed ammonium ion versus time for different initial
ammonium concentrations, % 1 solid: solution ratio, Mg™ as a competing cation,

particle size=2.0-0.85 mm, pH<7.0, shaking rate= 170 rpm
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Figure 6.24. Change in NH,;" concentration with time for different initial ammonium
concentrations, %1 solid: solution ratio, Ca* as a competing cation, particle size=2.0-

0.85 mm, pH<7.0, shaking rate= 170 rpm.
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Figure 6.25. The kinetic curves of ammonium uptake for ammonium chloride solution
at different initial ammonium ion concentrations, 1% solid: solution ratio, Ca™ as a

competing cation, particle size= 2-0.85 mm, pH<7.0, shaking rate= 170 rpm.
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Figure 6.26. The percentage of removed ammonium ion versus time for different initial
ammonium concentrations, %1 solid: solution ratio, Ca’™ as a competing cation, particle

size=2.0-0.85 mm, pH<7.0, shaking rate= 170 rpm.
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Figure 6.27. Comparison of ammonium uptake capacity data for with and without
competing cations.

Figure 6.27 show the ammonium uptake capacity data versus initial ammonium
concentration with and without competing cations. Similar to the previous experiments
performed for without competing cations, ammonium uptake capacity values were
lower than pure ammonium chloride solution. Ammonium uptake capacity in the
presence of potassium ion is less than in the presence of magnesium, and that in the
presence of calcium ion. The effect of the competing cations suggest an order of
preference K™>Ca™>Mg" since the greatest reduction in the presence of potassium ion.
As a comprehended from the results, the presence of potassium ion had the most
significant effect upon ammonium uptake followed by calcium. Magnesium ion had the
least effect. Our experimental results were shown good agreement with the Eisenman
theory. Consideration of Eisenman’s model, in the case of exchange on a zeolite in the
presence of a weakly anionic field indicates that selectivity is predominantly determined
by the free energies of hydration of the competing ions. The free energies of hydration
and hydrated radius of the ions were listed in Table 6.13. As it can be seen from the
Table 6.13, Mg with the largest hydration energy prefers the solution phase where it
may satisfy its hydration requirements, and K with the least hydration energy, prefers
the zeolite phase. For this reason, magnesium ion had the least effect on the ammonium

uptake capacity.

88



Table 6.13. Properties of Competing Cations (Semmens, 1978)

Cation Ionic Radius (A°) | Hydrated Radius (A°) | Free Hyd. Energy (kcal/gr)
K 1.33 3.31 -76.67
NH," 1.43 3.35 -77.99
Ca"” 0.99 4.12 -380.22
Mg ™ 0.65 4.28 -459.04

Yoammonium removal
! [ 1 [ [ | [ [ |

B NH4+ 95 92.7 87 80.3 72.1 55 45.3 30.47
O NH4-K+ 86 85 78.4 73 63.8 49.9 40.8 27.26
@ NH4-Ca+2 89 87.3 80.6 76 65.9 51.1 42.7 28.63
O NH4-Mg+2 91 89.3 84.8 77.7 67.2 51.7 43.8 29.27

initial concentration (ppm)

Figure 6.28. Comparison of the percentage of ammonium removal data for with and
without competing cations.

Figure 6.28 shows the percentage of ammonium removal versus initial
ammonium ion concentrations with and without competing cations. Similar to the
previous experiments performed for without competing cations, the percentages of
ammonium removal values were lower than pure ammonium chloride solution. For
example, the higher NH;" ion concentrations with the presence of magnesium, calcium
and potassium ions show the 29.3-51.7%, 28.63-51.7% and 49.9-27.6 % removal,
respectively. And also, lower NH;" ion concentrations with the presence of magnesium,
calcium and potassium ions show the 84.8-91 %, 80.6-89% and 78.4-86 % removal,
respectively. The results were compared with the pure ammonium chloride solution;
ammonium removal efficiency values decreased to 78.4-86% in the presence of
potassium. The results indicate that, the presence of potassium ion decreases in effect

relative to magnesium and calcium as the initial ammonium ion concentration increases.
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As comprehended from the results; potassium ion had the largest effect on the
percentage of ammonium removal. Maximum removal percentage values were observed
for the pure ammonium chloride solution. Our experimental results indicated that the
presence of competing cation in the solution was highly critical for the percentage of

ammonium ion removal.

6.5 The Effect of pH of the Solution

In this study, pH of the solution was recorded. The pH profiles of zeolite in
varying concentrations of ammonium chloride solutions, 10 to 300 mg/It, as a function
of time is shown in Figure 6.29. The initial pH of all solutions was about 5.5-5.8. After
zeolite addition, the solution pH was raised to 5.87, 6.02, 6.24 and 6.35 in 60 min and
then increased. Finally, they reached the equilibrium around 6.93, 6.97, 6.98 and 7.01
after 4320 min, for initial ammonium ion concentrations of 10, 50, 100 and 300 mg/It.
The reason for the rapid rise in the suspension pH in the first 60 min is ascribed to the
rapid adsorption of H' ions in solution both onto the negatively charged clinoptilolite
surface and as a potential determining ion (pdi) in the electrical double layer (EDL) in
order to provide electroneutrality ( Ersoy et al., 2002). Rivera et al, 2000 investigated
the pH profile of purified natural clinoptilolite in aqueous medium. They have found
that, pH of the solution was increased quickly after zeolite addition. After that, a
decrease of the pH values towards the neutral area was observed, followed by its
stabilization at around 6000 min. These results indicate that clinoptilolite tends to
neutralize the aqueous medium acting either as proton acceptor or as proton donor,
which makes evident its amphoteric character.

In order to understand the effect of the pH of the solution on the ammonium
uptake capacity, different pH values were tested. Figure 6.30 shows the effect of initial
pH on the ammonium uptake capacity. It can be observed that the ammonium uptake
capacity is slightly reduced at pH values lower than 6. The experimental results indicate
that an optimal pH value of 7 for ammonium removal by zeolite.

The ammonia in aqueous solution can be found in a dissociated form as
ammonia, NH4', or without dissociating as dissolved ammonia, NHj(aq). The
equilibrium between these two species is dependent upon solution pH and can be
represented by the following chemical reaction. According to the equilibrium Bronsted-

Lowry acid-base reaction, the ammonium removal should be greater at lower pH values
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and smaller at higher pH values, if ion exchange mechanism occurs only by means of

the ammonium ion.( Demir et al., 2002)

NH; + H,O«>NH, OH
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Figure 6.29. Investigation of pH of the Solutions at varying Initial Ammonium Ion
Concentrations (%1 solid: solution ratio, 2-0.85 mm, no competing cation, shaking rate:

170 rpm).
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Figure 6.30. The effect of pH of the solution on the ammonium uptake capacity
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The chemical speciation diagram of ammonium aqueous solution was prepared
by using Minteq Computer Program and was shown in Figure 6.31. It can be noted that
at pH lower than 7, the predominant species is the NH4 ion but at pH greater than 11.5
it is the dissolved ammonia, NHs(aq). Thus, ammonium was exchanged on the zeolite
as the ammonium ion since all experiments were carried out at pH 7. The slightly lower
ammonium uptake capacities results obtained under low pH conditions may be due to
the H-NH," competition for the exchange sites in the zeolite surface (Inglezakis et al.,
2001), as seen in the chemical species diagram for aqueous solution system. In addition,
the ammonium uptake capacity is drastically reduced at pH values higher than 9
because of the NH; gaseous species begin to be significant.

Koon et al, 1975 investigated the impact of pH on ammonium exchange in
zeolites by varying the pH between 4 to 10 and obtained the highest ammonium
exchange at pH 6. They can be explained that at low pH, the ammonium ions had to
compete with hydrogen ions among the exchange sites; however, when the pH was
high, the ammonium were transformed to ammonia gas. For practical applications, they
recommended that a pH value within interval 4-8 during loading phase. Kithome et al.,
(1998) found that, when they performed experiments where the pH was varied between
4 and 7, most ammonium was adsorbed at pH 7. They gave the same explanation for
low pH values as Koon et al. (1975). Our experimental results are coinciding with their

studies.

6.00E-03 \

5.00E-03 -

—=—NH4
NH3

4.00E-03 - OH

3.00E-03 +

C(mol/lt)

2.00E-03 4

1.00E-03 -

0.00E-+00 \'\

0 2 4 6 8 10 12 14

pH of the solution

Figure 6.31. Chemical species diagram for ammonium aqueous solution
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6.6 Ion Exchange Mechanism

ICP-AES was used to understand the ion exchange mechanism between the
ammonium and the exchangeable cations of the clinoptilolite rich mineral. Figure 6.32-
6.35 shows the kinetic curves for ion exchange between ammonium and magnesium,
sodium, potassium and calcium ions with 2.5 gr of zeolite, 10 ppm ammonium chloride
solution with and without competing cations. Figure 6.29 indicate that ammonium ion
concentration decreased from 10 to 0.5 mg/lt, while sodium, potassium, calcium and
magnesium increased to approximately 2.61, 3.24, 3.22 and 0.50 mg/It, respectively.

It is noticed that, an ion exchange mechanism exists between the ammonium ion
and the exchangeable cations of the zeolite. Ion exchange is a stoichiometric reaction.
Therefore, in any ion exchange reaction, the equivalent of the major cations released to
the solution should be equal to those of the equivalent cations sorbed. For this reason, a
balance of equivalent of cations was constructed between the major exchangeable
cations released to the solution phase and equivalent of change of ammonium ion in
solution with and without competing cations. In Table 6.14 , equivalent of NH," ion
sorbed by solid phase was determined by the difference in the concentration of NH," ion
in equivalents and also it was calculated by the summation of the equivalents of Na,
Mg™, Ca™ and K" ions released to the solution. Table 6.14 indicates that, adsorption
and ion exchange process is significant mechanism for the ammonium removal process.
The differences found from NH,;" equivalent change and exchange cation equivalent
change indicated 14 to 34% of NH4  ions were adsorbed by physical adsorption and

remaining was exchanged by cation.

Table 6.14. Experimental Data for Ammonium Exchange of the Clinoptilolite Samples
at 25°C

System (eq"(Meq /g) Qeq (Meq /g) % differences
NH," 0.131 0.100 24
NH,'- Mg"™ 0.165 0.109 34
NH, - Ca™ 0.228 0.185 19
NH,"- K 0.228 0.196 14

a=from NH," measurements directly

b=from Na'+ Ca®'+ K'+ Mg”" measurements
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Figure 6.32. The kinetic curves for ion exchange between NH;" and Na®, K*, Ca™,
Mg ions with 2.5 gr of zeolite, 10 mg/It NH4Cl solution (no competing cation, shaking
rate=170 rpm)
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Figure 6.33. The kinetic curves for ion exchange between NH," and Na", K, Ca+2,
Mg ions with 2.5 gr of zeolite, 10 mg/It NH,CI solution (Mg"* as competing cation,
shaking rate=170 rpm)
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Figure 6.34. The kinetic curves for ion exchange between NH,™ and Na', K*, Ca™,
Mg ions with 2.5 gr of zeolite, 10 mg/lt NH4CI solution (Ca™ as competing cation,
shaking rate=170 rpm)
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Figure 6.35. The kinetic curves for ion exchange between NH,  and Na', K*, Ca™,
Mg™ ions with 2.5 gr of zeolite, 10 mg/lt NH,4CI solution (K" as competing cation,
shaking rate=170 rpm)

Figure 6.33, 6.34, 6.35 indicates that ion exchange mechanism ammonium ion
between exchangeable cations of the clinoptilolite in the presence of competing cations.
As it can be seen from the figures; ammonium ion is highly exchange with major

exchangeable cations, especially Na*, K™ and Ca™. Two possible reasons exits why
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Mg will exchange out of the samples slower than other exchangeable cations. The first
could be explained by the structural location of Mg in the clinoptilolite and the second
by the difference in the hydration spheres associated with each. As stated in literature,
magnesium ion is situated in M (4) site and this site is coordinated by six water
molecules, which theoretically give this cation great facility for ion exchange (Ackley et
al., 1991). However, magnesium ion exhibit lower mobility than Na® and Ca™ in
solution, because of the competition that competing cations present in solution phase.
Another explanation, recently put forward by Wiist et al., (1999), involves variables
sizes of the associated hydration spheres for the ingoing and outgoing cations.
Magnesium ion only exchanged into the center of the A-channel along with its large
hydration sphere. When its properties was compared to other exchangeable cations,
hydrated radius and free hydration energy values were higher than the others. In
general, hydrated radius is inversely proportional to cationic radius, and divalent radius
have higher hydrated radius than monovalent cations. For this reason, Mg ions can not
move easily out of the channels due to its considerably higher hydrated radius and free
hydration energy. As a consequence of these concerns, other exchangeable cations with
fewer, more weakly bonded waters are actually smaller and more mobile than
magnesium ion with larger, more tightly bonded water molecule. Therefore, ammonium
ion in solution does not exchange significantly with magnesium ion in the clinoptilolite

structure.

6.7. Composition Change of the Solid Phase by Ion Exchange

Analyses of solid phase were carried out using SEM-EDX microanalysis. Figure
A.3.3 shows the SEM images of the clinoptilolite rich mineral samples before and after
ion exchange process. EDX results of the clinoptilolite samples before and after ion
exchange process were shown in Figure 6.36-6.39. Each bar represents the average
results of 6 EDX analyses taken from different parts of Gordes clinoptilolite rich
mineral structure in 5000 magnification. Standard deviations were calculated. The

calculated percent errors were presented on the bar graph as error bars in each figure.
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Table 6.15. Composition of the clinoptilolite after ion exchange process with 10 ppm

pure ammonium chloride (2-0.85)

ELEMENT 1 2 3 4 5 6
N 3.36 3.47 3.44 3.49 3.38 3.59
O 48.77 | 48.65 | 484 48.2 48.11 48.1
Na 0.60 0.53 0.54 0.53 0.59 0.55
Mg 1.14 0.98 1.1 0.98 1.1 1.11
Al 7.85 7.87 7.92 7.85 7.83 7.84
Si 33.98 | 33.9 34.2 34.63 34.66 34.2
K 2.71 2.97 2.69 2.69 2.72 2.93
Ca 1.57 1.63 1.63 1.63 1.61 1.68
TOTAL 100 100 100 100 100 100

The main exchangeable cation (Na', K, Mg2+, Ca’) are present in the
clinoptilolite structure. K™ and Ca™ are the major exchangeable cations in the structure.
When Figure 6.36 is investigated, it is seen that after ion exchange with pure
ammonium chloride solution, weight percentages of Na", K*, Mg®" and Ca®" ions were
decreased while weight percent of NH," ions was increased. Also, the least exchange
was observed between Mg”™ and NH, " ions as was proved by the ICP results of batch

studies for Gordes Clinoptilolite rich material sample.
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‘ W before ion exchange O after ion exchange ‘

Figure 6.36. Results of the exchangeable cation composition of the clinoptilolite (black:
before ion exchange, gray: after ion exchange with 10 ppm pure ammonium chloride

solution)
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Table 6.16. Composition of the clinoptilolite after ion exchange process with 10 ppm

pure ammonium chloride with competing cation Ca™* (2-0.85)

ELEMENT |1 2 3 4 5 6

N 2.86  |2.89 2.92 2.96 2.93 2.96
O 48.57 | 48.55 | 4842 48.25 48.35 48.49
Na 0.69 |0.59 0.57 0.51 0.50 0.52
Mg 1.09 |1.01 1.04 1.07 1.1 1.11
Al 7.85 | 7.87 7.86 7.85 7.83 7.84
Si 3421 | 34.11 |34.2 34.63 34.5 34.2
K 275 |2.94 2.93 2.67 2.75 2.83
Ca 2.02 [2.04 2.06 2.06 2.04 2.05
TOTAL 100 100 100 100 100 100

Table 6.17. Composition of the clinoptilolite after ion exchange process with 10 ppm

pure ammonium chloride with competing cation K" (2-0.85)

ELEMENT |1 2 3 4 5 6

N 3.04 3.09 [3.14 3.12 3.06 3.16

O 48.57 | 48.51 [48.32 |48.25 48.35 48.33
Na 0.51 046 |0.52 0.54 0.48 0.47

Mg 1.03 1.04 | 1.05 1.07 1.12 1.11

Al 7.86 7.88 | 7.89 7.84 7.87 7.88

Si 3421 | 34.11 | 342 34.25 34.19 34.2

K 342 346 |3.49 3.51 3.50 3.48

Ca 1.36 145 | 139 1.42 1.43 1.37

TOTAL 100 100 100 100 100 100
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Figure 6.37. Results of the exchangeable cation composition of the clinoptilolite (black:
before ion exchange, gray: after ion exchange with 10 ppm pure ammonium chloride

solution with competing cation Ca ™)
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Figure 6.38. Results of the exchangeable cation composition of the clinoptilolite (black:
before ion exchange, gray: after ion exchange with 10 ppm pure ammonium chloride

solution with competing cation K")

Table 6.18. Composition of the clinoptilolite after ion exchange process with 10 ppm

pure ammonium chloride with competing cation Mg ™ (2-0.85)

ELEMENT 1 2 3 4 5 6

N 2.69 2.72 2.75 2.68 2.71 2.66
O 48.47 48.75 | 48.72 | 48.75 [48.68 | 48.68
Na 0.62 0.55 0.57 0.49 0.50 0.53
Mg 1.27 1.26 1.24 1.28 1.26 1.29
Al 7.89 7.87 7.89 7.91 7.93 7.86
Si 34.99 3478 |34.72 |34.82 |34.89 |34.88
K 2.71 2.75 2.82 2.77 2.75 2.83
Ca 1.36 1.32 1.29 1.30 1.28 1.27
TOTAL 100 100 100 100 100 100
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Figure 6.39. Results of the exchangeable cation composition of the clinoptilolite (black:
before ion exchange, gray: after ion exchange with 10 ppm pure ammonium chloride
solution with competing cation Mg"?)

Figure 6.37, Figure 6.38 and Figure 6.39 show that the effect of competing
cation on the EDX results of the exchangeable cation of the clinoptilolite sample. In the
presence of calcium ion, ammonium exchange with K and Na in the clinoptilolite
structure. Weight percentage of Ca' ions in the structure increases with the addition of
competing cation (Ca). Similar results were obtained with the presence of competing
cations (K and Mg). In each case, weight of the competing cations in the structure
increases with the addition of competing cations to solution. EDX results show good

agreement with the ICP results.
6.8. Interpreting Equilibrium Data

There are several isotherms which can be employed for describing the ion
exchange process. The Langmuir and Freundlich isotherms are the most commonly
used. The Langmuir model assumes only one solute molecule per site, and also assumes
a fixed number of sites. The Freundlich model suggests the energetic distribution of the
sites is heterogeneous, due to the diversity of the sorption sites.

The Langmuir isotherm relates Q (mg of ammonia adsorbed / g of clinoptilolite)
and Cg (the equilibrium ammonium concentration in solution) as shown in equation 6.4

Qm *CE

Zm__F_ 6.4
1+b*C,

0=
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Rearranging the Langmuir equation gives equation 6.5, where linear relation is

obtained. It can be seen that by plotting Ce/Q versus Ce the coefficients O,, and k can be

calculated.
¢ _& ., 1 6.5
o 0, 0,0

The Freundlich isotherm relates uptake capacity and concentration in solution as shown

in equation 6.6.

Q:Kf* Cel/n 66

Rearranging the Freundlich equation gives equation 6.7, where linear relation is
obtained. When log Q is plotted against log Ce the coefficients K, and n can be
calculated. Knowing all coefficients and using experimental data for Ce, the Langmuir

and Freundlich theoretical Qg can be calculated according to equations 7.1 and 7.3.

logQ =1logK , +(1/n)logC, 6.7

12 5

o exp

10 LA —=&— Langmuir

- - 4 - -freundlich

Figure 6.40. Equilibrium isotherm data for ammonium uptake onto clinoptilolite fitted

to the Langmuir and the Freundlich uptake models.
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Figure 6.41. Equilibrium isotherm data for ammonium uptake onto clinoptilolite in the

presence of magnesium ions fitted to the Langmuir and the Freundlich uptake models.
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Figure 6.42. Equilibrium isotherm data for ammonium uptake onto clinoptilolite in the

presence of calcium ions fitted to the Langmuir and the Freundlich uptake models.
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Figure 6.43. Equilibrium isotherm data for ammonium uptake onto clinoptilolite in the

presence of potassium ions fitted to the Langmuir and the Freundlich uptake models.
The equilibrium isotherms obtained from the batch studies were shown in Figure
6.40-6.43, together with the corresponding Langmuir and Freundlich model values.

These model parameters were tabulated in Table 6.19.

Table 6.19. Langmuir and Freundlich Model Parameters

Model Langmuir Freundlich
Parameter R® Qm k R® Ko 1/n
NH," 0.9975 9.03 0.076 | 0.9088 | 1.792 | 0.2529
NH, -K" 0.9962 | 7.84 0.273 10.9345 | 1.6963 | 0.4016
NH; -Mg™? | 0.9992 8.76 0.1298 | 0.8901 | 1.466 | 0.3913
NH;-Ca™ | 0.9661 8.695 10.104 |0.897 |1.294 |0.4114

Langmuir model provided excellent correlation of the experimental data yielding
correlation coefficient values of R*>0.995 compared to results for the Freundlich model
where R?~0.90. From the plateau of the isotherms maximum exchange capacities were
determined as 9.03, 8.76, 8.695 and 7.84 mg NH, /gr for NH;", NH,"-Mg™, NH,'-
Ca™and NH,"-K', respectively. As a consequence of this result, the ammonium
capacity of Gordes clinoptilolite was approximately 0.51meq/gr for pure ammonium

chloride solution.
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6.9. Ammonium Ion Removal from Domestic Wastewater Effluent

In this part of the experiment, the samples were collected after Parshall Flumes

(preliminary treated) and prior to Oxidation Ditch Tank (primary treated) at the plant.

The average initial ammonium concentration was measured as 40 mg/lt. Batch

experiments were conducted by using undiluted samples and diluted samples. Figure

6.44 and 6.45 show the change in ammonium concentration versus time for two treated

samples. At the end of the shaking period, 40 mg/It initial ammonium concentration

decreased to 6.2 mg/lt , 30 mg/It initial ammonium concentration decreased to 4.2 mg/It,

20 mg/lt initial ammonium concentration decreased to 3.4 mg/lt, 10 mg/lt initial

ammonium concentration decreased to 0.91 mg/lt , 5 mg/lt initial ammonium

concentration decreased to 0.4 mg/lt for preliminary treated effluent. Similar results

were obtained with the primary treated wastewater effluent.

40

35

= n N w
3] o 3] o

final ammonium concentration(ppm)

=
o
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0 400 800 1200 1600 2000 2400 2800 3200 3600 4000 4400 4800 5200 5600 6000 6400 6800 7200 7600 8000

Figure 6.44. Change in NH," concentration with time for preliminary treated domestic

wastewater samples, 1% solid: solution ratio, particle size=2.0-0.85 mm, pH<7.0,

shaking rate= 170 rpm.
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Figure 6.45. Change in NH; concentration with time for primary treated domestic
wastewater samples, 1% solid: solution ratio, particle size=2.0-0.85 mm, pH<7.0,

shaking rate= 170 rpm.
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Figure 6.46. The kinetic curves of ammonium uptake for preliminary treated effluent,

particle size =2.0-0.85 mm, pH<7.0, shaking rate= 170 rpm.
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Figure 6.47. The kinetic curves of ammonium uptake for primary treated effluent,

particle size =2.0-0.85 mm, pH<7.0, shaking rate= 170 rpm.

For wastewater effluent samples ammonium ion removal capacity with
increasing initial concentration as was the case for the NH4Cl solutions with and
without competing cations. The percent NH;" ion removal decreases with increasing
initial ammonium concentration.

When comparing the removal of NH," ion from wastewater effluent and from
NH4Cl, the percent removal and the uptake capacity were lower for wastewater than for
NH4Cl for same solid: solution ratio and the same initial concentration. Experimental
data of the synthetic and treated wastewater were tabulated in Table 6.21 and 6.22.
Figure 6.48 shows the comparison of ammonium ion removal capacity for wastewater
and ammonium chloride solution. For instance, the ammonium uptake capacity is 3.35
mg/gr and 3.4 mg/gr for preliminary and primary treated wastewater sample for 40
mg/It initial ammonium concentration. And also, ammonium removal capacity is 3.59
mg/gr for pure ammonium chloride solution. It is expected that in domestic wastewater,
where the complexity of the system is high, several matter could influence the removal
of specific target cations. In the preliminary treatment, only large objects are removed
from the wastewater which causes the maintenance and operational problem. Organic
matter and suspended solid exist in the wastewater effluent. Two possible reasons exits
why ammonium exchanges capacity of preliminary and primary treated samples lower

than ammonium exchange capacity of pure ammonium chloride solutions. First reason
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could be explained with small suspended solid could block the pores of clinoptilolite,
hence inhibiting access of ammonium ions to many of the internal fixed exchange sites.
Another reason was the presence of organic matter might influence the surface charge
density of mobile ions within the clinoptilolite, which in turn would influence uptake

and selectivity.
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Figure 6.48. Comparison of ammonium uptake capacity data for synthetic solution and
preliminary& primary treated wastewater effluents.

BOD, COD, NH,", Mg™, Ca™ and K" values of the preliminary and primary
treated samples before and after ion exchange process were tabulated in Table 6.20 and
6.21. After the ion exchange experiments, COD and BOD values of domestic
wastewater samples were reduced in the presence of clinoptilolite. Our experimental
results show that 50% and 60% COD and BOD removal was obtained with the
clinoptilolite.

Table 6.20. Preliminary and Primary Treated Samples Values

Values | Preliminary Treated Sample Primary Treated Sample
BOD 300-500 270-450
COD 150-250 150-250
NH," 40 40
Mg~ 35 35
Ca” 33 33
K’ 27 27

107



16

Table 6.22. Equilibirum values for Synthetic Solution (%1 solid:solution ratio, 2-0.85 mm, pH of the solution < 7.0, shaking rate: 170 rpm)

Initial NH4 " Synthetic Solution

Concentration 5 10 20 30 40
= NH," 0.1 0.5 1.86 2.2 4.1
-g § Mg 0.4 0.62 1.22 1.87 2.28
:“é § Ca"” 1.54 3.35 4.85 6.42 8.72
= K' 2.94 3.45 5.96 8.65 10.8

Table 6.23. Equilibirum values for preliminary and primary treated samples (%1 solid:solution ratio, 2-0.85 mm, pH of the solution < 7.0,

shaking rate: 170 rpm)

Initial NH4" Preliminary Treated Sample Primary Treated Sample
Concentration 5 10 20 30 40 5 10 20 30 40
BOD 170 175 | 180 | 185 200 135 140 145 150 150

ig COD 95 95 100 | 100 100 95 100 100 100 100
; NH," 0.4 091 | 3.6 | 42 6.2 0.3 0.85 3.4 4 6
E Mg " 0.62 0.80 | 1.32 | 2.12 | 4.24 0.51 0.92 1.65 22 4.3
E_ Ca" 1.14 345 | 5.62 | 8.17 | 9.74 1.32 3.72 5.87 8.4 9.9
= K" 2.84 484 | 6.82 | 936 | 11.6 2.94 4.51 7.2 9.86 12.01




For wastewater effluents, the higher NH, " ion concentrations show the 84.5-86
% removal. And also, lower NH4 ' ion concentrations show the 90-92 % removal. The
generally accepted limit for free ammonium for receiving water is between 0.5 to 1
mg/lt. Our experimental results show that, ion exchange with clinoptilolite was
applicable to reduce the ammonium concentration to acceptable levels before
discharging. As a comprehended from the results, Gordes clinoptilolite was used as an
ion exchange material for wastewater treatment and water reuse application. Also,

exhausted clinoptilolite could de used as slow release fertilizer.
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CHAPTER 7

CONCLUSION

In this study, the use of Gérdes natural zeolite for removing NH4  ion from
wastewater effluent and from NH4Cl solution was investigated under various
conditions. The solid:solution ratio, initial concentration of the solution, presence of
competing cation, particle size of the clinoptilolite, pH of the solution were selected as
experimental parameters.

The obtained experimental results show that NH,  uptake capacity decreases
with increasing solid:solution ratio. Also, % NH,; removal increases with increasing
the solid:solution ratio. The increase in efficiency is expected result because of
increasing the solid: solution contact surface. Highest amount of ammonium removal
per gram zeolite was found in the solution having 1% solid: solution ratio.

The particle size of the clinoptilolite did not affect the NH," uptake capacity and
% NH," removal. Total surface area of the clinoptilolite takes into account both external
surface area of the particle and its internal surface area. The internal surface area is due
to the pores and channels of the clinoptilolite. When reducing the particle size, the
external surface area is considerably but not the internal surface area. Our experimental
results show that the external surface area of clinoptilolite has an insignificant role in
cation retention and that the internal sites are responsible for the cation exchange.

The initial concentration of the solution shows the significant effect on the
ammonium exchange process. The obtained experimental results show that, ammonium
uptake capacity increases with increasing initial ammonium ion concentration in the
solution. The initial ammonium concentration provides the necessary driving force to
overcome all mass-transfer resistances of ammonium between the aqueous and solid
phases. Hence, higher initial ammonium concentration will have a beneficial effect on
the uptake capacity. % NH; removal decreases with initial concentration of the
solution. It would be expected that there would be some relationship between Cy and the
percentage of removed ammonium ion from solution since ion exchange of any cation
by a cation exchanger is a function of the concentration of the cation in the solution.

Effective diffusion coefficients were calculated found from the experimentally

determined uptake curves. It is noted that, effective diffusion coefficients slightly
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change with different initial NH, ion concentration and particle size. The effective
diffusion coefficient values were found as 2-4*10"2 m?%/s.

Our experimental results show that, the presence of competing cation was highly
critical for the ammonium exchange process. Ammonium uptake capacity in the
presence of potassium ion is less than in the presence of magnesium, and that in the
presence of calcium ion. The effect of competing cation on the ammonium uptake
capacity was explained with the free energies of hydration of the competing ions. Mg
with the largest hydration energy prefers the solution phase where it may satisfy its
hydration requirements, and K* with the least hydration energy, prefers the zeolite
phase. For this reason, magnesium ion had the least effect on the ammonium uptake
capacity. The percentages of ammonium removal values in the presence of competing
cation were lower than pure ammonium chloride solution. As comprehended from the
results; potassium ion had the largest effect on the percentage of ammonium removal.
Maximum removal percentage values were observed for the pure ammonium chloride
solution.

Experimental results show that the ammonium uptake capacity is slightly
reduced at pH values lower than 6. The slightly lower ammonium uptake capacities
results obtained under low pH conditions may be due to the H'-NH," competition for
the exchange sites in the zeolite surface. Our experimental results show that optimum
pH value was 7 for ammonium removal by zeolite.

In this study, a balance of equivalent of cations was constructed between the
major exchangeable cations released to the solution phase and equivalent of change of
ammonium ion in solution with and without competing cations. The differences found
from NH;" equivalent change and exchange cation equivalent change indicated 14 to
34% of NH," ions were adsorbed by physical adsorption and remaining was exchanged
by cation.

Equilibrium data obtained have been found to fit both the Langmuir and
Freundlich Model. Langmuir model provided excellent correlation of the experimental
data yielding correlation coefficient values of R*>0.995 compared to results for the
Freundlich model where R’~0.90. From the plateau of the isotherms maximum
exchange capacities were determined as 9.03, 8.76, 8.695 and 7.84 mg NH,'/gr for
NH,", NH;"-Mg™, NH,-Ca™and NH,"-K", respectively. As a consequence of these
results, the ammonium capacity of Gordes clinoptilolite was approximately 0.51meq/gr

for pure ammonium chloride solution.
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When comparing the removal of NH;" ion from wastewater effluent and from
NH4Cl, the percent removal and the uptake capacity were lower for wastewater than for
NH4CI for same solid: solution ratio and the same initial concentration. It is expected
that in domestic wastewater, where the complexity of the system is high, several matter
could influence the removal of specific target cations. In the preliminary treatment, only
large objects are removed from the wastewater which cause the maintance and
operational problem. Organic matter and suspended solid exist in the wastewater
effluent. Two possible reasons exits why ammonium exchanges capacity of preliminary
and primary treated samples lower than ammonium exchange capacity of pure
ammonium chloride solutions. First reason could be explained with small suspended
solid could block the pores of clinoptilolite, hence inhibiting access of ammonium ions
to many of the internal fixed exchange sites. Another reason was the presence of
organic matter might influnce the surface charge density of mobile ions within the
clinoptilolite, which in turn would influence uptake and selectivity.

Experimental results show that the COD and BOD values of domestic
wastewater samples were reduced in the presence of clinoptilolite. After ion exchange
experiments, 50% and 60% COD and BOD removal was obtained with the
clinoptilolite.

The SEM examination of used clinoptilolite exchange with domestic wastewater
sample data indicates the inclusion of bacteriological debris. Giardia Intestinalis, which
is the special microorganism found in wastewater, adhere to the surface of the
clinoptilolite-rich minerals. As a comprehended from the results, clinoptilolite may be
used for the removal of the microbiological constituents from wastewater effluents.

The generally accepted limit for free ammonium for receiving water is between
0.5 to 1 mg/lt. Our experimental results show that, ion exchange with clinoptilolite was
applicable to reduce the ammonium concentration to acceptable levels before
discharging. As a comprehended from the results, Gordes clinoptilolite was used as an
ion exchange material for wastewater treatment and water reuse application. Also,

exhausted clinoptilolite could be used as slow release fertilizer.
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APPENDIX
A.1 Ammonium Selective Electrode

The ammonia selective electrode is the gas permeable hydrophobic membrane. It
can be used to measure the ammonium ion after conversion to ammonia. Ammonium is
converted to ammonia by raising pH to above 11 with strong base caustic solution. The
ammonia-selective electrode method is applicable over the range of 0.03 to 1400 mg/L.
ammonium in domestic and industrial wastewaters. In this system, all the measurements
should be performed at constant temperature. 2 °C temperature changes give rise to a 1
% percent error in the experimental result. Dosimat Unit consists of glass cylinder,
precision pump, piston and keyboard. By using precision pump, high accurate
dispensing of the smallest volume is achieved. With the keyboard and manual setting of
the dispensing rate, titrations can be performed easily. And also, this device can be used
to dilute the standard ammonium chloride solution for preparing the synthetic solution
and measure ion concentration by standard addition method. Standard addition method
was used to determine the ammonium concentration in the solution. In the standard
addition method, a linear relationship between voltage and log concentration is
assumed. In this method, firstly initial voltage of the solution that was obtained from the
batch experiment is measured. There are 5 small amount of addition of standard
ammonium chloride solution. After each addition, the voltage of the solution is
changed. And after required time for stable reading, voltage is measured. Next addition
is done automatically. After 5 measurements, typical graph is obtained which shows the
electrode voltage response as a function of the logarithm concentration. The sample
concentration is calculated with the related equation 1.

22
CNHI — 10 Slope
where ;
U (0): initial voltage of the solution.
E (0): intercept of the plot
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Figure A.1.1. The electrode voltage versus logarithm concentration plot result by using
standard addition method.
The calibration curve for direct method was given in A.1.2. This calibration

curve was useful for compare the direct and standard addition methods.
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Figure A.1.2. Ammonium Ion Calibration Curve by using Direct Method
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A.2 ICP Methods

Inductively Coupled Atomic Emission Spectroscopy (ICP-AES 96, Varian) was
used to measure the competing cation concentration in the solution after equilibrium. In
the ICP analyses, the nitric acid stock solution was prepared by mixing 110 ml of 65
wt% of HNO; with deionized water which adds up to 1 liter of solution. After this
mixing with 1 It deionized water, 10 wt% of HNOs solution was obtained. The sample
solutions which was obtained from the batch experiment can be diluted by adding
deionized water to the mixture of 10 ml of sample solution and 10 ml of 10 wt% of
HNOs3 which adds up to 100 ml. The final solution contains 1 wt% of HNO; and hence
the solution was diluted by ten fold. ICP standard solution was prepared by using 100
ml of 1000 ppm ICP multi-element standard solution. Then, this standard solution was
diluted to 100 ppm by taking 10 ml of this standard solution, 10 ml of 10 wt% of HNO;
and 80 ml of deionized water. After that, 100 ml of 100 ppm ICP standard solution was
obtained. In the experiment, the dilution of the solutions was made by using the 100
ppm ICP standard solution. And also, the blank sample was prepared by using 10 ml of
10 wt% of HNO;3; and 90 ml of deionized water.

A.3. Materials Characterization

A.3.1 X-Ray Results:

The original clinoptilolite minerals were characterized using different
instrumental techniques. Identification of the crystalline species present in the
clinoptilolite-rich rocks was achieved by X-ray diffraction analysis. X-ray diffraction
patterns were obtained with Philips X Pert Pro diffractometer (CuKa radiation, 20=2-
45°). X-ray diffactograms of the clinoptilolite sample was given in Figure A.3.1. The
clinoptilolite mineral from Gordes is a mixture of the clinoptilolite, quartz and
halloysite. The mineralogical features of the clinoptilolites samples were determined by
using RIR factors (reference intensity ratio, Chung) based on an external standard
method. According to this method, clinoptilolite sample has a purity of more than 64%
clinoptilolite, quartz and halloysite being the major impurities. The clinoptilolite sample

of the three major peaks was 9.93, 22.47 and 30.15, respectively.
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Figure A.3.1. X-ray diffraction patterns of Gordes clinoptilolite sample.

X-ray diffactograms of the clinoptilolite sample before and after ion exchange
experiments were given in Figure A.3.2. The ammonium ion can make both ionic and
hydrogen bond with the framework of zeolite, depending on the electrostatic
characteristic of cationic sites (Tomazovic et al, 1996). According to model given by
Koyama and Takeuchi, the position M (1) ammonium ion will be bonded predominantly
by the hydrogen ion. In the M (2) position, ammonium ion can be connected by both
ionic and hydrogen bond. The position M (3), ammonium ion is bonded only ionic bond
due to the strong electrostatic field in this position. Finally, ammonium ion will be
connected by hydrogen bond because of the absence of an electrostatic field. The
presence of light NH4" (I) ions on the cationic sites affected the intensity of maxima of
the ammonium- clinoptilolite in the diffactograms of the samples (Figure A.3.2). The

intensities are increased considerably in the presence of these cationic sites.

A.3.2. SEM/EDX Results

The crystalline morphology of clinoptilolite samples was investigated by using
the Scanning Electron Microscopy (Philips, XL30). Electron microscopy reveals
numerous details of the structure of the zeolitic rocks and allows a through a study of
crystalline forms of microcrystals grown in voids. A scanning electron photomicrograph

of the crystalline morphology of Gordes clinoptilolite was given in Figure A.3.3. These
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crystals appear only in cavities in the raw material sample and it is characterized by thin

platy crystals.

Figure A.3.3 shows the SEM images of the clinoptilolite rich mineral samples
before and after the ion exchange process. This figure indicates that clinoptilolite crystal
structure does not change after the ion exchange process. EDX results of the
clinoptilolite samples before ion exchange process were tabulated in Table A.3.1. The
main exchangeable cation (Na, Mg, K, Ca) are present in the structure of Gordes
clinoptilolite. K and Ca are the major exchangeable cations in the structure.

Figure A.3.3 (e) and (f) shows SEM images of the clinoptilolite rich mineral
samples after the ion exchange process with primary and secondary treated wastewater
effluents. The SEM examination of used clinoptilolite sample data indicates the
inclusion of bacteriological debris. Microbial flocs on the surface of the zeolite were
seen in Figure A.3.3 (f). Also, Figure A.3.3 (e) indicates that, Giardia Intestinalis
adhere to the surface of the clinoptilolite- rich minerals. As a comprehended from the
results, clinoptilolite may be used for the removal of the microbiological constituents

from wastewater effluents.

© )
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Figure A.3.3. (a) SEM image of the clinoptilolite samples (2-0.85), Magnification:

5000x (b) SEM image of the clinoptilolite after ion exchange process with 10 ppm pure
ammonium chloride (2-0.85), Magnification: 5000x,(c) SEM image of the clinoptilolite
after ion exchange process with 10 ppm ammonium chloride with competing cation
Ca™ (2-0.85), Magnification: 5000x,(d) SEM image of the clinoptilolite after ion
exchange process with 10 ppm ammonium chloride with competing cation K™ (2-0.85),
Magnification: 5000x,(e) SEM image of the clinoptilolite after ion exchange process
with 10 ppm ammonium chloride with competing cation Mg™ (2-0.85), Magnification:
5000x. (f), (g) SEM images of the clinoptilolite rich mineral samples after the ion
exchange process with primary and secondary treated wastewater effluents.

Jung et al., (1999) investigated the roles of biofilm in the ammonium exchange
and bioregeneration. Also, they studied ammonium exchange and bioregeneration of
bio-flocculated zeolite in the biological nitrogen removal processes. Bio-flocculation
was observed using the scanning electron microscope. SEM micrograhs of the biofilm
on the zeolite surface were given in Figure A.3.4. Microorganisms grown on the surface
of the zeolite were seen in Figure A.3.4 (C, D). Powdered zeolite of sizes smaller than 1
um were branched and entrapped by microorganisms (Figure A.3.4-E, F).

Rodney et al., (2002) invesitigated the microbial life on different surfaces.

Microorganisms attach to surfaces and develop biofilms. A biofilm is an assemblage of
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microbial cells that is irreversibly associated (not removed by gentle rinsing) with a
surface. Biofilms may form on a wide variety of surfaces, including living tissues,
indwelling medical devices, industrial or potable water system piping, or natural aquatic
systems. The variable nature of biofilms can be illustrated from scanning electron
micrographs of biofilms from an industrial water system and a medical device,
respectively (Figures A.3.5 a and b). The water system biofilm is highly complex,
containing corrosion products, clay material, fresh water diatoms, and filamentous

bacteria. The biofilm on the medical device, on the other hand, appears to be composed

of a single, coccoid organism and the associated extracellular polymeric substance

(EPS) matrix.

Figure A.3.4 SEM micrographs of the biofilms on the zeolite surface. (C-D) Attached
microorganisms on the zeolite surface. (E-F) Entrapment of small particle zeolite in the

microbial floc.( Jung et al., (1999)
From the literature results, we concluded that, microbial organisms were grown

on the clinoptilolite surface. Our SEM micrographs show the good agreement with the

literature SEM micrographs.
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(b)
Figure A.3.5 SEM micrographs of the biofilms on the different surface. (a)Biofilms

from an industrial water system, (b) Biofilms on the medical device (Rodney et al.,

(2002))
Table A.3.1. Composition of the clinoptilolite (2-0.85 mm)

ELEMENT Wt%
o 50.21
Na 0.944
Mg 1.15
Al 7.6
Si 34.83
K 3.39
Ca 1.87
TOTAL 100
A.3.3 FTIR Results

The IR absorption measurements were carried out using a Fourier Transform IR
(FTIR) spectrophotometer (Shimdzu, 8201). FTIR spectra can be useful in obtaining
crucial information about the structure, the channel size and the cation substitution (Si"*
by AL"?), in the tetrahedral sites of zeolite minerals. The bands occurring in the FTIR
spectra of zeolites can be characterized as follows :( Breck, 1974)

1. Bands due to the Si—~O-Si and Si—O—Al vibrations, in the regions 1200-950/cm and
420-500/ cm. In the first region (1200-950/cm) the strongest vibration band appears. It

is found in all zeolites due to the internal tetrahedron vibrations, and is assigned to a T—
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O stretching mode. In the second region (420-500/cm) there is the next strongest band
that is assigned to a T-O bending mode.

2. Bands due to presence of zeolite water. The three typical bands observed are the
broad band, characteristic of hydrogen-bonded OH to oxygen ions at about 3440/cm,
the sharp band typical of isolated OH stretching vibration at 3619/cm, and the usual
bending vibration of water at 1640/cm.

3. Bands due to pseudo-lattice vibrations found in the region 500-800/cm. These
vibrations are insensitive to the nature of the channel cations, as well as to the Si/Al
ratio.

The FTIR spectra in the wave number range from 400 to 4000/cm were obtained
with the use of the KBr pellet technique. Typical pellet contains 1-2 %wt sample in KBr
and was prepared by 0.004 mgr zeolite powder with 0.2 mgr of KBr. The clinoptilolite
minerals were kept in desiccator for several weeks and IR spectrums were taken. An IR
spectrum of original clinoptilolite sample was represented in Figure A.3.6. Vibrations
bands of the sample were shown in Table A.3.2.

Table A.3.2. Assignment of Vibrations Bands for the Gordes Clinoptilolite

Vibration modes Wave Number (cm’l)
Original Gordes Sample

Internal tetrahedra bending 468

External tetrahedra bending 607

External tetrahedra sym. stretching 796

External tetrahedra asym. stretching 1056

Internal tetrahedra asym. stretching 1215

O-H bending 1640
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Figure A.3.6 IR spectra of Original Gordes Clinoptilolite sample

Figure A.3.7 shows the Infrared spectra of the ammonium exchange
clinoptilolite. As stated in the literature, ammonium ion has band at 1484-1390 cm™
(NH4 deformation). According to the Figure A.3.5, ammonium can be seen on IR band
near 1400 cm™. From this result, ammonium exchange with exchangeable cation of the

clinoptilolite.
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Figure A.3.7 Infrared spectra of the Ammonium Exchange Clinoptilolite.
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A.3.4 TGA-DTA-DSC Results:

Differential Scanning Analysis (DSC), Thermogravimetric Analysis (TGA) and
Differential Thermal Analysis give information about the dehydration properties of
zeolites. Thermal behaviour of original clinoptilolite rich samples were established by
DSC (DSC 50, Shimadzu), DTA (DTA 50, Shimadzu), TGA (51/52 H, Shimadzu). The
zeolite samples was heated in a dry N, stream up to 1000 °C at a heating rate of 10
°C/min. TGA curves of the clinoptilolite sample was given in Figure A.3.8. In TGA
method, water content of the clinoptilolite was examined by using the procedure
outlined Knowlton and White. Based on their study “external” water released up to 85
°C, “loosely bound” water is lost rapidly up to 185 °C. After 285 °C the clinoptilolite
started to loose its “tightly bound” water. After 700 °C there is no noticeable weight
loss takes place in the structure. The percent of lost of “external” water, “loosely and
tightly bound water” was given in Table A.3.3. External water, loosely bound and
tightly bound water content in sample were about % 2.21, %5.54 and 0.89%,

respectively.
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Figure A.3.8. TGA curve of the clinoptilolite rich mineral from Gordes Region

Table A.3.3 % Weight losses of original clinoptilolite mineral

Natural Zeolite | <85 °C 85-285 °C 285-500°C | >500°C | Total

Gordes 2.21 5.54 0.89 1.42 10.06

In DTA curves, low temperature endotherm represents the loss of water while

the high temperature endotherm represents conversion of the zeolite to another
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amorphous or crystalline phase. The high temperature exotherm represents the loss of
structure. DTA curve of the clinoptilolite sample was given in Figure A.3.9. The DTA
patter of sample indicated that clinoptilolite was stable toward dehydration. The sample
has broad endotherm, which is the characteristic of natural zeolites. At higher
temperatures second endotherm exhibits but it was not certain as the main endotherm
indicates the conversion of zeolite to another amorphous or crystalline phase. On the
DTA curve, Gordes region shows broad endotherm at 97.8 °C.

DSC curve for clinoptilolite samples was given in Figure A.3.10. In the DSC

curve of the Gordes clinoptilolite sample broad endotherm was observed in 74.59 °C
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Figure A.3.9 DTA curve of clinoptilolite from Gordes Region
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Figure A.3.10 DSC curve of the Gordes clinoptilolite sample
A.3.5 Adsorption Analysis

Adsorption related properties of clinoptilolite sample were determined.
Adsorption Isotherms of clinoptilolite sample by N, at 77 K was given in Figure A.3.11.

Surface area of the sample was determined from BET and Langmuir Models.
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According to the IUPAC classification, clinoptilolite samples were shown the
characteristic Type IV isotherm. The Type IV isotherm, whose region is closely related
to the Type II isotherm, tends to level off at high relative pressures. It exhibits a
hysteresis loop, the lower branch of which represents measurements obtained by
progressive addition of gas of the adsorbent, and the upper branch by progressive
withdrawal. The hysteresis loop is usually associated with the filling and emptying of

the mesopores by capillary condensation. The summarized data for N2 adsorption of

clinoptilolite were given in Table A.3.4.
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Figure A.3.11 N2 Adsorption Isotherm of Gordes Clinoptilolite

Table A.3.4 Summary of adsorption and desorption measurements for the clinoptilolite

Single Point Surface Area at P/P, = 0.30167021

45.4675 m*/g

BET Surface Area

45.5362 m*/g

Langmuir Surface Area

65.1663 m*/g

Micropore Area

17.3945 m%/g

Micropore Volume 0.009144 cm’/g
Median Pore Diameter (H — K Method) 9.2182 A
Micropore Surface Area (Astakhov) (D-A Method) 64.017235 m*/g
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A.4 Design of Experiment

Factorial designs are widely used in experiments involving several factors where
it is necessary to study the joint effect of the factors on a response. There are several
special cases of the general factorial design that are important because they are widely
used in research work. The most important of these special cases is k factors, each at
only two levels. These levels may be quantitative, such as two values of temperature,
pressure or time; or the may be qualitative, such as two machines, two operators, the
“high” or “low” levels of a factor.

The 2* design is particularly useful in the stages of the experimental work, when
there are likely to be many factors to be investigated. In this study, 2* factorial design
can be used, which suppose that four factors A, B, C and D. The four factors are given
as follows:

(A) Concentration of solution
(B) Grain size of the zeolite particle
(C) Solid: Solution ratio

(D) Competing cation

To calculate the 2* factorial designs, Design of Expert 6.0.10 computer program
is used. For this reason, the factors and level can be identified at two levels (low and
high level). In order to be able to construct design matrix, 16 runs were preformed. In
each case, ANOVA model was selected to compute ammonium concentration response
data. As it can be seen from the ANOVA results (Table A.4.2), the model F value 3137,
the model is significant. Values of Prob>F less than 0.05 indicates model terms are
significant. In this case, A, C, D, AC, AD are significant model terms as can be seen
from the ANOVA table.

The analysis of the experimental data by constructing a normal probability plot
of effect estimates. The normal probabilities of these effects were shown in Figure
A4.1, A43 and A.4.5. After interpreting the normal probability results, main effects
were computed. The percent of contribution, sum of squares, degrees of freedom and
probability result were given in Table A.4.3, A.4.5 and A.4.7. The main effects of A, C
and D and the interaction effects AC, AD were plotted in Figure A.4.2., A.4.4. and
A.4.6.
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Table A.4.1. Summary Design Matrix for Ammonium Concentration

Factor | Name Units Type Low Actual High Actual
A Concentration mg/lt numeric 10 50
B Grain Size mm numeric 2-0.85 2.8-2.0
C Solid: Solution | gr/gr numeric 1/100 1/20
ratio
D Competing Cation | type categorical | pure Ca™ Mg~ K"

In the half normal probability plot, the effects that lie along the line are
negligible. The large effects are far from the line, which is defined as the main effects.
The important effects that emerge from this analysis are the main effects of A, C and D
and the AC, AD interactions. These interactions are the key to solving the problem.
According to the interaction graph, AD interaction that the concentration effects is very
small when the competing cation is at high level and very large when the competing
cation is at low level (pure), with the best results obtained with pure solution and high
concentration. AC interaction shows that solid: solution ratio has little effect at low
concentration. At higher concentration this effect has positive significant effect on the
ammonium response data. Therefore, the best ammonium response data would appear to
be obtained when A is at high level and C and D are at the low level.

A.4.1 Calcium Competing Cation
Table A.4.2. Design-Expert Output for Ammonium Concentration ANOVA for
Selected Factorial Model Analysis

Source of Sum of Degrees of F Prob > F

variation squares Freedom

Model 171.85 5 3137.1 <0.0001 significant
A 114.97 1 10493.8 <0.0001 significant
C 22.68 1 2070.2 <0.0001 significant
D 12.73 1 1161.6 <0.0001 significant
AC 16.10 1 1469.5 <0.0001 significant
AD 5.37 1 490.2 <0.0001 significant
Residual 0.11 10

Cor Total 171.96
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Table A.4.3. Factors Effect Estimates and Sum of Squares for 2* Factorial Designs

Model Term Effect Estimate Sum of Squares Percent Contribution %
A 5.36 114.92 66.85
B 0.073 0.021 0.012
C -2.38 22.68 13.19
D -1.784 12.72 7.40
AB 0.049 0.009 0.005
AC -2.00 16.10 9.362
AD 1.655 5.371 3.123
BC -0.018 0.001 0.0008
BD 0.00375 5.62E-05 3.21E-05
CD 0.0737 0.0217 0.012
ABC -0.018 0.0014 0.0008
ABD 0.0037 5.62E-05 3.21E-05
ACD 0.104 0.04 0.025
BCD -0.003 0.006 0.003
ABCD -0.004 0.004 0.003
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Figure A.4.1. Half normal probability plot of effects for ammonium concentration
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Figure A.4.2. Interaction plots for ammonium concentration, (a)AC interaction, (c) AD

interaction
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A.4.2. Potassium Competing Cation

Table A.4.4. Design-Expert Output for Ammonium Concentration ANOVA for

Selected Factorial Model Analysis

Source of Sum of Degrees of | F Prob > F

variation squares Freedom

Model 221.94 5 1048.61 <0.0001 significant
A 150.25 1 3549.3 <0.0001 significant
C 16.42 1 387.96 <0.0001 significant
D 22.97 1 542.58 <0.0001 significant
AC 17.08 1 403.43 <0.0001 significant
AD 15.23 1 359.77 <0.0001 significant
Residual 0.42 10

Cor Total 222.37

Table A.4.5. Factors Effect Estimates and Sum of Squares for 2* Factorial Designs

Model Term Effect Estimate Sum of Squares Percent Contribution %
A 6.128 150.3 67.56
B 0.053 0.011 0.005
C -2.023 16.42 7.385
D -2.39 22.96 10.32
AB 0.024 0.002 0.001
AC -2.06 17.08 7.68
AD -1.95 15.22 6.85
BC -0.021 0.0018 0.0008
BD -0.00125 6.22E-06 2.81E-06
CD -0.256 0.262 0.118
ABC -0.021 0.0018 0.0008
ABD 0.0037 5.62E-05 2.52E-05
ACD 0.189 0.142 0.065
BCD -0.011 0.005 0.0002
ABCD -0.006 0.0001 7.02E-05
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DESIGN-EASE Plot
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Figure A.4.3. Half normal probability plot of effects for ammonium concentration
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DESIGN-EASE Plot Interaction Graph
D: competing cation

ammonium con 10.9
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Figure A.4.4. Interaction plots for ammonium concentration (a) AC interaction, (c¢) AD

interaction

A.4.3. Magnesium Competing Cation

Table A.4.6. Design-Expert Output for Ammonium Concentration ANOVA for
Selected Factorial Model Analysis

Source of Sum of Degrees of | F Prob>F

variation squares Freedom

Model 119.01 5 8873.2 <0.0001 significant
A 81.09 1 30229.3 <0.0001 significant
C 20.93 1 7802.7 <0.0001 significant
D 2.21 1 822.08 < 0.0001 significant
AC 14.36 1 5354.74 <0.0001 significant
AD 0.42 1 157.5 <0.0001 significant
Residual 0.027 10

Cor Total 119.04
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Table A.4.7. Factors Effect Estimates and Sum of Squares for 2* Factorial Designs

Model Term Effect Estimate Sum of Squares Percent Contribution %
A 4.502 81.1 68.12
B 0.06 0.014 0.012
C -2.288 20.93 17.85
D -0.742 2.205 1.85
AB 0.027 0.003 0.002
AC -1.90 14.36 12.07
AD -0.325 0.422 0.354
BC -0.022 0.002 0.0017
BD -0.0175 0.0012 0.001
CD 0.005 0.001 8.41E-05
ABC -0.021 0.0016 0.0013
ABD -0.01 0.0004 0.0003
ACD -0.0175 0.0012 0.001
BCD -0.02 0.0016 0.0013
ABCD -0.0175 0.0012 0.00102
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Figure A.4.5. Half normal probability plot of effects for ammonium concentration
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DESIGN-EASE Plot Interaction Graph
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Figure A.4.6. Interaction plots for ammonium concentration, (a)AC interaction, (b) AD

interaction
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